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ABSTRACT 

A weir was operated on Windfall Creek from 1 June through 17 August 1997, and the escapement was 
estimated to be 2,426 (SE = 39) sockeye salmon Oncorhynchus nerka. Age 1.3 sockeye salmon that 
averaged 586 mm (SE = 25 mm) mid-eye to tail-fork length composed 74% (SE = 1.5%) of the 
escapement, followed by sockeye salmon age 1.1 that averaged 349 mm (SE = 16 mm) in length that 
composed I I %  (SE = 1.2%) of the escapement. Minimal numbers of sockeye salmon inspected at the weir 
exhibited scars that might be attributed to commercial fishing gear. A series of foot surveys in the index 
area during 1997 resulted in a peak count of 484 sockeye salmon, which represented only 22% of the 
escapement. In a previous study, 46% of the escapement was observed in the index area. A mark-recapture 
experiment was conducted independently of the weir operations, to test the feasibility of this method for 
escapement estimation. The estimated escapement of 4,228 (SE = 954) sockeye salmon was 73% greater 
than the weir count, in part because 28% of the tagged fish never migrated to the recapture site. 
Limnological sampling was conducted in Windfall Lake and the euphotic zone depth was estimated to be 
3.1 m (SE = 0.01) and the mean seasonal biomass of macrozooplankton was estimated to be 103 mg/m2 
(SE = 3.8). Applying the limnological observations to a model of sockeye salmon production, it was 
estimated that the maximum annual production for Windfall Lake is 1,722 adult sockeye salmon. 

Key words: sockeye salmon, Oncorhynchus nerka, weir, escapement, length, age, index, mark-recapture, 
limnology, euphotic zone, zooplankton, model. 

INTRODUCTION 

Sport fishing opportunities for sockeye salmon 
Oncorhynchus nerka are extremely limited on the 
Juneau road system. Windfall Creek has provided 
the only consistent sockeye salmon sport fishery 
in the Juneau area since 1982; it has received as 
much as 279 angler-days of effort annually (Mills 
1990) and has yielded annual harvests ranging to 
800 fish (Bethers and Glynn 1990). Since 1990, 
however, the fishery has been closed by 
emergency order, in response to high fishing 
pressure and low index counts (Bethers and Glynn 
1990; Mark Schwan, Alaska Department of Fish 
and Game, Douglas, personal communication). A 
section of Slate Creek, tributary to Windfall Lake, 
is designated as the index area, and adult sockeye 
salmon here are counted by foot survey every 
summer. From 1987 to 1991, peak index counts 
averaged 1,344 fish, but from 1992 to 1995 
averaged only 417 fish (Appendix Al) .  

Index counts did not rebound after closure of the 
sport fishery, however, except for one peak index 
count of 1,608 in 1996. Windfall Creek sockeye 
salmon stocks may also be harvested in 
commercial net fisheries in Lynn Canal. Or, the 
index counts may not accurately reflect the 

escapements, as the flow in Slate Creek has 
changed channels over time, and a series of 
beaver dams interrupt the creek before it enters 
Windfall Lake. These environmental changes 
may have decreased utilization of the index area 
by spawning sockeye salmon (Brian Glynn, 
Alaska Department of Fish and Game, Douglas, 
personal communication). 

Also lacking is an escapement goal for sockeye 
salmon management in the Windfall system. In 
lieu of the multi-year sampling necessary for 
traditional spawner-recruit analysis, this year’s 
study was used as an opportunity to collect one 
season of limnological data to estimate theoretical 
production capacity of Windfall Lake. The 
planned field operations also presented an 
opportunity to investigate the suitability of using a 
mark-recapture experiment to estimate sockeye 
salmon escapement to the Windfall system as a 
cheaper alternative to future weir projects. 

Objectives of our research at Windfall Lake in 
1997 were: (1) determine sockeye salmon escape- 
ment to the lake by use of a weir; (2) estimate age, 
sex, and length composition of sockeye salmon in 
the escapement; (3) compare peak counts of 
sockeye salmon in the index area to the 
escapement at the weir; (4) conduct a mark- 
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recapture abundance experiment to estimate the 
escapement of adult sockeye salmon; ( 5 )  estimate 
the seasonal mean macrozooplankton abundance 
and the seasonal mean euphotic zone depth (light 
penetration) in Windfall Lake; and (6) estimate 
frequency and type of scars on sockeye salmon 
examined at the weir. 

STUDY SITE 

The Windfall system is located in northern 
Southeast Alaska, approximately 27 km northwest 
of Juneau, Alaska (Figure 1). Windfall Lake 
(Anadromous Waters Catalog [AWC] Number 

lies at 1 1  m elevation, has a surface area of 46 ha, 
and a maximum depth of approximately 4.5 m. 
The lake is heavily stained by tannin. Slate Creek 
(AWC Number 1 1 1-50-1 0070-2004-3006-4006) 
is the principal tributary of Windfall Lake and has 
relatively clear water (Figure I ) .  Windfall Creek 
(AWC Number 1 1 1-50-1 0070-2004-3006-4003), 
a low-gradient stream, flows about 1 km from 
Windfall Lake to the Herbert River, ranges from 6 
to 12 m wide, and has numerous pools (to 2 m 
deep) and riffles (Bethers et al. 1995). From the 
Windfall Creek confluence, the Herbert River 
(AWC Number 1 1  1-50-10070-2004) continues 
about 4 km downstream to the Eagle River (AWC 
Number 1 1  1-50-10070), which continues another 
2 km to enter salt water at Stephens Passage. 
Both Herbert and Eagle River are glacially 
occluded. The confluence of Windfall Creek and 
the Herbert River is an important holding area 
for sockeye salmon returning to the Windfall 
system, and it is the most popular sport fishing 
site in the drainage (Mark Schwan, Alaska 
Department of Fish and Game, Douglas, personal 
communication). 

1 1 1-50- 10070-2004-3006-00 10; ADF&G 1993) 

METHODS 
WEIR 
A weir was operated continuously on Windfall 
Creek from 1 June through 17 August 1997, 
located about midway between the Herbert River 
and Windfall Lake at the exact site of the 1989 
weir (Figure I ) .  The weir was an aluminum bipod 
and picket design, with 18-mm-diameter pickets 

and a maximum gap between pickets of 31 mm. 
The entire upstream face of the weir was 
overlaid with 18 x 21 mm rectangular-opening 
plastic mesh (extruded polyethylene) to block 
passage of fish >150 mm long. The bottom and 
sides of the weir were sealed with landscaping 
cloth and sandbags. A 2.4-m square trap was 
placed on the upstream side of the weir to capture 
and hold all immigrating sockeye salmon for 
counting and sampling. A similar trap was placed 
on the downstream side to hold all downstream- 
migrating fish. 

Every sockeye salmon captured at the weir was 
counted, marked according to one of three 
temporal strata (Table l) ,  and then released into 
the stream above the weir. Every second sockeye 
salmon captured during the period 1-19 June, and 
every fourth captured during 20 June-17 August, 
were also sampled for length, age, sex, and scars. 
Lengths were measured mid-eye to tail-fork 
(MEF), to the nearest 5 mm. Three scales were 
collected from the preferred area (ADF&G 1996), 
and presence of scars was noted (ADF&G 1990). 
Sampled scales were attached to a gum card, and 
age determinations were based on examination of 
the scales under 7 0 x  magnification. Criteria used 
to assign ages were similar to those of Moser 
(1968), and ages were reported in European 
notation (Koo 1962). 

Scars found on sockeye salmon sampled at the 
weir were assigned to seven categories (Table 2) 
and noted as to whether fresh or healed. Scar 
categories 1 through 3 are thought to result from 
contact with fishing gear and the remaining 
categories thought to be from predators (Seibel et 
al. 1982; Taylor 1985). The proportion of the 
sockeye salmon run bearing each type of scar was 
calculated per equations 1 through 4. 

AGE, SEX, AND LENGTH 
Because the fraction of the immigration sampled 
each day changed on 20 June, the estimated 
proportion at age in each of the two temporal 
strata h sampled was computed by 
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Table 1.-Mark combinations and origins of marks found on sockeye salmon examined in the index area of 
Slate Creek on 6 August 1997. 

~ ~~ 

MARK COMBINATION FOtJND 

Left 
axillary Number 

T-bar appendage Origin of marks recovered in Number 
anchor tag clip Other (location and period) index area released 

Yes Yes Upper right opercle punch Confluence 1 4a 378 
Yes Yes Lower right opercle punch Confluence 1 52b 

Confluence subtotal 15 430 
No Yes Upper left opercle punch Weir: early run (6/1-6/26) 63 1,040 
No Yes Lower left opercle punch Weir: mid-run (6/27-7/10) 28 42 8 
No Yes Lower right opercle punch Weir: late run (7/1 I-8/5) 40 504 
No Yes Lower right opercle punch Weir: after recapture event 0 34c 

(8/6-8/ 1 7) 
Weir subtotal 13 1 2,006 

No Yes 
No No 

No Weir: run segment unknown 2 d  n/a 
No Passed weir uncounted 8 nla 

Total 156 n/a 

a Includes four fish which had lost their T-bar anchor tags. 
Wrong mark applied, should have been upper right operclc punch. 
These fish passed the weir after the index area was sampled on 816 and are presented here for completeness. 
Assumed to have been marked at the weir. 

(4) 

where bu,h is the estimated proportion of the 

population in age group a and temporal strata h, 
is the number of fish sampled in age group a 

and strata h, nh is the number of fish successfully 

aged in strata h, N h  is the total number of fish 

passing the weir in stratum h, w h  = Nh/N, and 

N = N ,  . Because the counts were essentially 

complete over  the entire emigration, a finite 
population correction factor ( I-n/N) was included 
in the estimator. 

Mean lengths a t  age ( Y a , h )  for the immigration 
were similarly estimated using the temporal 
counts Nh and the total seasonal immigration N,  
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h 

where i denotes an individual fish. 

MARK-RECAPTURE EXPERIMENT 

A two-event, Petersen-style model was used t o  
estimate the sockeye salmon escapement (Seber 
1982). Sockeye salmon were captured and 
marked in a large pool located approximately 
60 m above the Windfall Creek-Herbert River 
confluence (see Figure 1). O n  every fourth day 
from 3 June through 18 July, sockeye salmon 
were captured by blocking the lower end of the 
pool with a seine and then driving the fish from 
the pool into the seine, using a line of people 
with dip nets. Occasionally a second seine was 
used in the middle of the pool. 

One  seine was 20 m long x 2 m deep, with 
approximately 3-cm bar-measure mesh, and the 
second seine was 30 m long x 3 m dcep, with 
approximately 4-cm bar-measure mesh. The  
capture process was repeated three to five t imes 
during each marking event. Each newly 
captured fish was measured for MEF, had a 
uniquely numbered T-bar anchor tag inserted 
into its dorsal musculature just  below the dorsal 
fin, and was given two  secondary marks (see 
Table 1 )  to  enable detection of tag loss. 
Recaptured fish were recorded but did not 
receive additional marks, and all fish were 
released at site of capture. 

O n  6 August, sockeye salmon in the index area 
were captured by seine and dip net and examined 
for marks, both to  detect the presence of any  fish 
that had been missed at  the weir and to complete 
the second sampling event of the mark-recapture 
experiment. This date was chosen because it was 
nearest the peak of sockeye salmon abundance in 
the index area. All fish captured were measured 
t o  the nearest 5 mm MEF and marked by 
excising the adipose fin t o  avoid double- 
counting. All captured fish were recorded, and 
all fish were released at the site of capture. 

Chapman's modification was  used to  estimate 
abundance of sockeye salmon immigrat ing past  

Table 2.-Description of scar types found on 
sockeye salmon (ADF&G 1990). 

~~ 

Category Description 

One or more fairly well delineated linear 
marks between the head and the dorsal 
fins, approximately perpendicular to the 
longitudinal body axis and encircling or 
partially encircling the body. 

A series of approximately parallel marks 
or scrape lines over a substantial portion 
of the body; two or more series of such 
marks occurring at different angles may 
give an appearance of crosshatch marks. 

A fairly well delineated scrape band 
generally occurring between the head and 
dorsal fin approximately perpendicular to 
the longitudinal body axis or angled 
slightly backward from the top to the 
bottom of the body and containing a 
nearly oval shaped open wound, normally 
in the upper portion of the body. 

Extensive descaling of at least 25% or 
more of one or both sides of the body but 
with marks or wounds not well delineated. 

Open, gaping wounds or puncture marks 
located anywhere on the body, either 
with no other marks and scrapes or with 
adjacent irregular 'scratch' or 'claw' 
marks, but none of the marks described 
in categories 1-4. 

Any scardmarks not fitting descriptions 
in categories 1-5 and 7. 

A fresh or healed appearing wound on 
either side of the body-usually a 
couple of inches in length, and angled 
dorsally and forward toward the head of 
the fish, from the anterior insertion of 
the dorsal fin to the front of the anal fin 
and behind the ventral fin. May also 
occur elsewhere on the fish, but the 
angle of cut is usually consistent with 
the ones described above. The fresh 
wound will have flesh exposed the 
whole length of the cut. The healed scar 
will have an 'indentation or pucker' type 
scar wherever it is located. 
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the pool and into the Windfall system (Seber 
1982): 

where fi = the estimated number of fish, n, = 

number of fish marked, n2 = total number of 
fish examined, and m2 = number of fish 
examined with marks. 

INDEX COUNTS 

A count of the number of live and dead sockeye 
salmon in the index area (see Figure 1 )  was 
conducted on 30 July, and on 5 and 15 August. 
One person attempted to chase sockeye salmon 
out from beneath protective cover so that the 
second observer could count them more 
accurately. Observers then consulted each other 
to determine a count for that particular reach of 
stream. 

LIMNOLOCICAL SAMPLING 

Limnological samples were collected from two 
sites in Windfall Lake once each month during 
22 May-21 October (Figure 2). At each site, 
one vertical tow was made with a 0.5-m- 
diameter, 153-p mesh, conical plankton net from 
0.5 m above bottom to the surface, at a speed of 
about 0.5 m/s. Each tow was preserved separately 
in a 10% buffered formaldehyde solution. 
Macrozooplankton present were identified to the 
lowest convenient taxon (usually genus, some- 
times species), counted, and body length 
measured at the ADF&G Limnology Laboratory 
in Soldotna. Zooplankter body lengths were 
converted to biomass using regression analysis 
(Koenings et al. 1987). 

Light intensity in the water column was measured 
at the incident (above surface), subsurface 
(0.05 m), and every 0.5-m increment until 4% of 

the subsurface intensity was reached. A Protomatic 
submersible photometer with peak sensitivity in 
the 400-700 nm wavelength range (the range of 
photosynthetically active radiation) was used for 
measurement. The euphotic zone depth (EZD) is 
the depth at which remains 1% of the light that 
entered the water (Koenings and Burkett 1987); 
EZD was calculated by regressing (with a zero 
intercept) the log of the percent light at depth 
against the depth: 

ln(1, / I,) = az 

where 1, = light intensity (ft-candles) 5-cm deep, 
I,= light intensity at depth z, a = constant, and 
z = depth. EZD is obtained by letting ln(Io/lz) = 

In( 100)-i.e., the 1 % light value, and solving for 
z (Gary Kyle, Alaska Department of Fish and 
Game, Soldotna, personal communication). The 
volume of the lake down to the EZD was then 
calculated to yield the euphotic volume (EV, in 
lO6m3), which represents the volume of water 
receiving sufficient light to support primary 
production. Water clarity was also measured with 
a standard black and white 20-cm-diameter 
Secchi disk (Koenings et al. 1987). 

RESULTS 
WEIR 

We counted a total of 2,3 18 sockeye salmon at the 
weir between 1 June and 17 August (Appendices 
A2 and A6), and only six of these fish were 
mortalities. Some fish passed the weir uncounted 
during about four hours on 13 July when a weir 
modification accidentally created a hole. Fish 
were marked at the weir according to temporal 
strata; thus, total immigration in the late run (thc 
affected stratum) was estimated by using simple 
mark-recapture methodology (equations 9 and 10) 
and the recapture data from the 6 August sampling 
in the index area. The recapture data was simpli- 
fied for this purpose by ignoring fish marked 
during the first two strata, because all of those fish 
had been counted and marked. The number of 
sockeye salmon marked in the late run (1 1 July-5 
August) was 619 fish (nl = 504 marked at the weir 
+ 1 15 marked at confluence), the number recaptured 
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Figure 2.-Bathymetric map of Windfall Lake, showing location of 1997 limnological sampling sites. 

in the index area from the late run was 45 fish 
(m2 = 40 marked at the weir + 5 marked at the 
confluence), and the number inspected from the 
late run was 53 fish (n2 = m2 + 8 unmarked), 
assuming unmarked fish are from only the late run 
(see Table 1). Immigration during the late run was 
then estimated at 727 fish (SE = 39), 108 fish 
more than were counted. Thus, the total sockeye 
salmon escapement is estimated to be 2,426 fish 
(SE = 39), which comprises the sum of the weir 
counts from the first two strata (1,664 fish), the 
abundance estimate for the late run (727 fish, 
SE = 39), and the weir count from 6 to 17 August 
(35 fish). The absence of size-selective sampling 
is assumed by the mark-recapture method 
employed above, and lengths of sockeye salmon 
at the weir during the late run and those recaptured 
from that stratum in the index area were not 
significantly different (Figure 3 ;  P2-tail = 0.0864, 
Dm,=0.2159,n1= 154,m2=45, K-Stest). 

The sockeye salmon run began on 1 June, reached 
its midpoint on 25 June, and appeared to be 
essentially completed by 15 August (Figure 4; 
Appendix A2). There was some correlation of 
stream height with the same day’s weir count 
(r = 0.33, P = 0.005), whereas counts 1 or 2 d 
prior or later were less correlated. 

Scars on sockeye salmon sampled at the weir 
were rare; only 4.8% showed scars of any type, 
and only one fish had multiple scars. Of the scars 
that did occur, type 6 were the most frequent 
(Figure 5) .  Healed scars were more common 
than fresh scars. 

One adult coho salmon 0. kisutch and 13 chum 
salmon 0. keta were also counted upstream through 
the weir. Five of the chum salmon that passed the 
weir were sampled for otoliths to determine their 
origin. Otoliths from all five chum salmon 
collected bore the thermal banding pattern unique 
to the 1992 brood that the Douglas Island Pink 
and Chum Corporation released at Amalga Harbor 
(about 4 km from the mouth of the Eagle River; 
Kris Munk, Alaska Department of Fish and Game, 
Juneau, personal communication). Thirty-two 
(32) steelhead 0. mykiss kelts (post-spawning 
adults) were passed downstream. The total count 
for cutthroat trout 0. clarki was 42 downstream 
and 68 upstream, for Dolly Varden Salvelinus 
malma, 39 downstream and 3,891 upstream, for 
steelhead smolts, 43 downstream, and for 
apparently nonanadromous rainbow trout 0. 
mykiss, I 1  downstream and 58 upstream. Counts 
for cutthroat trout, Dolly Varden, rainbow trout, 
and steelhead smolt are minimums, because the 
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mesh on the weir's face was removed for 
two overnight periods to  allow freshets to  
pass (Appendix A2), and fish of this size 
would have been able to  fit between the 
pickets. 

AGE, SEX,  AND LENGTH 

Age 1.3 sockeye salmon, the majority of 
which were females, dominated the age 
composition of sockeye salmon sampled 
at the weir (Table 3, Appendix A6). Age 
1.1 and 1.2 sockeye salmon, both mostly 
male, were next highest in abundance. 
Mean MEF of all age 1.3 sockeye salmon 
was 586 mm, and males averaged 26 mm 

1 3 5 6 7 

Scar type 

Figure 5.-Frequency of occurrence of different scar 
types observed on sockeye salmon sampled at the 
Windfall Creek weir during 1997. (See Table 2 for scar 
type definitions.) Error bars are k one SE. 

longer than females. 

Table 3.-Age and sex composition and mean length-at-age (mm) of sockeye salmon sampled at Windfall Creek 
weir during 1997. iL, = proportion per age and sex class a; n = sample size; and 6 = total number in the population. 

AGE 
1.1 1.2 1.3 1.4 2.1 2.2 2.3 All 

COMPOSITION 
Male n 6 2  46 185 5 2 1 22 323 

k,  0.1 10 0.067 0.232 0.007 0.004 0.002 0.027 0.447 
SE 0.012 0.009 0.014 0.003 0.005 0.017 
iir 266 161 562 16 10 5 66 1085 

Female n 3 8 377 4 0 0 15 407 
I;, 0.003 0.009 0.509 0.007 0.025 0.553 
SE 0.001 0.003 0.017 0.003 0.006 0.0170 
iir 6 22 1235 16 0 0 61 1341 

All n 65 54 562 9 2 1 37 730 

SE 0.0 I2 0.009 0.015 0.004 0.002 0.002 0.008 
iir 273 I84 1797 32 10 5 126 2426 

4, 0.1 12 0.076 0.74 1 0.013 0.004 0.002 0.052 1 .oo 

LENGTH-AT-AGE (mm) 

Male n 62 46 185 5 2 1 22 323 
mean 349 466 604 625 353 410 613 520 

SE 16 31 31 20 18 29 29 
Female n 3 8 377 4 0 0 15 407 

mean 345 512 578 564 574 576 
SE 13 47 20 19 17 17 

All n 65 54 562 9 2 1 37 730 
mean 349 47 1 586 60 1 353 410 593 550 

SE 16 33 25 29 1 1  0 27 65 

9 



MARK-RECAPTURE EXPERIMENT 

Over the course of 11  days of marking, 430 
sockeye salmon were marked with tags and finclips 
at the confluence and released alive (Tables 1 and 
4). The number of sockeye salmon captured at the 
confluence during each marking event was 
significantly correlated with the sum of the weir 
counts for the period 2-5 d after the marking event 
(r = 0.61, P = 0.047), and this indicates that 
marking occurred in rough proportion to the overall 
run. Further, the proportion of each week’s weir 
count that bore tags from the confluence showed no 
trends while tags were being applied (Figure 6). 
Also, sockeye salmon tagged in the first half of the 
run were recaptured just as frequently as those 
tagged in the second half of the run (P = 0.42, x2 
test, df = 1, Table 5). Marking ceased on 18 July, 
when 93% of the run was complete. Except for 
one fish, the movement of tagged sockeye salmon 
through the weir was complete by 29 July 
(Appendix A2), which suggests that essentially all 
tagged sockeye salmon above the weir should have 
had sufficient opportunity to reach the index area 
before the sampling on 6 August. 

The proportion of tagged sockeye salmon found in 
the index area (1 5456 or 10%; Table l), was not 
significantly different (P = 0.17, x 2  test, df = 1) 
from the overall proportion of tagged sockeye 
salmon through the weir (312/2,318 or 13%; 
Appendix A2), which suggests that marked and 
unmarked fish experienced similar mortality and 
behaved similarly in the lake. Tag loss in the 
index area was substantial, at 27% (4/15), but 
was compensated for by using the persistent mark 
(finclips) in  the abundancc calculation. 

Size-selectivity between the marking and recapture 
events must be evaluated to determine if size strati- 
fication of the population estimate is necessary. 
Considering only fish germane to the mark-recapture 
experiment, length distributions of marked and 
recaptured sockeye salmon were not significantly 
different (P2-tail = 0.80, K-S test, D,,, = 0.1588, 
n,l = 432, nm2 = 15; Figure 7). However, length 
distributions of marked sockeye salmon and all 
sockeye salmon sampled in the index area were 
significantly different (Pz-~ ,~I  = 0.0001, K-S test, 
D,,, = 0.2023, nnl = 432, n,2 = 156; Figure 7). 

Table 4.-Number of sockeye salmon observed and captured at the confluence of Windfall Creek and the 
Herbert River, 3 J u n e 1 8  July 1997. 

Categories of sockeye salmon caught 
Confluence Previously New Total 

Date pool count marked a Mortalities fish caught 
6/3/97 0 0 0 3 3 
6/7/97 not done 0 0 15 15 
611 1/97 not done 1 0 31 32 
61 1 5/97 80 2 0 89 91 
61 19/97 75 0 0 48 48 
6/23 197 8 3 0 23 26 
612 719 7 12 0 0 8 8 
71 1 I97 100 0 2 57 59 
7/6/97 Ob 10 3 95 108 

71 10197 150 6 1 55 62 
71 14/97 
71 1 8/97 0 0 0 6 6 

Total 22 6 430 458 

not done-water too high 

~ 

a Previously marked sockeye salmon are those captured and marked in earlier marking events at the confluence 
pool (i.e., recaptured fish, but not germane to the mark-recapture experiment). 
Very poor visibility, glacial water intruding. 
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Figure 6.-Weekly proportion of sockeye salmon observed at the weir from 1 June 
to 17 August 1997 bearing tags applied at the confluence pool. 

These circumstances indicate that only the marking 
event was size-selective, so fish of all lengths were 
pooled for the escapement estimate (Bernard and 
Hansen 1992). Thus, the escapement estimate 
from the mark-recapture experiment was 4,228 
fish (SE = 954, relative precision of the 95% CI = 
44.2%, nl = 430, n2 = 156, rn2 = 15), much higher 
than the 2,426 (SE = 39) sockeye salmon that 
passed through the weir. Since the entire 
immigration was passed by the weir, the mark- 
recapture experiment was significantly biased 
high (a < 0.05). An obvious bias with the mark- 
recapture estimator occurs, because only 72% 
(3101430) of the sockeye salmon marked at the 
confluence were passed through (and stayed 
above) the weir and had the opportunity to reach 
the index area where the recapture event occurred. 
Failure to recognize tagged fish at the weir was 
not the cause of this bias, for the finclips revealed 
that only 1.3% (413 12) of sockeye salmon had lost 
their tags before reaching the weir. Because only 
the marking event was size-selective, sockeye 
salmon lengths from the index area were used to 
estimate the length distribution of the escapement 
in the mark-recapture experiment. The length 
distributions of all sockeye salmon sampled in the 

Table 5.-Sockeye salmon marked at the 
confluence and recaptured in the index area on 
6 August 1997. 

Date Confluence 
Tag Date through residence 

number marked weir (days) 
991 1 6/7/97 not noted 
998 1 61 15/97 711 3/97 28 
9968 6/15/97 6/19/97 4 
997 1 611 5/97 7/8/97 23 
9723 6/27/97 7/13/97 16 
976 1 71 1 I97 7/3/97 2 
9614 7/6/97 711 3/97 7 
9647 7/6/97 not noted 
9654 7/6/97 71 13/97 7 
9636 7/6/97 not noted 
9656 7/6/97 711 3/97 7 

Mean 12 
Median 7 

index area and those sampled at the weir were 
significantly different (P2-tai1 = 0.0001, K-S test, 
D,, = 0.2043, nweir = 578, nindex = 156; Figure 8). 
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Figure 7.-Comparison of length-frequency distributions of sockeye salmon in the 1997 
Length categories shown in 1 0-mm increments; vertical tick mark-recapture experiment. 

marks indicate starting value for each 10-mm increment. 

Marking fish at the confluence led to some other on 30 July, 5 August, and 15 August 1997, 
observations on sampling techniques and fish respectively. Survey conditions during all 
movements. First, it was found that sampling by surveys were very good, with relatively low and 
beach seine at the confluence was not size-selective clear water in Slate Creek. 
compared to the weir (P2-tail = 0.162, K-S test, 
D,,, = 0.0700, nweir 1 578, n,,,fluence = 432; LIMNOLOCICAL SAMPLING 

Figure 9), and it appeared that all sizes of marked 
fish passed the weir. Second, the distribution of 
residence times at the confluence pool was highly 
skewed, showing a median residence time of 4 d 
(Figure 10). Third, visual counts conducted while 
sampling the confluence pool were well correlated 
with the sum of the weir counts 2-5 d later 
( r =  0.83, P = 0.01 1 for the natural logarithm 
transformation; Figure 11). The 2-5 d period was 
chosen because it gave the highest correlation. 

The seasonal mean abundance of macro- 
zooplankton in Windfall Lake was estimated at 
69,100 individuals/m2 (SE = 3,500) and seasonal 
mean biomass at 103 mg/m2 (SE = 3.8; 
Appendix A3). Bosmina usually dominated the 
numbers and biomass; Daphnia longiremis and 
Holopedium were occasionally dominant. 
Copepods were very rare. The seasonal mean 
EZD in Windfall Lake was 3.1 m (SE = 0.01); for 
the Secchi disk it was 2.0 m (SE = O.Ol), and Kd 

INDEX COUNTS (the light extinction coefficient) was 1.56 (SE = 
0.001; Appendix A4). We applied the following 

Totals (live plus dead) of 484, 367, and 144 model of sockeye salmon production (Stan 
sockeye salmon were observed in the index area Carlson, Alaska Department of Fish and Game, 
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Soldotna, personal communication): 

Smolt Biomass (kg/km2)= 
-1 83+1.95(Macrozooplankton Biomass, mg/m’) (12) 

+15.5(EZD, m) , 

to arrive at an estimate for maximum annual 
production in Windfall Lake of 3 1.3 1 kg of smolt 
(68.07 kg/km2 total x 0.46 km2 surface area). 

On 7 August, a YSITM Model 57 meter with a 
submersible probe was used to measure tempera- 
ture, dissolved oxygen, and conductivity in the 
water column at each site in Windfall Lake during 
the probable peak of thermal stratification. 
Although surface temperatures were near the 
upper limits for salmonids, there was a strong 
thermocline between 0.5 and 2.0 m, such that 
hypolimnetic temperatures and dissolved oxygen 
concentrations were well within tolerance limits 
for salmonids (Appendix A5). 

DISCUSSION 

The total sockeye salmon escapement through 
the weir of 2,426 was estimated with very high 
precision (SE = 39) and negligible, if any, bias. 
For comparability to 1989 weir counts, when the 
weir was not covered with plastic mesh and 
sockeye salmon jacks (one marine annulus and 
small enough to pass between the pickets) could 
pass uncounted (Bethers and Glynn 1990), the 
1997 escapement estimate must be reduced by 
1 1 %  (the age 1.1 and 2.1 components; Table 3) 
in order to represent the “non-jack” portion of 
the escapement, which is 2,159 fish. Thus, the 
proportion of the escapement observed in 1997 
during the peak count in the index area was 22% 
(484/2,159), very different from the proportion 
of 46% in 1989 (Bethers and Glynn 1990). 

The great disparity i n  these proportions (>2: 1) 
suggests more than simple random variation in 
the counts, if the assumption of no difference in 
sockeye salmon behavior is true. Historical 
records do not indicate any operational problems 
with the weir during 1989, so the escapements 
estimated in each year should be accurate and 
comparable when adjusted for jacks in 1997. 
Although the index counts during 1997 did not 

“bracket” the peak count, they were conducted 
during the historical period of peak counts 
(Appendix Al), so it is likely the peak count in 
1997 was at or near the peak of abundance in the 
index area. Thus, it is reasonable to conclude that 
the proportion of the sockeye salmon escapement 
present in the index area during 1997 was truly 
lower than during 1989. 

A possible mechanism for high interannual 
variation in the proportion of the sockeye salmon 
escapement in the index area is the large and rapid 
fluctuation in Slate Creek’s discharge each 
summer. I and other ADF&G biologists have 
observed that Slate Creek can cease to flow 
during periods of low precipitation, usually in 
July or August, and actually becomes a series of 
disconnected pools that block all sockeye salmon 
movement. When heavy precipitation increases 
its discharge, sockeye salmon are observed 
spawning in areas of Slate Creek that were dry 
only days before (Mark Schwan, personal com- 
munication, Alaska Department of Fish and Game, 
Douglas). Precipitation levels during the two 
summers of weir operation were vastly different: 
4.9 inches of rainfall was recorded at the Juneau 
International Airport (about 17 km away) during 
June and July 1989 versus 13.87 inches during 
June and July 1997. Total precipitation during 
June and July of the survey years ranged from 
3.59 inches to 13.87 inches, so 1989 was a very 
dry summer, whereas 1997 experienced record- 
high precipitation. Thus, the proportion of 
escapement observed in the index area each year 
may have reflected strong, opposing states of 
habitat availability, and the mean of the two 
years may be a relatively unbiased estimate. 
Environmental correlates (e.g., stream height or 
precipitation during a defined period) may 
explain some of the variation in proportions, but 
this approach cannot be evaluated without more 
data. Estimation of a linear regression model with 
a constant would require at least two more years 
of weir, index counts, and rainfall data. 

If the differing proportions are due to inter- 
annual variation, then the mean of the proportions 
from the two study years (34% of observed 
escapement) may be a better estimate. If this 
were the case, then the index counts would 
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represent a smaller proportion of the escapement 
than previously thought, meaning that the peak 
index counts should be expanded by a factor of 
2.94 (100/34) instead of 2.17 (1 00146, based 
solely on 1989 data) to estimate the escapement 
excluding jacks. 

In  contrast to some of the above arguments, 
ADF&G biologists have noticed dramatic natural 
changes in the course of Slate Creek in recent 
years and suspect the overall quantity or quality 
of spawning habitat in Slate Creek has been 
significantly reduced (Mark Schwan, personal 
communication, Alaska Department of Fish and 
Game, Douglas). Thus, the difference in the two 
annual proportions counted could be caused by a 
shift to a new mean proportion, not just by 
interannual variation or environmental effects. 
Again, more years of data would be required to 
strengthen arguments for either cause. 

Comparing other population characteristics, we 
found the escapement estimate in 1997 (excluding 
jacks) to be only 56% (2,159/3,864) of the 1989 
escapement of 3,864 sockeye salmon (Bethers and 
Glynn 1990). Salmon escapements naturally vary 
greatly, and the 1997 escapement was not con- 
sidered to be so low as to present a conservation 
concern for a system as small as Windfall. Other 
assessments of the age composition of Windfall 
sockeye salmon were done in 1987 and 1989, and 
age 1.3 sockeye salmon were more dominant in 
both years, at 95% and 92%, respectively (Bethers 
and Glynn 1990). Adjusting the 1997 age 
composition by again excluding jacks increases 
the proportion of age 1.3 sockeye salmon from 
74% to 83% and makes the difference between 
years slight. The age composition of salmon 
returns also can be highly variable, and many 
environmental and biological conditions could 
cause the observed differences between years. 
The large proportion of age-I. sockeye salmon 
may be an indicator of excellent freshwater 
rearing conditions. Population-density studies in 
juvenile sockeye salmon have found that older 
smolt become more prevalent as rearing capacity 
is exceeded (Foerster 1968, Koenings and Burkett 
1987, Kyle et al. 1988). The run timing in both 
years was very similar (Figure 4). 

Because the confluence of Windfall Creek and the 
Herbert River is the most popular sport fishing 
site, the residence period of fish at the confluence 
is of interest to fishery managers. The high 
correlation between visual counts of sockeye 
salmon at the confluence and the sum of weir 
counts 2-5 d later, and the short residence times 
determined from the marking study (median 4 d) 
suggest that most fish reside only a few days at 
the confluence pool. However, it must be noted 
that residence times are biased low because of the 
nature of the experimental design; i.e., our 
measurement does not include the time between 
when fish first arrive at the pool and when they 
were captured and tagged. Also, the abundant 
precipitation in 1997 may have shortened 
residence times and made these results unique to 
this year (assuming stream height affects fish 
movement in Windfall Creek). 

The weir operation in 1997 offered a rare oppor- 
tunity to perform a mark-recapture experiment 
on a known population. Logistically, adequate 
numbers of fish could be marked and recaptured 
in the areas chosen. A larger number of sockeye 
salmon could have been sampled in the index 
area if repeated visits had been made, and the 
precision of population estimate would have 
been improved. We appeared to have sampled 
about 50% of the sockeye salmon present on the 
day we visited, which met our expectations, but 
the numbers of sockeye salmon present in the 
index area declined as time went on, which led 
u s  to the conclusion that the additional effort 
would have increased precision only marginally. 
Petersen-style abundance models require either 
that all fish have an equal probability of marking 
or recapture, or that all fish mix equally (Seber 
1982). It appears that both conditions were met 
(see Table 5 and Figure 6). Tag loss did occur, 
but was fully accounted for through the use of 
secondary marks. 

Although length distributions of sockeye salmon 
sampled in the mark-recapture experiment and 
those of sockeye salmon sampled at the weir 
were significantly different, the difference is 
biologically negligible. The full range of lengths 
are represented in both distributions, difference 
in mean length between the distributions is only 
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12 mm, and large sample sizes made this 
particular comparison very powerful. Most of the 
difference may be due to the timing of the 
samples. We observed that fish had begun to 
deteriorate from age by the time the recapture 
event took place, but were in prime condition 
when measured several weeks earlier at the weir. 
This effect can be seen in Figure 8, where lengths 
of sockeye salmon sampled in the index area are 
shown to be systematically shorter than lengths at 
the weir. Where only fresh fish are compared, 
sockeye salmon lengths from sampling at the 
confluence are similar to those at the weir (Figure 
9). In either case, length and age compositions in 
the mark-recapture experiment should be accurate 
in a practical sense. 

Because many (28%) sockeye salmon marked at 
the confluence were not observed at the weir, and 
hence had no chance of reaching the index area, 
the mark-recapture methodology employed has 
little utility for estimating escapement to the 
Windfall system. Possible causes for this are 
removal of fish (by predators or poachers), high 
mortality for marked fish, significant spawning 
below the weir, or a high downstream emigration 
rate of marked fish from the confluence pool. 

The sport fishery for sockeye salmon was closed 
on Windfall Creek during 1997, so there was no 
known removal of tagged fish. Mortality during 
the marking event appeared low, but the water 
temperature in Windfall Creek reached 20°C 
during the early July marking dates at the 
confluence. Sockeye salmon sampled on these 
dates showed stress by tiring quickly and 
recovering slowly. A 10°C recovery bath was 
created by mixing cold Herbert River water with 
Windfall Creek water, and it appeared to speed 
fish recovery in the short term. The opaque, swift 
water of the Herbert River prevented locating 
mortalities after marking events, and abundant 
scavengers such as bears and eagles kept 
carcasses from remaining in the open very long. 

There was evidence that the capturing and 
marking may have had some effect on the fish, as 
tagged fish took a median 7 d to reach the weir 
(Table 5 ) ,  versus 4 d for all fish. However, the 
constant proportion of marked fish through the 

weir argues against mortality coming from one or 
two stressful marking events. 

Rather, the Herbert and Eagle rivers are large, 
complex drainages with small, clearwater tribu- 
taries and beaver ponds, such that abundant 
alternative locations exist for spawning sockeye 
salmon. Beaver-pond, side-channel, and main- 
stem spawning and rearing by sockeye salmon in 
glacial rivers is well known, and returning adult 
fish “backing out” of systems to salt water also 
has been documented (Eiler et al. 1992). There 
were no incidental reports, though, of tagged 
sockeye salmon found elsewhere in the Herbert or 
Eagle river drainages or at sea. One rotary-wing, 
aerial survey of the upper Herbert River was 
conducted on 18 August to look for signs of 
sockeye salmon spawning (fish, carcasses, or 
presence of scavengers), but none were seen. 
Lower Windfall Creek has suitable flows and 
substrates to allow salmon spawning, but the field 
crew never observed any spawning activity there. 
However, no regular surveys of the lower creek 
were done, and the tannin-stained water limited 
visibility into the water. I believe the loss of 
tagged fish from throughout the run suggests a 
steady attrition to alternative spawning sites in 
lower Windfall Creek or the Herbert and Eagle 
river drainages. 

The Windfall Lake EZD is relatively shallow, 
even for tannin-stained lakes (Koenings and 
Edmundson 199 1, Kyle 1996). The zooplankton 
biomass is also relatively low, compared to other 
sockeye salmon lakes (Kyle 1996, Koenings and 
Kyle In press). In Southeast Alaska, high annual 
precipitation and subsequently high flushing 
rates, along with hardrock drainages that 
contribute few nutrients, tend to make most lakes 
in the region highly oligotrophic (Dave Barto, 
Alaska Department of Fish and Game, Douglas, 
personal communication). The macrozooplankton 
taxa present are commonly consumed by juvenile 
sockeye salmon, but the sizes of Bosmina, the 
most abundant, are marginally small (Koenings 
and Burkett 1987, Kyle et al. 1988). Thus, 
Windfall Lake appears relatively unproductive. 

The limnological model predicts sockeye salmon 
production in kilograms of smolt. Converting that 
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into numbers of adult sockeye salmon requires 
assumptions about the size of each smolt. To 
estimate the maximum number of smolt possible, 
I assumed a threshold size for smolt of about 
2.0 &molt (Koenings and Burkett 1987), which 
converts to 15,655 smolt (3 1.3 1 kd0.002 kdsmolt). 
Estimating the escapement needed to produce 
these 15,655 smolt requires assumptions about the 
sex ratio of the escapement, the number of eggs 
each female sockeye salmon produces, and the 
survival rates to fry, smolt, and adult life stages. 
If we use Koenings and Kyle’s (In press) 
assumptions of 50% females in the escapement, 
3,000 eggdfemale, 10% egg-to-fry survival, 21% 
fry-to-smolt survival, and 1 1 YO smolt-to-adult 
survival, then we can estimate that the 15,655 
smolt predicted by the model will require an 
escapement of only 497 fish. Also, if 15,655 
smolt are produced, and they have an ocean 
survival of 11% (Koenings et al. 1993), then 
1,722 adults should return. This means that if 
only 497 adult sockeye salmon are necessary for 
escapement, then 1,255 fish remain for harvest. 

As with any model, the specific application must 
be carefully considered. Windfall Lake is so 
small and shallow that it falls outside the range of 
lake sizes used in the development of the model. 
The extensive shoal areas of Windfall Lake and 
the numerous beaver ponds along its tributaries 
provide additional, complex habitat for juvenile 
sockeye salmon (possible insectivorous), whereas 
the model is based on limnetic (open-water), 
planktivorous populations of juvenile sockeye 
salmon. Also, the availability of zooplankton to 
juvenile sockeye salmon can be reduced if the 
plankters are too small or use elusive behavior 
(Kyle 1996). Further, the model was largely 
derived from systems at or near carrying capacity, 
either because of density-dependent (competition) 
or density-independent (water temperature) 
factors. As such, the resulting predictions are 
maximums, and are most appropriate for systems 
near carrying capacity (Stan Carlson, Alaska 
Department of Fish and Game, Soldotna, personal 
communication). Nonetheless, this model was 
developed empirically from a wide range 
(physical, chemical, and geographical) of Alaskan 
sockeye salmon systems, and its parameters and 

results have proven useful in other sockeye 
salmon management decisions (Kyle et al. 1988, 
Geiger and Koenings 1991). Knowledge of the 
true size of Windfall Lake smolt and of survivals 
between life stages would allow more appropriate 
conversions. For instance, if smolt were larger 
than assumed above, the predicted biomass would 
convert to fewer smolt numbers, but survivals 
would likely be higher and offset some of the 
reduction in smolt numbers. 

Estimates of abundance from the weirs conflict 
with production estimates from the limnological 
model. The weir counts from 1997 and 1989 
exceed, and several peak index counts approach, 
the predicted maximum annual production of 
1,722 adult sockeye salmon, which would imply 
that escapements are already too large. However, 
the preponderance of age 1. adult sockeye salmon 
in the historical as well as 1997 data shows that 
juvenile sockeye salmon easily achieve sufficient 
growth to become smolt after only one year in 
Windfall Lake, and that finding suggests Windfall 
Lake was below carrying capacity (Foerster 1968, 
Koenings and Burkett 1987, Kyle et al. 1988). 
Again, better estimates of survival and fecundity 
might improve the fit. 

Another explanation for the discrepancy in 
escapement estimates is that the Windfall system 
is spawning-limited, because of the dynamic 
flows in Slate Creek or insufficient spawning area 
in general, such that the effectively spawning 
escapement is much lower than the apparent 
escapement (through poor egg deposition or egg- 
to-fry survival). Whereas poor egg deposition or 
egg-to-fry survival would decrease the number of 
fry rearing in Windfall Lake, the decrement might 
be offset by reduced intra-specific competition 
and increased survivals in subsequent life stages. 
This hypothesis is supported by the fact that 
1997’s run was relatively strong at 2,426 fish, but 
the majority of the run (74% age 1.3) was from 
the 1992 brood year, which had the lowest peak 
index count ever recorded (assuming the index 
count was a valid indicator of the total 
escapement) (Appendix Al). 

Other factors could certainly be significant in the 
sockeye salmon life cycle, such as predation by 
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the Dolly Varden (about 30,000 migrants in 1997) 
and cutthroat trout (about 600 migrants in 1997) 
that overwinter in Windfall Lake (Jones and 
Harding In prep.), or  competition from the 
juvenile Dolly Varden, cutthroat trout, and coho 
salmon that also rear in the lake. It does not 
appear that water temperature and dissolved 
oxygen are limiting factors, a t  least during mid- 
summer. While the limnological model results are 
open to  questions of appropriateness and to  
assumptions regarding survivals, the overall 
indication is that the total carrying capacity of 
Windfall Lake is not large and that any unutilized 
capacity is likely minimal. Other habitats, such as 
beaver ponds, may be significant t o  sockeye 
salmon production. 
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