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Absmract.—The Upper and Lower Arrow lakes have undergone major anthropogenic
changes. Dams were built below (Grand Coulee 194723, at the outlet (Keenleyside 19673,
and above {Mica 1973 and Revelstoke 1983) the Arrow Lakes, and Mysis relicia were in-
troduced in 1968. The reservoirs created behind the upstream dams act as nutrient iraps,
reducing the already naturally low levels of nutrients in the Arrow Lakes Reservoir. The
objective of nutrient additions to the Arrow Lakes Reservoir was to replace nutrients
trapped upsiream and was driven by rapidiv declining stocks of kokanee, a native land-
locked sockeve salmon Oncorliynciius nerka and keystone species of this aquatic ecosys-
tem. In the fate 1980s and early 1990s, Upper and Lower Arrow tributaries supported
between 600,000-800,000 kokanee salmon spawners, but the numbers declined steadily
through the 1990s to a low of 97.00¢ in 1997. As the number of kokanee decreased, no
increase in size was ohserved, consistent with nutrient-limited conditions. Unlike its
neighbor, Kootenay Lake, which is one of the most studied in British Columbia, the Ar-
row Lakes Reservoir had received little limnological attention. After an initial study of
the limnology and trophic status in 1997 and 1998, a S-year fertilization experiment was
initiated in 1999 with seasonally adjusted nutrient {phosphorus and nitrogen} additions
to the Upper Arrow Reservoir, in an effort o restore historic kokanee populations. Pre-
liminary dara from the first two vears of fertilization, 1999 and 2008, show positive and
encouraging trends in primary productivity, phytoplankton sucecession, zooplankton bio-
mass, and the number, size, and fecundity of kokanee spawners. No significant changes
have been observed in the water quality parameters measured, consistent with immedi-
are utilization of nutrients in an oligotrophic system.

introduction lakes were converted to a large reservoir with the
completion of the Keenleyside Dam at the outlet
of the Lower Arrow Lake in 1967, This increased
the mean water level of the resulting Arrow Lakes
Reservoir by 12.6 m and {looded both the nar-
rows between the Upper and Lower Arrow lakes
and the river between Beaton Arm and Revel-

A fundamental problem occupying the center of
limnological attention over the past 40 years has
been the excess supply of nutrients or eutrophi-
cation (e.g., Vallentyne 1974; Schindler 1974;

Vollenweider 1976). However, the opposite, . ]
namely a reduction in nutrient supply or oligo- ~ Stoke (Figure 3). In 1973 and 1983, the Mica and

trophication, is being recognized as a compan- Revelstoke dams were completed on thg Colum-
ion problem (Ney 1996; Stockner et al. 2000).  Dia River above the Arrow Reservoir (Figures 1,
’ 2). Operation of these dams for flood control and
hydroelectric generation changed the timing of
the Columbia River inflow to the Arrow Lakes
Reservoir. Another major perturbation was the
introduction of Mysis relicra in 1968 (Lasenby et
al. 1986}, a small, exotic crustacean that is a
highly effective competitor for the zooplankton
species preferred as a food source by kokanee.
Dramatically declining kokanee numbers,
with no compensating density-driven increase in
size, resulted in a two-vear baseline study of the
trophic status of the Arrow Lakes Reservoir in
1997 and 1998 (Pieters et al, 1998, 1999). Kokanee
Oncorhynchus nerka spend their entire life cycle
in the lake and are onc of the keystone species
within the ecosystem, supporting large piscivo-
rous sport fish such as rainbow trout Oncorinyn-
chus mykiss, white sturgeon Acipenser transmoin-
tanus, and bull trout Salvelinus confluentus. In
the late 1980s to the early 1990s, Upper and Lower
Arrow tributary streams supported spawning
populations of 600,000~-800,000 kokanee, but the

Oligotrophication can result from the trapping
of nutrients behind upstream impoundments or
from the blockage of the anadromous nutrient
pump by overfishing or downstream dams
{Stockner and Maclsaac 1996; Cederholm et al.
2000). Large water level variation in reservoirs has
been implicated in nutrient loss by enhanced
transport of littoral nutrients to the profundal
sediments (Milbrink and Holmgren 1981), and
large changes to the pattern of the seasonal
hydrograph may also affect nutrient pathways.
The Arrow Lakes Reservoir, part of the Co-
lumbia River system (Figures 1 and 2), exempli-
fies the process of oligotrophication, having un-
dergone major anthropogenic changes. Prior to
dam construction, anadromous runs of chinook
salmon, sockeye salmon, and steelhead trout
were found in and above the Arrow Lakes (Se-
bastian et al. 2000). This anadromous nutrient
pump to the upper Columbia was blocked by the
Grand Coulee Dam, built on the Columbia River
in the late 1930s. The Upper and Lower Arrow
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Ficure 1. Upper Columbia River. Inset: Columbia River drainage. The source water of the Columbia River
at Columbia Lake flows northwest into the Kinbasket Reservoir. At Mica Dam, the Columbia River tumns
south, flowing through Revelstoke Reservoir and into the north end of the Upper Arrow Lakes Reservoir.
The outflow at the south end of Upper Arrow passes through a shallow, formerly riverine, narrows and
then through the Lower Arrow Lakes Reservoir.
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Fiure 2. Elevation of the Upper Columbia River (a) before and (b) after construction of impoundments.

numbers declined steadily through the 1990s to
alow of 97,000 in 1997. In response to these rap-
idly declining kokanee stocks, experimental fer-
tilization of the Arrow Lakes Reservoir was initi-
ated to replace nutrients lost in the upstream
impoundments. A five-year fertilization experi-
ment was started in 1999, modeled on the adap-
tive management approach used for Kootenay
Lake (Ashley et al. 1997, 1999a, 1999b). Stunma-
rized here are the resulits of two vears of baseline
monitoring (1997, 1998) and the preliminary re-
sults of the first two years of the fertilization ex-
periment (1999, 2000).

The first objective of this paper is to describe
the Arrow Lakes Reservoir and to assess its trophic
status. Large aquatic ecosystems such as the Ar-
row Lakes Reservoir are sustained by complex
physical, chemical, and biological interactions.
These include, among many others, the physical
role of river inflows to deliver nutrients to the eu-
photic zone, the adsorption of nutrients to sink-
ing particulates, the recycling of nutrients in the

microbial food web, and the transfer of nutri-
ent-limited productivity through the traditional
food web of phvtoplankton, zooplankton,
plankti-verous fishes, and the large piscivores.
Because of these interactions, it is unwise to
base an assessment of the trophic status of an
aquatic system on any given trophic level. With
this in mind, a variety of data are reported here
to assess the trophic status of the Arrow Lakes
Reservoir.

The second objective is to describe the fer-
tilization experiment and the initial response of
the system to the nutrient additions. Two con-
trols are considered, both with limitations. First,
the untreated vears, 1997 and 1998, act as a con-
trol. Aswill be discussed, two extremes in climate
were observed in these vears, pointing to the
problem of interannual variability inherent in
both this short two-vear control record and the
short two-year record of fertilization described
here. The only long-term record on the Arrow
Lakes Reservoir is that for kokanee salmon,




RESTORATION OF KORANEE SALMON IN THE ARROW LAKES RESERVOIR 181

Revelstoke Dam
Bridge Cr.

Revelstoke; i , lilecillewaet R.

—~ fAkolkoIex R.

Beaton Arm
F Incomappleux R.
Shelter Bay
\ HIH cr.

Galena Bay
Fertilization Zone

»|Narrows |«———Mainstem Upper Arrow-—-=| Revelstoke Reach

Caribou Cr.

Inonoakiin Cr. $ Burton Cr.

® Faugquier

ARG /*

AR7

Lower Arrow

ARS8 Keenleyside Dam

—
Castlegar

Ficure 3. Arrow Lakes Reservoir with sampling stations ARI-8.
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which has shown a steady decline through the
1990s. The second control is the Lower Arrow
Reservoir. However, the Lower Arrow is down-
stream of the fertilization zone at the top of the
Upper Arrow and may benefit from nutrient ad-
ditions as the residence time of the top 50 m of
the main-stem Upper Arrow is approximately
two months. The absence of an ideal control is
inherent in large-scale experiments of this type.

Background

The Columbia River drains from seven states of
the United States and the southeastern corner
of British Columbia, Canada (Figure 1). In the
Canadian component, the terrain is mountain-
ous, dominated by deep valleys trending north
to south, in which five large natural lakes are
found: Okanagan, Upper and Lower Arrow,
Slocan, and Kootenay. These lakes occupy long,
narrow, deep, steep-sided, and glacially carved
basins, While representing only 5% of the Co-
lumbia River's total drainage area, the discharge
from the Arrow Lakes Reservoir contributes 16%
of the total flow. The Arrow Lakes Reservoir has
a length of 240 km, a mean width of 1.8 km, and
a mean and maximum depth of 83 and 287 m,
respectively. With a surface area of 465 km® at
mean water level, the Arrow Lakes Reservoir
represents one of the largest to undergo experi-
mental fertilization.

The elevation of the Columbia River above
the Arrow Lakes outlet is shown in Figure 2. Be-
fore the construction of upstream dams, nutri-
ents would spiral through the riverine sections.
While these nutrients might be utilized in the
river, they would nevertheless be recycled as
they moved downstream. The river-borne nu-
trients would then contribute to productivity in
the Upper and Lower Arrow lakes, which were
two separate basins connected by a riverine
narrows (Figure 2a). With the construction of
upstream dams, nutrients are now utilized in the
upstream impoundments, and most settle to the
impoundment sediments, thereby reducing the
available nutrients to the Arrow Lakes Reservoir.
In effect, the potential for productivity is moved
upstream.

The construction of an upstream dam results
in a 'boom and bust’ nutrient response (Horne
and Goldman 1994; Ney 1996; Stockner et al.
2000). On filling the impoundment, the decom-
position of organic materials in the basin releases

a pulse of nutrients that can last 5-10 vears. How-
cver, after this period, the impoundment acts as
a settling basin, where entering nutrients are
used and sedimented rather than heing passed
for downstream use. Both the Mica Dam (1973)
and, more recently, the Revelstoke Dam (1983)
were built above the oligotrophic Arrow Lakes
Reservoir. These resulted in a marked reduction
in the naturally low level of nutrients in the Ar-
row Lakes Reservoir.

Methods

Methods are only briefly sumymarized here. For
greater detail see Pieters et al. (1998, 1999, 2000,
2001).

Fertilizer Application

From late April to early September, in 1999 and
2060, 1,060 t (metric tons) of agricultural grade
fertilizer were applied to the north end of Up-
per Arrow between Galena Bay and Shelter Bay
(Figure 3}, 5 km above the first sampling station
(ARI1}). Fertilizer was dispensed from the Minis-
try of Transportation and Highways' ferry, the
DEVGalena. This diesel electric ferry (Figure 4a)
ts 50 m long, has a draft of 2.4 m, and is pow-
cred by two Voith-Schnieder cveloidial propel-
lers with 1.6 m blades. A truck and tank were
driven onto the ferry and connected to a 3.6 m
diffuser pipe (with 0.6 cm holes every 30 cm)
bolied 1o the side of the ferry. Once away from
shore, fertilizer was pumped through the dif-
fuser into the propeller wash (Figure 4). Ap-
proximately 3,900 L of fertilizer were delivered
per trip, with 2-15 trips per dav and a total of
~215 trips from April to September.

The fertilizer consisted of a seasonally ad-
justed blend ofliquid ammonium polyphosphate
(10-34-0; % by weight equivalent of N-P,0.-K,0)
and urea-ammonium nitrate (28-0-0; % by
weight equivalent of N-P,O.-K,0; 14% ureaN, 7%
ammonium N and 7% nitrate N). This delivered
52.8 t of phosphorus and 232 t of nitrogen per
vear. The seasonal loading and timing of the fer-
tilizer application (Figure 5} was modeled on the
Kootenay Lake fertilization experiment (Ashley
etal 1997, 1999a, 1999h). Phosphorus additions
{ollowed the preimpoundment freshet flow pat-
tern, increasing to early June and then declining.
The ratio of nitrogen (N} to phosphorus (P) is
critical to prevent blooms of undesirable blue-
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FiGure 4. (a) The ferry DEV Galena crossing Upper Arrow. (b) Truck and fertilizer tank on the DEV Galena
(c) dispensing from the diffuser (arrow) into the ferry propeller wash. {Photo credits: (a} C. Stevens, (b)
Columbia Basin Fish and Wildlife Compensation Program, and (c) R. Picters]




184

PIETERS EY ALl

80 -

Metric tons/week

; i i } i 1

o— e
Apr23 Mayi4 Jun4d

Jun25 Jult6 Augs Aug2?

100 (B)

80}
60}
401
20}

mgrm"?-w%k"1

L 1 4 i 2

P

N

i 5

0 - +—
Apr23 May14 Jund

Jun2s

)

10
8
6l
4
2

N:P ratio (wt:wt)

1 i

;. £ X 3 1 z 4

O +
Apr23 May14 Jun4

Jun25 Juli6 Augh Aug2?

Weeks, 2000

Ficure 5. (a) Load of liquid ammonium polyphosphate (10-34-0) and urea-ammonium nitrate {28-0-0)
fertilizer to the Upper Arrow Lakes Reservoir ins 2000, {b) resulting load of phosphorus (P) and nitrogen {N)
to the main-stem Upper Arrow (192 kin®), and (¢) N:P ratio (wt:wt) for fertilizer applied.

green algae (cyanobacteria), which can fix nitro-
gen in low N:P ratio conditions (Smith 1983). As
a result, increased levels of nitrogen are added
through the summer.

Water Chemistry

Eight stations along the reservoir (AR 1-8; Figure
3) were sampled 10 months per year (January,
March-November) beginning in May 1997. Two
types of samples were taken. First, an integrated
0-30 m sample was taken with a 2,54 cm {ID) tube
sampler. This depth range was chosen for con-

sistency with prior work on Kootenay Lake. Inte-
grated 0-30 m samples included water from both
epilimnion and metalimnion. Second, a deep
sample, approximately 5 m above bottom, was
collected with a Niskin sampler. In June and Au-
gust or September, a series of hypolimnetic
depths were also sampled—50, 100, 150, 200, and
250 m, as depth allowed.

The main inflow {Columbia River at Revel-
stoke) and outflow (Columbia River below the
Keenleyside Dam) were monitored monthly
throughout the year. Eight local rivers and
streams (Ilecillewaet, Akolkolex, ncomapplews,
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Kuskanax, Mosquito, Caribou, Burton, and
Inonoaklin} were sampled meonthly from April to
October, through the freshet and into the fail. For
all, wo additional samples were taken during
freshet (May and June}. An additional ten streams
and rivers were sampied twice during freshet. All
water samples were analyzed by the Environment
Canada Labaoratories, Pacific Environmental Sci-
ence Centre, North Vancouver, British Columbia,
Canada. Analysis included low-level orthophos-
phate (OP), total dissolved phosphorus (TDP),
which excludes particulates by filtration through
a 0.45-um filter, total phosphorus (TP} deter-
mined from an unfiltered sample, ammonia
(NH,}, nitrite and nitrate {predominately nitrate,
NO,}, and chlorophyli a (for the 0-30 m sam-
ples). Samples for orthophosphate {a.k.a. soluble
reactive phosphorus) were field filtered (0.45 um
mesh) and measured with the colorimetric mo-
lvbdate method using ascorbic acid (Pieters et al.
1598-2000).

Nutrient Load

The tlow into the Arrow Lakes Reservoir is com-
posed of the main inflow of the Columbia River
at the Revelstoke Dam with the balance being the
local inflow from smaller rivers and streams
along the length of the reservoir. The daily local
flow to the Arrow Lakes Reservoir was computed
from the Revelstoke inflow, Keenleyside outflow,
water elevation, and a storage-elevation curve (I
Ketchum, B.C. Hydro, Burnaby, British Colum-
bia, Canada). The local flow and stream nutrient
data (from eight intensively monitored streams)
were apportioned to four regions (Revelstoke
Reach, Beaton Arm, Upper Arrow, and Lower Ar-
row with narrows; Figure 3). The local flow to
these regions was 40%, 19%, 23%, and 18% of the
total local flow, respectively. The local flow was
apportioned to the four regions using the drain-
age area to each region multiplied by the esti-
mated vield (precipitation per unit area per year)
based on historic gauged stream dara in each re-
gion. Nutrient data (TE, TDP) were interpolated
to daily values, and using the daily main and lo-
cal inflows, the daily nutrient load was estimated
and this daily load was summed over the hydro-
logic year. The hydrologic year was defined to
start on 21 November.

Determining the historic nutrient load di-
rectly requires nutrient data from before the
completion of Mica Dam in 1973, but these data
are sparse. Instead, the historic load was esti-

mated by working back, using the impoundment
retentions and mean 1997-200¢ load from the
Columbia River at Revelstoke. The data examined
suggest a TP retention 0f 30% for both Kinbasket
and Revelstoke Reservoirs and a TP retention
of 50% and 25% for Kinbasket and Revelstoke,
respectively, These are comparable to the reten-
tions determined from extensive data collected
in 1994-1993 [or the nearby Duncan Reservoir of
90% and 52% for TP and TDF, respectively {Perrin
and Korman 1997).

Primary Productivity

Primary productivity was determined monthiy at
AR2 in Upper Arrow Reservoir and at AR7 in
Lower Arrow Reservoir from May to September
1998, April to September 1999, and April to Oc-
tober 2000. The April-September rates, as avail-
able, were averaged for each year to allow for
interannual comparison of production. Primary
productivity was measured in situ at depths of 0,
1, 2,5, 10, and 15 m. Water samples were trans-
ferred directly from an opaque Van Dorn bottle
to 300-mkL acid-ciean BOD bottles, using a sili-
con filling tube. Samples were inoculated with
0.185 MBq (5 uCi of NaH"CO, New England
Nuclear (NEC-086H) and incubated at the origi-
nal sampling depths for 4 h, generally between
10:60 a.m. and 2:00 p.m.

The incubations were terminated by filtra-
tion onto a 0.2-ym polycarbonate filter using less
than 100 mm Hg vacuum differential (Joint and
Pomroy 1983} and placed in a scintillation vial.
Each vial had 200 L of 0.5 N HCl added and was
left uncapped in the fumehood until the filters
were dry (approximately 48 h). To each vial, 5mL
of Ecolite* scintillation cocktail was added and
stored in the dark for more than 24 h before the
samples were counted for 10 min in a Beckman
liquid scintillation counter model #LS 6500 op-
erated in an external standard mode to correct
for quenching. Alkalinity was determined using
the potentiometric method of APHA (1976) and
converted to dissolved inorganic carbon for use
in primary productivity calculations.

Primary productivity was determined from
the amount of ¥C incorporated into particulate
organic carbon retained on a filter (Steemann-
Nielsen 1952) and was calculated according to
Parsons et al. (1984). Solar radiation was collected
from April to November using a Kipp and Zonen
CMS5 and a Rimco SP440 pyranometer in Upper
and Lower Arrow, respectively, and was used to
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convert hourly to seasonally averaged, daily pro-
ductivity rates.

Phytoplankton

A depth-integrated {0-20 m} sample from each
of the eight monitoring stations (AR1-8; Figure
3) were obtained monthly from May to October
in 1997 and monthly from April to October with
two samples in june and August for 1998-2000.
Samples for phytoplankton identification were
fixed with acidic Lugol's iodine preservative (Par-
sons et al. 1984). The samples were stored in the
dark until identification and enumeration were
performed using inverted microscopy following
Utermohl (1958) procedures.

Zooplankton

Macrozooplankton (length >150 pm) were sam-
pled monthly from May to October 1997 and Aprit
to October 1998-2000, using a flume-calibrated
Clarke-Bumpus sampler (153-um mesh), which
was hauled obliquely at approximately
I m/s from 40 to 0 m at each of six stations (AR1-
3, 6-8) during the day. Tow duration was 3 min,
with approximately 2,500 L of water {iltered per
tow. Samples were preserved in 70% ethanol.
Zooplankton samples were analyzed for species
density and biomass, as described in Pieters et al.
{1998-2001) or Ashley et al. {1997, 1999a, 1999h).

Mysids

Mysids M. relicta were sampled monthly from
May to December 1997, January to December
1998-2000. Sampling was done at night, around
the time of the new moon, to decrease the chance
that mysids would see and avoid the net. Three
vertical hauls were done at each of six stations
{AR1-3, 6-8), with the boat stationary, using a
1 m¥ square-mouthed net with a 1,000-um pri-
mary mesh net, 210-pum terminal, and 100-pm
bucket. The net was raised from the lake bottom
with a hydraulic winch at 0.3 m/s. Samples were
preserved in 95% ethanol and analyzed for den-
sity and biomass, as described in Pieters et al.
(1998-2001) or Ashley et al. (1997, 1999a, 1999b).

Kokanee Salmon Escapements

Kokanee escapements to some Arrow Reservoir
tributaries have been estimated periodically

since 1966 and annually since 1988 (Sebastian et
al. 2000}. The kokanee salmon run generally oc-
curs between late August and late September,
with the peak of spawning usually occurring in
the third week of September.

Adult kokanee returning to spawn in the Hill
Creek and Bridge Creek spawning channels are
enumerated annually using permanent fish
fences (Andrusak 1999). Kokanee salmon at both
channels are subsampled at the lower channel
fence site for length, sex ratio, and fecundity. Fish
downstream of the Hill Creek spawning channel
were estimated by ground counts. Up to sixteen
additional tributaries to Upper Arrow and ten to
Lower Arrow had spawner returns estimated, to
approximate a peak spawner count (Sebastian et
al. 2000). Estimates were made from helicopter
or on foot, due to canopy cover. Flight counts
were periodically ground truthed by walking
short sections of the larger streams. The index
streams represent the vast majority of the total
stream-spawning habitat available.

Results

Water Flow and Level

Besides trapping nutrients upstream, the dams
have also had a large impact on both inflow and
water level (Figure 6). The average annual inflow
to the Arrow Lakes Reservoir is 1,080 m®/s, of
which 69% passes through the Revelstoke Dam.
Before impoundment, the inflow at Revelstoke
was a single peak dominated by snowmelt in
spring to carly summer and sustained by glacial
melt in late summer to early fall. After impound-
ment, the main inflow is more uniform with two
broad peaks, the first from the tail of the freshet
after upstream reservoirs fill in summer and the
second from release of water for power genera-
tion in winter (Figure 6b).

As a result of impoundment, the mean wa-
ter level of the Arrow Lakes rose by 12.6 m, and
mean water level variation doubled from 8 to 15.5
m with peak variations of 20 m (Figure 6c). Before
impoundment, water levels remained near the low
water level through the year with a brief peak in
spring. In contrast, after impoundment, water lev-
els remain near the high-water level with a drop
in water level during late winter—early spring. Be-
fore impoundment, water covered a partially veg-
etated flood zone in the spring; now, winter re-
lease exposes a large and unvegetated drawdown
zone in late winter to early spring (Figure 6d).
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Weather and Hydrological Conditions  in 1997-1998 followed by La Nifa in 1998-1999.
In 1997, flows were high (local flow 25% above

The global climate during the study period was  average) in contrast to 1998, when flows were low
dominated by ENSO (El Nifio/Southern Oscilla-  (local flow 20% below average). Unlike the ex-
tion) events, with an exceptionally strong EINifio  tremes of 1997 and 1998, in 1999 and 2000, the
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mean annual local flows were moderate, being
10% and 1% above average, respectively. In ad-
dition to low flow, spring and summer in 1998
were characterized by above average sunlight, air,
and water temperatures (surface water tempera-
tures were 23-26°C in the Upper Arrow in July
1998 in contrast to the usual 16-20°C).

Water Quality

Selected water quality parameters for the reser-
voir are summarized in Table T for the two
prefertilization {1997, 1998) and two postferti-
lization (1999, 2000) vears. Mean Secchi depths
were less than 7 m, and mean chlorophyll a val-
ues were less than or equal to 2.2 1ig/L, consis-
tent with the oligotrophic character of the reser-
voir with no significant change after fertili-
zation. Nitrogen levels were high with nitrate av-
eraging 145 ug/l. Ammonia (NH), the form of
nitrogen preferred by phytoplankton, was low
and near the detection limit (5 ng/L), as would
be expected. In contrast to nitrogen, phospho-
rus levels were low, and the N:P ratio (NO, + NO,
+ NH_TDP} was 60:1 (wtwt), clearly indicating
phosphorus limitation of organic production. Or-
thophosphate (OP) was at or near the detection
limit. Note that all samples, including surface
samples immediately downstream of the fertili-
zation zone, were at or below the detection limit
of OP (1 pg/1) during fertilization. Consequently,
fertilization has not resulted in a detectable
change in water gquality with the measures used.
As would be expected in an oligotrophic system,
all of the added phosphorus is immediately uti-
lized (Stockner and Maclsaac 1996).

As observed in the reservoir, annual average
ammonia in all river and stream inputs was at or
near detection level (5 ug/1). Mean nitrate over
the study period ranged from 2 1o 400 ug/L for
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the various rivers and streams. Again, as observed
in the reservoir, rivers and streams had ortho-
phosphate (OP) levels near the detection limit
(1 ng/L). Values of total dissolved phosphorus
{TDP} were low, with means over the study pe-
riod ranging from 1 1o 22 ug/l in the different
streams, compared with a mean of 2.6 pg/L in
the reservoir. As in the reservoir, TDP concentra-
tions were highest in 1997. Total phosphorus (TP)
in the streams was relatively high and variable
as a result of a large particulate fraction, in con-
trast to the reservoir where TP was relatively low
and uniform as a result of particle setiling. The
high nitrogen/low phosphorus loading is consis-
tent with the phosphorus-limited nutrient ratios
observed in the reservoir.

Nutrient Load

Tradidonally, work on the trophic status of lakes
(e.g., Vollenweider 1976) has been done using to-
tal phosphorus {TP) in order to include the phos-
phorus sequestered in cell biomass (Wetzel 1983).
However, in the Arrow Lakes Reservoir, the large
particulate load contributes to a large and vari-
able TP load, most of which is likely of low bio-
logical availability (e.g., in the form of glacial flour,
such as apatite) and most of which settles on en-
tering the reservoir. The mean TP load is 1,100 mg/
m? per vear, whereas the historic load was esti-
mated to be 4,000 mg/m?* per year. While little can
be said of the trophic status based on this TP load
because of the large inorganic particulate com-
ponent, a fraction of the historic TP load was bio-
logically available and would have contributed to
the productivity of the old Arrow lakes.

The load of total dissolved phosphorus
(TDP} varied considerably between vears, with
changes in stream flow volume and concentra-
tion. TDP load was highest in 1997, lowest in

Taste I. Mean value for all (both integrated surface and deep) water samples from Arrow Lakes Reservoir
for calendar years, 1997-2000. Included are the detection limit for the method of analysis and the average
standard deviation for the annual means. Nutrient values are in ug/L of Nor P chlorophyllaisinpg/L, and

Secchi depth is in m.

Nitrogen Phosphorus

Year NH. NO+NO, OP TDP TP Chla  Secchi
1997 5.7 143 1.2 3.2 4.8 2.2 7.1
1998 5.4 147 1.1 2.3 3.2 14 9.8
1999 5.8 146 1.0 2.4 4.1 1.4 8.7
2000 6.6 144 1.0 2.5 4.3 1.6 7.8
Detection limit 5.0 2 1.0 2.0 2.0 - -
Average SD of annual means *2.9 +23 +0.2 +0.9 +2.1 *1.3 +3.1
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1998, and intermediate in 1999 and 2000 (Figure
7). The estimated historic mean load of TDP was
400 mg/m- per vear, indicating that current TDP
loads to Arrow are reduced to about two-thirds
of historic values. The fertilizer increased the to-
tal loading in 1999 and 2000 by approximately
40%. Care must be taken in comparing TDP to
fertilizer loadings, as the fertilizer consists of
phosphorus in a highly biologically available
form while the bioavailability of the natural TDP
load is lower.

Primary Productivity

Primary productivity in Upper Arrow increased
1.5-fold, from 131 mg C-m* per day in the unfer-
tilized year (1998) to 192 and 201 mg C-m- per
day in the fertilized years. 1999 and 2000, respec-
tively (Figure 8). In contrast to the increases mea-
sured in Upper Arrow, the primary production
in Lower Arrow decreased from 131 mg C-m per
day in 1998 to 115 and 102 mg C-m per day in
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Ficure 7. Estimated load of total dissolved phos-
phorus {TDP) to the entire Arrow Lakes Reservoir
(498 kan?) from the Columbia River ai Revelstoke,
the local inflow and from fertilizer addition.
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Fisure 8. Seasonally-averaged daily primary pro-
ductivity (mg C-m~*per day} in the Upper and Lower
Arrow Reservoir from 1998 to 2000. No data col-
lected in 1997.

1999 and 2000, respectively. During the two vears
of fertilization, primary productivity measured
in Upper Arrow was, on average, 1.8-fold greater
than that measured in Lower Arrow, likely due in
part to the effects of fertilization.

Phytoplankton

Phytoplankton enumeration in the postferti-
lization vears 1999 and 2000 confirm the 1998
and 1997 observations of a community made up
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of small species typical of an oligotrophic lake
and of a community with very low mean abun-
dance and biomass lacking clear spring and fali
blooms. These characteristics provide a clear sig-
nal of the oligotrophic status of Arrow Lakes Res-
ervoir. The mean phyvtoplankion abundance for
the Arrow Lakes Reservoir was 5,700. 4,000, 4,800,
and 5,000 cells per milliliter in 1997-2000, respec-
tively. The mean biovolume was 0.46, 0.31, 0.29,
and 0.46 mm’*/L in 1997-2000, respectively. Note
that the abundance and biovolume in the sec-
ond treated year (2000) remain comparable to
that of the first control year (1997).

While no unusual changes in species com-
position were observed, changes in relative com-
munity composition and seasonal succession
were noted in the fertilized vears. In 1999, abun-
dance peaks were higher than in the previous two
vears, especially at Station AR1, where high den-
sities of the picoplankter Synechococcus spp. were
observed. In 2000, the increases in picoplankters
were not as apparent; instead, increased densi-
ties of microflagellates were observed {two-fold
increase in abundance in fall) together with very
large populations of colonial diatoms in late
summer (o late autumn (>6-fold increase in
abundance at ARI-3 in September and October
2000).

Zooplankton

During each successive year of the study period,
the total zooplankton biomass increased in both
Upper and Lower Arrow with the exception of
Upper Arrow in 2000 (Figure 9}. During all sam-
pling vears, Lower Arrow had higher zooplank-
ton biomass than Upper Arrow. During fertilized
vears, zooplankton biomass increased more in
Lower Arrow than Upper Arrow. The zooplank-
ter Daphnia spp. is the prelerred food of both
kokanee and mysids (Thompson 1999}, and bio-
mass of Daphnia spp. as well as the proportion
of total biomass that is composed of Daphnia
spp. increased in each successive vear, to 1999.
In 2000, a change was noted; while the total zoop-
lankton biomass in Lower Arrow continued to
increase and the proportion of Daphnia spp. to
total zooplankton biomass remained constant,
in Upper Arrow, Daphniaspp. biomass declined.
It is likely that, in 2000, Daphiia spp. biomass
was extensively cropped by increased mysid and
kokanee populations,
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Ficure 9. Zooplankton biomass (ug/L) in the Up-
per and Lower Arrow from 1997 to 2000. Values are
total annual average biomass of samples collected
from May to October 1997 and April to October
1598-2000.

Mysids

Mysis relicta population density increased pro-
gressively from 1997 to 2000 in both the Upper
and Lower Arrow (Figure 10). In Upper Arrow, the
annual average density increased six-fold from
32 individuals/m? in 1997 to 195 individuals/m?
in 2000. Over the same period, density in Lower
Arrow increased 3.5-fold from 63 individuals/m?
t0 223 individuals/m’. The annual average mysid
density was consistently higher in Lower Arrow
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Fisure 10. Mysid Mysis relicta density (individu-
als/m*} in the Upper and Lower Arrow Lakes Reser-
voir from 1997 to 2000. Values are annual averages
of deepwater samples collected from May to De-
cember 1997 and January to December 1998-2000.

than in Upper Arrow during all sampling vears
(based on data from deep stations from January
to December, except for 1997 when sampling
began in May). The mean mysid weight was ap-
proximately 4.5 mg/individual, similar in both
basins and for all vears.

Kokanee

Since the late 1980s, kokanee numbers had been
steadily decreasing through their 4-year cvcles
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(Figure 11}, Even the modest increase in total
numbers in 1948 represents a decline from its par-
entcvcle in 1994, The recruit:spawner ratio for the
Hill Creek and Bridge Creek spawning channels
portrays the decline for 1992-1998, with values
less than the replacement ratio of 1.0 (Figure 12}.

Kokanee data suggest that a change occurred
in the kokanee population after fertilization was
initiated in 1999, with higher escapements, in-
creased size at marurity, increased fecundity, and
a recruit:spawner ratio of greater than one, Es-
capements for Upper Arrow index streams had
trended downward through the 1990s to a record
low 0f 47,000 in 1996. Upper Arrow escapements
in 1999 and 2000 were 147,000 and 193,000, re-
spectively (Figure 11). At the same time, the size
of mature fish at the Hill Creek and Bridge Creek
spawning channels, in 1999 and 2000, increased
considerably compared with mean size in the
1990s (Figure 13). Mean sizes in 1999 and 2000
were the largest for the vears on record for both
channels. Fecundity recorded at the spawning
channels also increased in 1999 and 2000. Com-
pared with means that have usually been less
than 300 eggs per female, the fecundity levels in
1999 and 2000 were among the largest on recard
(Hill Creek, 394 and 469 eggs/female in 1999 and
2000, respectively).

Arrow Reserveir kokanee return to spawn
predominantly at age 4 (Sebastian et al. 2000).
Based on otolith readings, the age of kokanee
spawners at Hill Creek in 1999 was determined
to be primarily 4 years. However, in 2000, a sig-
nificant shift in age of Hill Creek spawners oc-
curred, in which 52% of the spawners returned
as age-3 fish. This shift is also reflected in the size-
frequency data with two modes evident rather
than one (Pieters et al. 2000, 2001). Because of
the change in age at maturity in 2000, and to pro-
vide an estimate of the recruit:spawner ratio for
2000, it was assumed that all age-4 fish and 50%
of age-3 fish contributed to the spawner num-
bers in 2000. In 1999 and again in 2000, the
recruit;spawner ratios at Hili Creek and Bridge
Creek were greater than one for the first time
since 1992, While analysis of further data is on-
going, the substantial shift in the recruit:spawner
ratio suggests a change in the kokanee popula-
tion structure has occurred.

Discussion

Apart from a modest record of kokanee data, very
little was known about the Arrow Lakes Reservoir




192

PIETERS ET AL,

1200 . ]

- | B Hili Creek and spawning channel

g 1000 + - O Upper Columbia tributaries .

e . M Other Upper Arrow tributaries

\:T 800 H.H O Lower Arrow tributaries ,—
@ :

s | FERT
Q. i
@ :
o E
2 400 T
@ :
E Ci
4 200
B | i

O T T T T H H T T T T T H iI H
66 69 74 78 88 89 90 91 92 93 94 95 96 97 98 99 100
Year (1900+x)

Figure 11. Kokanee spawner escapement for the Upper and Lower Arrow Reservoir, 1966-2000. As re-
turning spawners are predominantly 4 years old, the vear cycles are labeled A, B, C. or D for 1988-2000. In
2000 ("), returns include spawners of 3 vears of age: see text. Number of spawners shown for the Lower
Arrow in 1993 and 1994 are estimated. The Upper Columbia tributaries were above the Revelstoke Dam
accessible before 1983. The Hill Creek spawning channel was completed in 1980 and was designed to re-
place the spawning habitat above the Revelsioke Dam.

prior to the present study. This lack of informa-
tion is somewhat surprising in relation to its size
and local importance, but not that unusual in
comparison to the many other large lake/reser-
voir systems throughout the interior of British
Columbia. Two years of baseline monitoring were
completed in 1997 and 1998, and a 5-vear fentili-
zation experiment to replace limiting nutrients
trapped upstrearn began in 1999, with preliminary
results for 1999 and 2000 reported here. To many,
the term ‘fertilization” connotes high levels of nu-
trient additions, as in a fishpond where water
quality is sacrificed for productivity. In contrast,
the goal of the nutrient additions to the Arrow
Lakes Reservoir has not been enhancement, but
the maintenance of natural kokanee populations
to avoid either their extinction or population de-
cline to a level no longer genetically viable, Un-
like the dangers associated with most exotic spe-
cies introductions, experience with the relatively
light addition of nutrients to coastal lakes indi-
cates that the effects of fertilization are reversible
(Stockner and Maclsaac 1996),

In Arrow Lakes Reservoir, observations from
all trophic levels in both the pre- and post-treat-
ment years are consistent with a system experi-
encing low levels of productivity. This is sup-
ported by the reservoir water chemistry and
nutrient loading data, which shows a very high
N:P ratio and phosphorus limitation. The phos-
phorus load from river and stream inflows has
varied significantly between years, but the trap-
ping of nutrients behind upstream dams has re-
duced TP to approximately one-quarter and TDP
to approximately two-thirds of historic levels,
based on an estimate of historic pre-impound-
ment nutrient loads.

In 1999 and 2000, the system was treated with
a seasonally adjusted load of phosphorus and ni-
trogen at a high N:P ratio 1o prevent blooms of
nitrogen-fixing blue-green algae. During fertilized
vears, levels of orthophosphate in the lake re-
mained at or below detection limits, even at the
station just below the fertilization zone. No obvi-
ous changes in TR, TDP, or other water quality pa-
rameters were apparent during fertilization.
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Figure 12. The kokanee recruit:spawner ratio, 1987-2000, for Hill Creek and Bridge Creek. The
recruit:spawner ratio of, for example, 1997 is the number of spawners that returned in 1997 divided bv the
number of spawners that returned in 1993. This assumes that all spawners were aged 4. For computation
of the 2000 ratio, sce text. Replacement occurs when the ratio is above one.

Unlike abundance and biomass at a given
trophic level, primary productivity provides a
direct measure of the rate ol production and is
an important key to monitoring the effect of nu-
trient additions (Stockner and Maclsaac 1996).
Primary productivity in Upper Arrow showed an
increase in the fertilized vears of 1.5-fold over
that in 1998. In contrast, Lower Arrow produc-
tivity was reduced in 1999 and 2000 compared to
that in 1998. If Lower Arrow were considered a
control, then the change in the Upper Arrow pri-
mary productivity is likely due to the nutrient ad-
ditions. Note, however, that primary productiv-
ity was not measured in 1997 and that the single
untreated year, 1998, was characterized by warm
surface waters, low flow, and a low load of natu-
1al nutrients,

While no unusual changes in phytoplankton
species composition were observed, changes in
the relative community composition and sea-
sonal succession were noted in the fertilized

years, changes that suggest the system was shift-
ing from ultra-oligotrophic to oligotrophic con-
ditions. In 1999, increased abundance peaks and
high densities of the picoplankter Synechococcus
spp. were observed, especially at the northern-
most station {AR1). Though this minute pico-
plankter did not contribute substantially to phy-
toplankton biomass, it is a vital base for the
microbial food webs that dominate the plankton
communities and is a strong indicator of the oli-
gotrophic condition of the reservoir. Blooms of
Synechococcus spp. have been observed in almost
all whole-lake fertilization experiments con-
ducted in both coastal and interior regions of
British Columbia (Stockner 1987; Stockner and
Maclsaac 1996). In 2000, the increases in pico-
plankters were not as conspicuous; instead, in-
creased densities of microflagellates were ob-
served along with very large, late summer to late
autumn populations of diatoms. A response in
diatoms of this size has not been observed be-
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Fizure 13. Mean length (cm) and fecundity (eggs/female) of Hill Creek kokanee spawners, 1977-2000.

fore in fertilized coastal or interior subalpine
lakes {Stockner and Maclsaac 1996; Stockner and
Shortreed 1994). The presence of more diatoms
in the pelagic zone of Arrow Reservoir should be
viewed as a positive sign, indicating that the sys-
tem is likely increasing its trophic efficiency and
forage production through shorter food chains
{(Stockner and Porter 1988).

Beside increases in primary productivity and
changes in the seasonal succession of phy-
toplankfon, increases have also been observed
both in total zooplankton biomass, particularly
that of Daphniaspp., and in mysid density. Early
modeling work on Kootenay Lake indicated that
mysids may out-compete kokanee for preferred
food sources such as Daphnia spp. (Walters et
al. 1991). While mysid populations appear rela-
tively stable in Kootenay Lake (Ashley et al. 1997,
1999b) this potential problem in Arrow Reservoir
will continue to be monitored.

As kokanee numbers in the Arrow Reservoir
declined through the 1990s, their size and fecun-
dity showed little change with no density-depen-
dent response, strongly suggesting a productiv-
ity problem. During fertilization in 1999 and
2000, the large size at maturity of kokanee fur-
ther suggested that a density dependent growth
response has yet to occur. A decrease in size

would be expected once the lake’s carrying ca-
pacity has been reached, and this will likely oc-
cur in Arrow, similar to the response of kokanee
salmon in the North Arm of Kootenay Lake
{Andrusak 2000},

The 5-year experimental fertilization of Ar-
row Reservoir (1999-2003) is well underway and
full evaluation is pending completion. Results
collected during 1999 and 2000 suggest that Ar-
row Reservoir is responding favorably to nutri-
ent additions with more efficient carbon (energy)
flows within the pelagic community. The docu-
mented increase in kokanee size, numbers, and
the improvement in the recruit:spawner ratio
from values below to above replacement levels
are particularly encouraging.

Acknowledgments

Fundingwas provided by the Columbia Basin Fish
and Wildlife Compensation Program (CBFWCP),
with additional funding from the Columbia Power
Corporation, the B.C. Ministry of Fisheries, the
B.C. Ministry of Water, Land and Air Protection
(MWLAP), the National Sciences and Engineer-
ing Research Council of Canada, and the Univer-
sity of British Columbia (UBC).




RESTORATION OF HORANEE SALMON IN THE ARROW LAES RESERVOIR 195

Thisworkwas initiated by jav Hammond (Fish-
erics Section Head, Nelson, MWIAP) and Ken
Ashley {B.C. Ministry of Tisheries). The authors
acknowledge that none of this project would have
been possible without the tireless work of Mark
Young, Don Miller, Adam Croxall, and Gary Mon-
roe (Rootenay Wildlife Service}; Grant Thorpe,
Diana Koller, Bob Millar, Les Fleck, John Bell and
Melvin Wong (MWLAP); Karen Brav, Harold
Manson, Steve Amdt (CBFWCP}, We also acknowd-
edge the help of Gary Birch, Don Druce, Kelvin
Ketchum, Dan Nixon, Ric Olmsted, Brian Gadbois,
Dean de Biesen, Chris Madland (B.C. Hydro); the
town of Nakusp; and Sabine and Ulf Burmeister
{(Kokanee Bay Resorty. We are grateful for labora-
tory equipment made available by Paul Harrison
(UBC) and for field equipment made available by
Douw Steyn and Tim Oke {(UBC). We thank the
many UBC student volunteers who have helped
with the productivity sampling, and thanks to M.
Derham, C. Sewell, A. Iiskooch, and 1. Zaremba
for their help in data processing. We also grate-
fully acknowledge discussions with Dale Sebastian
and George Scholten. We thank the reviewers for
their helpful suggestions.

References

APHA {American Public Health Association), 1976,
Standard methods for the examination of wa-
ter and wastewater. 14th editor. American Pub-
lic Health Association, American Water Works
Association, and Water Pollution Conirol Fed-
eration, Washington, D.C.

Andrusak, H. 1999. Performance evaluation of six
kokanee spawning channels in British Colum-
bia. Report for Minisury of Fisheries, Province
of British Columbia, Victoria, B.C.

Andrusak, H. 2000. Response of North Arm Kooten-
ay Lake kokanee in 1999 o experimental fer-
tilization. Prepared for Columbia Basin Fish
and Wildlife Compensation Program, Nelson,
B.C.

Ashley, K., L. C. Thompson, D. C. Lasenby, L.
McEachern, K. E. Smokorowski, and D. Sebas-
tian. 1997. Restoration of an interior lake eco-
system: the Kootenay Lake fertilization experi-
ment. Water Quality Research Journal of
Canada 32:295-323.

Ashley K., L. C. Thompson, D. Lombard, Y.-R. Yang,
E R. Pick, P B. Hamilton, D. C. Lasenby, K. E.
Smoekorowski, D. Sebastian, and G. Scholten.
1999a. Kootenay Lake fertilization experiment-
vear 5 {1996/97) report. RD 63, Fisheries
Branch, Ministry of Environment, Lands and
Parks, Province of British Columbia.

Ashlev, K., L. €. Thompson, D. Sebastian, D. C.
Lasenby, K. E. Smokorowski, and H. Andrusak.
1899h. Resworation of kokanee salmon in
Kootenay Lake, a large intermontane lake, by
controlled seasonal application of limiting nu-
trients. Pages 127-169 in T Murphy and M.
Munawar, editors. Aquatic restoration in
Canada. Backhuys, Leiden, Netherlands.

Cederholm, C. ]., D. H. johnson, R. E Bilby, L. G.
Domiguez, A. M. Garette, W. H. Graeber, E. L.
Graeber. E. L. Greda, M. D. Kunze, B. G. Marcot,
I. F Palmisano, R. W. Plomikoft, W. G. Pearcy, C.
A Simenstad, and P C. Trotter. 2000. Pacific
salmon and wildlife-ecological contexts, rela-
tionships, and implications for management.
Special Edition Technical Report. Prepared for
D. H. Johnson and T. A O'Neil {managing direc-
tors), Wildlife-Habitat Relationships in Oregon
and Washington. Washington Department of
Fish and Wildlife, Olvmpia, Washington.

Horne, A. ], and C. R. Goldman, 1994. Limnology,
2nd edition. McGraw-Hill, New York.

Joint, I R., and A. J. Pomroy. 1983. Production of
picoplankton and small nanoplankton in the
Celtic Sea. Marine Biology 77(1):19-27.

Milbrink, G., and S. Holmgren. 1981. Addition of
artificial fertilizers as a means of reducing nega-
tive elfects of “oligotrophication” in lakes after
impoundment. Report 59, Swedish Board of
Fisheries, Institute of Freshwater Research,
Drotiningholm.

Ney, ]. 1996. Oligotrophication and its discontenis:
effects of reduced nutrient loading on reservoir
fisheries. Pages 285-295 inn L. E. Miranda and
D. R. DeVries, editors. American Fisheries So-
ciety, Symposium 16, Bethesda, Maryland.

Lasenby, D. C., T. G. Northcote, and M, Furst. 1986.
Theory, practice and effects of Mysis relicia in-
troductions to North American and Swedish
lakes. Canadian Journal of Fisheries and
Aquatic Sciences 43:1277-1284.

Parsons, T. K., Y. Maita, and C. M. Lalli. 1984. A
manual of chemical and biclogical methods for
seawater analysis. Pergamon, New York.

Perrin, C. I., and }. Korman. 1997. A phosphorus
budget and limnological descriptions for
Duncan Lake Reservoir, 1994-1995. Prepared
by Limnotek for B.C. Hydro, Kootenay Genera-
tion Area, Castlegar, B.C.

Pieters, R., L. C. Thompson, L. Vidmanic. S. Pond, J.
Stockner, P Hamblin, M. Young, K. Ashiey, B.
Lindsay, G. Lawrence, D. Sebastian, G. Scholt-
en, and D. L. Lombard. 1998. Arrow Reservoir
limnology and trophic status, vear } (1997/98)
report. RD 67, Fisheries Branch, Ministry of En-
vironment, Lands and Parks, Province of Brit-
ish Columbia.

Pieters, R., L. C. Thompson, L. Vidmanic, M.
Roushorne, |. Stockner, K. Hall, M. Young, S.
Pond, M. Derham, K. Ashley, B. Lindsay, G.




196 PIETERS LT AL

Lawrence, D. Sebastian, G. Scholien, E Mec-
Laughlin, A, Wilest, A. Mauwzinger, and E.
Carmack. 1999, Arrow Reservolr limnology and
trophic stats, year 2 {1998/99) report. RD 72,
Fisheries Branch, Ministry of Environment,
Lands and Parks, Province of British Columbia.

Pieters, R., L. C. Thompson, L. Vidmanic, M.
Roushorne, |. Stockner, K. Hall, M. Young, M.
Derham, S. Pond, K. Ashley, B. Lindsay, G.
Lawrence, H. Andrusak, D. Sebastian, and G.
Scholten. 2000. Arrow Reservoir fertilization
experiment, vear 1 {1999/2000) report. RD 82,
Fisheries Branch, Ministry of Environment,
Lands and Parks, Province of British Columbia.

Pieters, R., L. C. Thompson, L. Vidmanic, S. Hartis,
J. Stockner, H. Andrusak, M. Young, K. Ashley,
B. Lindsay, G. Lawrence, K, Hall, A. Fskooch, D.
Sebastian and G. Scholien. 2001. Arrow Reser-
voir fertilization experiment, vear 2 {2000/
2001) report. RD 87, Fisheries Branch, Minis-
try of Environment, Lands and Parks, Province
of British Columbia.

Schindier, D. W. 1974. Extrophication and recovery
in experimental lakes: implications for lake
management. Science 184:897-899.

Sebastian, D., H. Andrusak, G. Scholten, and L.
Brescia. 2000. Arrow Reservoir fish summary.
Stock Management Report 20008, Fisheries
Management Branch, Ministry of Fisheties,
Province of British Columbia, Victoria, B.C.

Smith, V. H, 1983. Low nitrogen to phosphorus ra-
tios favour dominance by blue-green algae in
lake phytoplankton. Science 221:669-671.

Steemann-Nielsen, E. 1952, The use of radioactive
carbon (*C) for measuring organic production
in the sea. Journal du Conseil Permanent In-
ternational Pour I Exploration de la Mer
18:117-140.

Stockner, J. G. 1987, Lake fertilization: the enrichment
cyele and lake sockeve salmon (Onco-
rhynchus nerka) production. Pages 198-215in H.
D. Smith, L. Margolis and C. C. Woods, editors.
Sockeve salman (Oncorhynchus nerka popula-
tion biology and future management. Canadian
Special Publication of Fisheries and Aquatic Sci-
ences 96,

Stockner, J. G., and K. G. Porier. 1488, Microbial food
webs in [resh-water planktonic ecosvstems.
Pages £9-83 in S. R. Carpenter, editor. Complex
interactions in lake communities. Springer-
Verlag. New York.

Stockner, ]. G., and K. S. Shortreed. 1994, Pico-
plankion population dynamics in Chilko Lake,
a pre-alpine lake in British Columbia. Canada
Hydrebiologia 274:135-142.

Stockner, . G., and E. A. Maclsaac. 1996. British
Columbia lake enrichment program: nwo de-
cades of habitat enhancement for sockeve
salmon. Regulated Rivers: Research and Man-
agement 12:547-561.

Stockner, J. G., E. Rydin, and P Hvenstrand. 2000.
Cultural oligotrophication: causes and conse-
quences for fisheries resources. Fisheries 25:7—
14.

Thompson, L. C. 1999. Abundance and production
of zooplankton and kokanee salmon (Onco-
rhiynchus nerka) in Kootenay Lake, British Co-
lumbia, during artificial fertilization. Doctoral
dissertation. University of British Columbia,
Vancouver.

Utermohl, H. 1858. Zur vervollkommnung der
quantitativen phytoplankton methodik. Inter-
nationale Vereinigung Fur Theoretische Und
Angewandte Limnologie, Mitteilungen 9:1-39,

Vallentyne, j. R. 1974. The alga! bowl: lakes and man.
Miscellaneous Special Publication 22, Depart-
ment of the Environment, Fisheries and Ma-
rine Service, Ottawa, Canada.

Vollenweider, R. A. 1976. Advances in defining criti-
cal loading levels of phosphorus in lake
eutrophication. Memorie dell’Istituto italiano
di idrobiclogia dott Marco De Marchi 33:53-
83.

Walters, C. |., J. Digisi, ]. Post, and ]. Sawada. 1991.
Kootenay Lake fertilization response model.
Fisheries Management Report No. 98, Minis-
try of Environment, Province of British Colum-
bia.

Werzel, R. G.1983. Limnology. 2nd edition. Harcourt
Brace, Fort Worth, Texas.




