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Fecundity Estimation

There were no significant differences (ANOVA, P = 0.95) between fecundity 
estimates and actual counts, using the single, double, or triple aliquot method (Table 
2).  Egg count differences, Table 2, between gravimetric estimates and total ova 
counts tended to be higher in single (mean = 320) aliquot counts, but they were not 
statistically greater (ANOVA, P = 0.07) when compared to egg count differences 
with double (mean = 57) or triple (mean = 53) aliquot counts.  Fecundity estimates 
varied from actual egg counts by <1% to 19%, with 84% of the estimates within 4% 
of the total ova counts and 44% of the estimates within 1% of total counts.  Further-
more, gravimetric fecundity estimates were about as likely to overestimate (60% of 
the samples) ova counts as to underestimate them (40% of samples).  Salting and 
freezing of egg masses was found to produce very fragile eggs which were subject to 
breakage during storage, processing, or handling.  These broken eggs decreased both 
the accuracy and precision of ova counts for fecundity estimation.  In comparison, the 

Figure 2.  Regression of Mokelumne River Chinook salmon fork length and estimated number 
of ova, including grilse.

Figure 3.  Regression of estimated fecundity in Mokelumne River Chinook salmon, excluding 
grilse (FL > 610 mm).
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 The San Gabriel Mountains bighorn sheep, Ovis canadensis nelsoni, 
population has undergone substantial changes during 1976-2006 and it 
has been hypothesized that wildfires and predation by mountain lions, 
Puma concolor, have been responsible for the changes between 1976 
and 1995.  During1995-2002 an estimated 90 bighorn sheep inhabited 
the San Gabriel Mountains and it was thought the population was stable.  
In 2006, the population estimate was 292 ± 69 (±SE) and the popula-
tion increase during 2002-2006 exceeded the intrinsic rate of increase 
reported for bighorn sheep.  We used survey results, survival rates of 
adult animals, and recruitment rates to reconstruct the population.  The 
results indicated the population had been increasing slowly since 1995.  
The recent population increase coincided with wildfires in 1997 and 2003 
that burned 36% of winter-spring ranges occupied by bighorn sheep, and 
a decline in mountain lion activity, suggested a reduction in predation 
also played a role in the population increase.   

INTROdUcTION

Previous investigators (Holl et al. 2004) reported the population of bighorn sheep, 
Ovis canadensis nelsoni, inhabiting the San Gabriel Mountains declined by approxi-
mately 88% between 1982 and 1995.  During 1995-2002 we estimated 90 bighorn 
sheep inhabited that range, and the exponential rate of increase (r) (Caughley 1977) 
indicated the population was stable.  Furthermore, we hypothesized that the initial 
population decline was associated with declining habitat suitability on maturing 
chaparral-dominated ranges that had burned earlier, followed by  an increase in preda-
tion on bighorn sheep by mountain lions, Puma concolor, in response to a concurrent 
decline in mule deer, Odocoileus hemionus californicus.  In response to the bighorn

1Current address: Department of Biological Sciences, Idaho State University, Pocatello, ID  
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Fish size 
(mm)

Estimated # 
of eggs

Actual egg 
count

Percent of 
actual count

Egg count 
differenced

800     4638a ± NA 5711 81.2 -1073
625     3325a ± NA 3951 84.2 -626
610     3316a ± NA 3674 90.3 -357
740     5365a ± NA 5685 94.4 -320
750     5125a ± NA 5286 97.0 -161
746     4353a ± NA 4425 98.4 -71
820     7937a ± NA 7977 99.5 -39
830     6053a ± NA 6079 99.6 -25
619     3093b ± 12 3097 99.9 -3
740     3775b ± 20 3776 100.0 -1
751     3973a ± NA 3964 100.2 9
895     7402c ± 85 7382 100.3 21
724     4837b ± 99 4820 100.4 18
753     5243c ± 69 5217 100.5 26
799     5033c ± 114 4999 100.7 35
775     6284c ± 123 6239 100.7 45
776     4928c ± 38 4882 100.9 46
826     6940c ± 99 6842 101.4 98
743     5686c ± 140 5606 101.4 81
781     5080c ± 50 5003 101.6 78
800     4596a ± NA 4468 102.9 129
768     4955a ± NA 4799 103.3 156
816     6438b ± 14 6232 103.3 207
700     3933a ± NA 3776 104.2 158
813     8139a ± NA 7103 114.6 1037
Mean # ova     5218 ± 1385 5240 99.2 -21.3
Min. # ova     3094 3097 81.2 -1073
Max. # ova     8140 7977 104.3 1037

REsULTs

Fish Collection

Ninety-three individuals (527-991 mm FL [mean: 762 mm]), including 86 adults 
and 7 grilse were used to construct the Mokelumne River Chinook salmon length/
fecundity model (Table 1, Fig. 1A).  This sample is representative of the adult and 
grilse component of the entire 2003 run (Fig. 1B, Workman5 2004).

Table 2.  Comparison of gravimetric sub-sampling estimates of Mokelumne River Chi-
nook salmon fecundity versus actual fecundity counts.  Reported are the results of singlea, 
doubleb(median), and triplec (mean) aliquot estimates of ova counts.

dEgg count difference = Estimated count – Actual count. (Positive = overestimate and nega-
tive = underestimate).

5Workman, M.L.  2004.  Lower Mokelumne River Upstream Fish Migration Monitoring con-
ducted at Woodbridge Irrigation District Dam August 2003 through July 2004.  Unpublished 
EBMUD report.  Lodi Fisheries and Wildlife Division. 23pp + Appendix
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sheep decline, a strategy to increase the population was prepared for the Los Ange-
les County Fish and Game Commission, California Department of Fish and Game 
(CDFG) and USDA Forest Service (Holl 20042).  The goal of that strategy was to 
achieve a self-sustaining population, defined by a prescribed number of females on 
each of six winter-spring ranges for 6 consecutive years and a minimum population 
of 322 sheep well distributed for 6 consecutive years.  

Prior to implementing any of the management recommendations in the restora-
tion strategy,  participants in annual surveys from 2002-2006 counted 170, 148, and 
167 bighorn sheep, respectively, and by March 2006 the population estimate was 
292 ± 69 (± SE).  The apparent population increase during 2002-2006 exceeded the 
intrinsic rate of increase reported for bighorn sheep (Buechner 1960), in which case 
the population would double every 2.7 years.	

We prepared this retrospective analysis to reevaluate and identify changes in 
the trajectory of the population immediately before and after 1995 and developed a 
hypothesis explaining why the trajectory of the population changed. This analysis is 
necessary to evaluate the performance of the San Gabriel Mountains bighorn sheep 
population relative to the goals of the restoration strategy.  

STUdY AREa

The San Gabriel Mountains are oriented on an east-west axis in eastern Los 
Angeles and western San Bernardino counties, California, and are a portion of the 
Transverse Range.  The mountains are characterized by steep slopes and narrow can-
yon bottoms, where water usually is available.  At elevations ≤ 1,850 m the climate 
is Mediterranean and the vegetation is dominated by chaparral and oak (Quercus) 
woodlands.  Above 1,850 m the climate is cooler, with snow common in winter, and 
vegetation is dominated by montane shrubs and open stands of Jeffrey pine, Pinus 
jeffreyi, and white fir, Abies concolor.  Lodgepole pine, P. contorta, and dwarf scrub 
vegetation occurs at the highest elevations.  Fire is the major source of disturbance 
in this mountain range, with large conflagrations driven by hot, dry Santa Ana winds 
common during the fall.  Approximately 95% of the mountain range is public land 
administered by the Angeles and San Bernardino national forests.  

Bighorn sheep occur in four subgroups (Cucamonga Peak, Mt. San Antonio, Iron 
Mountain, and Twin Peaks), and the Cucamonga subgroup occupies five winter-spring 
ranges (Middle and South Forks Lytle Creek, Deer Canyon, Cucamonga Canyon, 
and Barrett-Cascade  Canyons).  All other subgroups occupy one winter-spring range 
each (Cattle Canyon, East Fork San Gabriel River, and San Gabriel Wilderness, 
respectively).  All of these winter-spring ranges vary in elevation from ≈ 1,000 to 
1,900 m, and are used following the first snows in early winter until late May (Weaver 

2Holl, S. A.  2004.  Implementation strategy to restore the San Gabriel Mountains bighorn 
sheep population. Prepared for the Los Angeles County Fish and Game Commission, Los 
Angeles, California, USA; California  Department of Fish and Game; and Angeles and 
San Bernardino National Forests.
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Figure 1A.  Size distribution of Chinook salmon sampled during spawning events at the Mokelumne 
River Fish Hatchery, California.  Mean fork length of Chinook salmon in our sample set was 762 
mm (range: 527 – 991 mm, n=93).  Grilse salmon: hatched bar.  Figure 1B.  Length-frequency 
distribution of 2003 fall-run Chinook salmon passing video monitors on the lower Mokelumne 
River, August 2003 to January 2004.  Grilse: hatched bars.  Length estimate ± 5 cm, n = 9,981
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et al. 19723, Holl and Bleich 19834).  During summer and fall some bighorn sheep 
migrate to higher elevation (≈ 2,000 - 3,300 m) ranges (Weaver et al. 19723, Holl and 
Bleich 19834), presumably to take advantage of more nutritional forage.  Other large 
mammals that occur on bighorn sheep seasonal ranges include mule deer, mountain 
lions, and black bears, Ursus americanus.

METHOds

Population Surveys

Annual helicopter surveys of bighorn sheep in the San Gabriel Mountains have 
been conducted since 1976 during March, when bighorn sheep concentrate on winter-
spring ranges (Holl et al. 2004).  At that time young were approximately 10-11 months 
old and we assumed they would be recruited into the population.  We recorded the 
location, sex, and age class of individual bighorn sheep, and the number of bighorn 
sheep observed per hour of helicopter survey time (catch-per-unit effort), on each 
winter-spring range.  Although dense chaparral cover could affect observability of 
bighorn sheep during aerial surveys, available evidence is to the contrary (Bleich et 
al. 2008).  During the 30 year period different methods were used to calculate popula-
tion estimates using the best available data.  From 1976 to 1978 population estimates 
were calculated from the helicopter surveys and a model, POP50 (Holl and Bleich 
19834); from 1979-1989, population estimates were calculated from double samples 
(Magnusson et al. 1978) obtained during concurrent aerial and ground surveys.  The 
ground surveys were discontinued after 1989 because maturing chaparral limited 
access to observation areas.  No other population estimates were available until 
2006, when the population estimate was calculated using radio-collared animals in 
a Peterson index as corrected by Bailey (Caughley 1977).

  
Bighorn Sheep Demography

Exponential Rate of Increase

We calculated an r during each of four time periods (1976-1982, 1982-1989, 
1989-1995, and 1995-2006) using the population estimates, total number of animals 
counted, and catch-per-unit effort (Caughley 1977).  We established the four time 
periods by evaluating changes in the number of animals counted and the trajectory 
of population indices (Holl et al. 2004).

3Weaver, R.  W., J.  L. Mensch, W. Timmerman, and J.  M.  Hall.  1972.  Bighorn sheep in the 
San Gabriel and San Bernardino Mountains.  Wildlife Management Administrative Report 
2-2, California Department of Fish and Game, Sacramento, California, USA.

4Holl, S. A. and V. C. Bleich.  1983.  San Gabriel mountain sheep: biological and management 
considerations.  San  Bernardino National Forest, San Bernardino, California, USA.
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Adult Survival and Recruitment

Personnel from CDFG captured 35 adult bighorn sheep with a hand-held net gun 
fired from a helicopter (Krausman et al. 1985) during September 2003-January 2006.  
Each animal was fitted with a radio telemetry collar that included a mortality sensor 
(Telonics, Inc; Mesa, AZ5).  CDFG estimated the location of all collared animals once  
monthly from an airplane, and telemetry signals were monitored from the ground 
3-5 times each week.  All mortality signals were investigated; however, the cause of 
mortality could not always be determined.  

We calculated annual survival rates of radio-collared adults using the Kaplan-
Meier procedure as modified for staggered entry by Pollock et al. (1989).  Each 
biological year started April 1, just before young were born and ended March 31 the 
following year, when all young surviving to that date were presumed to be recruited 
into the population. 

We calculated the mean adult survival rate from annual adult survival rates during 
2004-2005 and 2005-2006.  We also estimated the female survival rate by an itera-
tive process that maintained a male to female ratio of approximately 0.66 (the mean 
adult sex ratio observed from 1976-2006) during 1995-2006. Only one yearling (1.5 
years old) was fitted with a radio collar and it was alive at the end of 2006.  Survival 
rates of yearling bighorn sheep generally are higher than are those of older animals 
(Geist 1971, Leslie and Douglas 1979, Hansen 1980, Festa-Bianchet 1989), except in 
declining populations (Festa-Bianchet 1989, Rubin et al. 2002).  Therefore, yearling 
survival rates were always assumed to be 0.98, the mean derived from other bighorn 
sheep populations (Festa-Bianchet 1989), and an equal sex ratio was assumed.  We 
did not use yearling survival rates from desert populations because the San Gabriel 
Mountains are a mesic range, unlike the xeric ranges occupied by other populations 
of bighorn sheep in southeastern California.  Observed recruitment rates (lambs:ewes) 
derived from survey data were used to estimate annual recruitment into the adult 
cohort, assuming an even sex ratio.  Additionally, we used monthly precipitation 
from Mount Wilson, Los Angeles County to test for relationships between rainfall 
and lamb recruitment.

Population Estimates

We developed population estimates for missing individual years from 1979-1989 
and for all years from 1990-2006 using the exponential growth equation, N

t
 = N

0
*ert.  

During those four time periods, N
0 
was the population estimate obtained from POP50 

in 1976; the estimates obtained from the double survey in 1982 and 1989; and the 
estimate from 1995 that had been calculated from the exponential growth equation.  
Rates of increase were calculated from the population estimates and again from the 
mean of the number of animals counted and the catch-per-unit effort data.  

We also calculated population estimates for 1995-2006 using adult survival and 

5The use of trade names does not imply endorsement by the California Department of Fish 
and Game. 
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the fecundity model.  Of these total count samples, single aliquots were analyzed in 
52% (13/25) whereas double and triple aliquot estimates were determined in 32% 
(8/25) and 16% (4/25), respectively.

 To release and preserve individual ova, a brine solution was heated to near-boiling 
temperatures, and the selected aliquots were placed into the solution.  The brine 
consisted of saturated solutions of 250 ml NaCl (salt) and 250 ml Na2B4O7

 ּ10H2O 
(borax) added to two liters of water.  Aliquots of the ovary were gently agitated in 
the heated brine until all ova were released (5 to 10 min) from the ovarian tissue.  
Ova were removed from the solution, drained of excess fluid, allowed to cool, liber-
ally salted, and packed into labeled, Ziploc-type plastic bags, and stored at -20° C, 
30-60 days, prior to analysis. 

Ova Counts and Fecundity Predictions

Salted ova were removed from storage bags, placed in a strainer, and rinsed with 
fresh water.  Rinsed ova were placed onto acrylic boards and individually counted.  
Once counted, a fecundity estimate was calculated for individual fish using the fol-
lowing formula (Snyder 1921):

Fecundity estimate = ((Eggs in Aliquot) * (Aliquot weight)-1) * Total ovarian 
weight 

Age Estimates

Scale samples were collected posterior to the right pectoral fin, placed into coin 
envelopes, and labeled with the date, sex, and FL measurements.  Six to ten non-
regenerated scales were examined from each of the fish selected for aging.  Scale 
annuli were counted using a microfiche reader (Jearld 1983).  To reduce bias, the 
reader conducted scale reading without knowledge of length measurements.  A single 
individual made all age estimates.

Data Analysis

Statistical analysis of the data (one-way ANOVA, P = 0.05) was conducted with 
SYSTAT SigmaStat 2.03 statistical software comparing total fecundity counts with 
estimates of fecundity derived from single, double and triple ova counts for our cal-
culations.  To facilitate comparisons between published literature values and models, 
we constructed simple linear regression models from both the total fecundity counts 
and estimates of fecundity using the gravimetric method (Snyder 1021, Healey and 
Heard 1984).  Linear regression models were constructed, plotted, and analyzed for 
statistical significance with the use of the SigmaPlot 2000 statistical software package 
published by SYSTAT software, Inc.
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recruitment rates.  An initial population estimate (N
0
) of 130 animals in March 1995 

was calculated from the exponential growth equation.  The number of adult males and 
females and young in N

0
 was calculated using an adult sex ratio of 0.66 males:females 

and the observed recruitment rate in 1995.  The numbers of adult males and females 
the following March (N

t
) were calculated with a simple deterministic time model 

similar to that used by Logan and Sweanor (2001): 
N

t
 = (A

m
*s) + ((Y/2)*s) + (A

f
*s) + ((Y/2)*s) + (L)

where A was the number of adult males (m) or females (f) estimated the previous year, 
Y was the number of yearlings (young recruited the previous year), L was the number 
of young that will be recruited (adult females plus half the  yearlings multiplied by 
the observed recruitment rate) and s was the sex- or age-specific survival rate.  No 
survey was conducted in 2003; therefore, we used the mean recruitment rate (0.31) 
from the previous 7 years in the modeling effort for that year.  

Area Burned and Mountain Lion Abundance

We determined the area of bighorn sheep winter-spring range burned during 
1995-2006 by comparing Forest Service maps of large fires and the perimeters 
of winter-spring ranges, as described by Holl (20042).  Changes in mountain lion 
activity were determined by evaluating the number of depredation permits issued 
annually by the CDFG in Los Angeles and San Bernardino counties.  In these coun-
ties, mountain lions are confined to the San Gabriel and San Bernardino Mountains 
(Torres et al. 1996).

REsULTs 

Rate of Increase

Exponential rates of increase varied during each of the four time periods (Table 
1), with a population increase during 1976-1982 and 1995-2006 and a population 
decline during 1982-1995.  During 1982-1989, r derived from the population estimates 
(–0.046) was similar to the mean r (–0.052) calculated from the number of bighorn 
sheep counted (–0.038) and the catch-per-unit effort (–0.067).  Although this is the 
only period where r calculated from different samples could be compared, the close 
agreement among those values (Table 1) suggests the mean r would produce results 
similar to those calculated directly from population estimates. 

 Recruitment and Adult Survival Rates 1995-2006

During 1995-2006, recruitment rates ranged from 18 to 53 young/100 females, with 
a mean of 34 (± 3.0).  There was no relationship (P > 0.05) between lamb recruitment 
rates and monthly precipitation or aggregates of months, during November-March 
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of Fish and Game (CDFG) MRFH.  The number, and size, of fish selected during each 
sampling event was at the discretion of the MRFH manager.  Since ≥40% of returning 
Chinook salmon in the Mokelumne River were classified as grilse in some years, 
grilse should be included in the sampling regime and in the length/fecundity models 
to provide better estimates of Chinook salmon ova production (personal communi-
cation Workman4 2004).  To minimize time of return bias and potential differences 
in fecundity variability throughout the fall run Chinook salmon our objective was 
to select and sample 100 fish over the October to December 2003 spawning season.  
To this end eighty-six Chinook salmon were collected from the MRFH during 12 
spawning events between 23 October and 22 December 2003, with 7 additional fish 
collected as trapping mortalities at the Woodbridge Dam fish ladder.  Fish collection 
included adult females (fish > 610mm) and smaller, precociously mature fish clas-
sified as grilse, (fish ≤ 610 mm), for model construction.  Electroshocking was the 
principle method of anesthetizing salmon broodstock at the MRFH.  To minimize 
the impact on hatchery operations and to prevent the loss of ova during anesthesia 
and sorting of salmon broodstock we directed hatchery managers to select fish with 
eggs still bound to the ovary (“green” or unripe fish).  

Fish Processing

To reduce the likelihood of ova spoilage due to blood contamination of ovaries 
anesthetized females were killed by a blow to the head and exsanguinated by severing 
the gill arches on both sides of the fish.  Two length measurements were obtained 
prior to dissection of ova: fork length (FL) and the length from the posterior margin 
of the eye orbit to the end of the hypural plate (POH).  Ovaries of selected fish were 
removed from the body cavity and placed in labeled, individual plastic bags and stored 
on ice prior to processing.  Care was taken to account for any eggs remaining in the 
body cavity.  Ovaries collected at Woodbridge Dam were salted and frozen prior to 
processing.  Scale samples were taken posterior to the right pectoral fin in a subset 
of fish (n=55) sampled for the fecundity model to determine age (Jearld 1983).

Egg Processing

Chinook salmon ovaries were removed from storage bags, drained, and blotted 
dry prior to weighing.  For gravimetric, sub-sampling fecundity estimates, total 
ovarian weight was obtained within 6 hours of collection and single, double, or 
triple aliquots were subsequently selected and weighed prior to brine-processing for 
determination of ova number.  Individual aliquots contained a minimum of 20% of 
total ovarian weight.  Accuracy and precision of the gravimetric fecundity estimates 
were determined by counting all ova in 27% (25/93) of fish selected for inclusion in 

4Workman, M.L.  2004.  Personal  communication. Fisheries Biologist.  East Bay Municipal 
Utility District, 1 Winemaster’s Way, Suite K., Lodi , Ca. 95240
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of the preceding year when precipitation would have affected forage quality during 
gestation.  

Nine (5 males, 4 females) of 35 adult bighorn sheep died between September 
2003 and March 2006.  During 2004-2005 and 2005-2006 adult male survival rates 
were 0.909 (n = 12) and 0.732 (n = 17), respectively, with a mean of 0.82.  Adult 
female survival rates for the same periods were 0.79 (n = 10) and 0.83 (n = 16), 
respectively, with a mean of 0.81.  An adult female survival rate of 0.915 was nec-
essary in the modeling to maintain a mean adult sex ratio of 65:100, similar to that 
observed 1976-2006. 

Population Estimates

The similarity in r calculated during 1982-1989 described above, is supported by 
the population estimates.  In 1989, the population estimate obtained from the double 
survey was 501 ± 30; the estimate from the exponential growth equation was 491 
that same year using r calculated from all double survey results, and 496 using the 
mean r calculated from the number of animals observed (Fig. 1).  Using the mean r 
calculated from the number of animals observed we calculated that the population 
had declined to130 bighorn sheep in 1995 and then increased to 291 sheep in 2006.  
That value essentially is identical to the Peterson estimate of 292 ± 69 obtained 
from the survey data.  Using observed recruitment rates and adult male survival 
rates, estimated adult female survival rates, and an initial population of 130 bighorn 
sheep in 1995, the 2006 population was estimated to be 287, a value very close to the 
estimates obtained from the mark-recapture survey that year (292) and exponential 
growth equation (291) (Fig. 1).

Population statistic used 
to calculate rate of 
increase

Rate of increase

Time period

1976-1982 1982-1989 1989-1995 1995-2006

1. Population estimate 0.015 –0.046

2. Number sheep counted –0.038 –0.258 0.087

3. Catch-per-unit effort –0.067 –0.195 0.061

Mean (2+3)/2 –0.052 –0.226 0.074

Table 1.  Rates of increase for bighorn sheep in the San Gabriel Mountains, Los Angeles 
and San Bernardino counties, California, 1976-2006. 
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(Healey and Heard 1984).  
The Mokelumne River, California, is a regulated river impacted by high tempera-

tures, low flows, mining, multiple pollution sources (e.g., agricultural and urban run-
off), dams, and water diversions that have adversely affected Chinook salmon stocks 
(CDFG 1959, Finlayson1 and Rectenwald 1978).  During the 1980s Chinook salmon 
augmentation, with ova and fry from Feather and American river stocks, represented 
>90% of salmon production (Estey2 1987).  These augmentations have resulted in a 
Mokelumne River Chinook salmon stock of mixed origins.  During their spawning 
migration, returning females can be identified by their morphology and their numbers 
and lengths estimated by staffed or video-equipped counting fences (Merz and Merz   
2004).  There is an approximate 12-hour to 10-day interval after passing video monitors 
at Woodbridge Irrigation District Dam (WIDD) fish ladders at (RKM 63, Workman3 
2002) to when fish arrive on the spawning grounds and at the Mokelumne River Fish 
Hatchery (MRFH, Merz 1996).  If lengths of fish passing fish-counting structures 
or ladders could be used to predict potential egg production, hatchery and natural 
resources managers could improve salmon population maintenance and restoration.  
For example, utilizing data on size, number, sex, and estimated fecundity, hatchery 
managers and biologists can estimate the proportion of salmon remaining in the river 
for a natural spawning in comparison to those spawned in the MRFH.  In-stream 
estimates of ova production could provide hatchery and fisheries biologists crucial 
information on which management recommendations should be made concerning 
the timing and magnitude of water releases necessary to maintain optimal spawning 
conditions (i.e., temperature, flow, substrate availability, and oxygenation) during 
critical spawning periods.  Our objective was to construct a Chinook salmon length/
fecundity model specific to the Mokelumne River watershed, which could be used 
as a predictive tool for hatchery and fisheries management in this system.

MATErIALs ANd METhOds

Fish Collection

Mokelumne River Chinook salmon were sampled, depending on availability of 
returning, ripe females, during scheduled spawning events at the California Department 

1Finlayson, B.J. and H.J. Rectenwald  1978.  Toxicity of copper and zinc from the Penn Mine 
area on king salmon (Oncorhynchus tshawytscha) and steelhead trout (Salmo gairdneri) 
in the Mokelumne River Basin, California.  Environmental Services Branch Report No.- 
78-1.  California Department of Fish and Game, Rancho Cordova, California.

2Estey, D.F.  1987.  Mokelumne River Hatchery Annual Report 1985-1986.  Inland Fisheries 
Administrative Report No. 87-12.  California Department of Fish and Game, Sacramento 
California.

3Workman, M.L.  2002.  Lower Mokelumne River Upstream Fish Migration Monitoring con-
ducted at Woodbridge Irrigation District Dam August 2001 through July 2002.  Unpublished 
EBMUD report.  Lodi Fisheries and Wildlife Division. 20pp + Appendix.
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Areas Burned and Mountain Lion Abundance

Two wildfires occurred after 1995, one in 1997 that burned 920 ha (47%) in the 
East Fork San Gabriel winter-spring range and one in 2003 that burned 2,880 ha 
(75%) of winter-spring range in the Cucamonga subunit.  During 1983-1990 the mean 
number of depredation permits issued annually in Los Angeles and San Bernardino 
counties was 0.38 (range = 0-2) (CDFG files).  The number of depredation permits 
issued then increased and reached its peak in 1995 and 1996 (n = 5 each year) and 
then declined to a mean of 1.2 (range 0-2) annually during 2003-2006.

DISCUSSION

Adult survival

The estimated survival rate of 0.915 for adult females during 1995-2006 was 
similar to the annual survivorship (≈0.90) necessary for that cohort to increase in 
the Granite Mountains of southeastern Californian (Wehausen 1996).  Overall, the 
annual adult survival rate was 0.867 in the San Gabriel Mountains, which is higher 
than mean annual adult survival rates of 0.81 and 0.80 reported for declining bighorn 
sheep populations elsewhere in southern California (Hayes et al. 2000, Schaefer et 
al. 2000).  

Figure 1.  Total number of bighorn sheep counted and population estimates developed from 
those surveys and calculated population estimates using rates of increase (r) calculated from 
the double survey, the mean of total number counted and catch-per-unit effort, and adult survival 
and recruitment rates of young, San Gabriel Mountains, Los Angeles and San Bernardino coun-
ties, California, 1976-2006.

Total Sheep Counted

Double Surveys

r (population estimates)

r (mean)

Survival & Recruitment Rates



Our model using non-loge- transformed data (y = 11.137x-3065.5; r2=0.54; 
n=93) had equivalent predictive power to models using loge-transformed 
data  (y = 1.7x-2.7068, r2=0.57; n=93).  In these models, fish length (x) 
accounted for 54-57% of the variability in fecundity (y), similar to that 
determined for Chinook salmon from other watersheds throughout the 
Pacific Northwest. These regression models should assist natural re-
sources managers in regulating river flows and temperatures to maximize 
wild Chinook salmon spawning success and assist hatchery managers 
in improving salmon population maintenance and restoration.

INTrOdUcTION

Chinook salmon, Oncorhynchus tshawytscha, have a wide distribution around the 
Pacific Rim extending from Russia to the lower latitudes of California.  These stocks 
encompass a wide variety of life history adaptations ranging from lengthy (>1000 
km) to fairly short upstream (<100 km) migrations, as well as different seasonal runs 
within specific watersheds.  Sacramento River California Chinook salmon stocks, 
for example, are composed of four distinct runs: winter, spring, fall, and late-fall-run 
salmon (Moyle 2002).  California Chinook salmon stocks are typically characterized 
as ocean-type although there is evidence that Sacramento River spring and winter-
run Chinook salmon contain both ocean and stream-types (Healy 1994, Fisher 1994, 
Teel et al. 2000) and the late-fall run has been described as being stream-type (Moyle 
2002).  Current Mokelumne River, California, Chinook salmon stocks are fall-run, 
which exhibit an ocean-type life history. 

A number of variables influence Chinook salmon fecundity (egg number) including, 
but not limited to, egg size, fish length, life-history strategy (ocean- or stream-type), 
latitude of natal stream, as well as the potential influence of hatchery operations 
on egg size evolution (Healey 1991, Moyle 2002, Heath et. al. 2003).  Population 
density, food availability, and stream gradient also have been suggested as factors 
affecting fecundity in salmon as well as in other species (Wooton 1973; Dahlgreen 
1979).  Although fecundity generally increases with increasing female fish size when 
individuals uniformly produce eggs of similar size, Chinook salmon may deviate sub-
stantially from this model due to the variables listed above.  This apparent deviation 
from life history theory has been predicted for semelparous species exhibiting high 
pre-reproductive survival (Bell 1980).  Chinook salmon fecundity is determined from 
a combination of egg size and overall size of the individual (Nicholas and Hankin 
1988; Healey 1991).  Although larger Chinook salmon tend to produce larger eggs 
(Rounsefell 1957; Nicholas and Hankin 1988), fecundity estimates demonstrate 
large annual variances within populations with inter-population differences being 
even greater (Healey and Heard 1984; Nicholas and Hankin 1988).  Additionally, 
salmon fecundity generally decreases with decreasing latitude with the exception of 
Sacramento River stocks, which show relatively high fecundity (Healey and Heard 
1984). The observed population differences in Chinook salmon fecundity argue for 
the use of watershed-specific fecundity models for predictions of annual Chinook 
salmon ova production for use by fishery managers to manage Chinook salmon stocks 
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Population Estimates

This analysis provided population estimates for all missing years between 1983 
and 2005.  In an earlier analysis of this population, Holl et al. (2004) used a popula-
tion estimate of 90 animals during 1995-2002, compared to 130 in 1995 and 216 in 
2002 that we calculated for that same period in this analysis (Fig. 1).  The earlier 
estimate (Holl et al. 2004) was conservative because not all of the winter-spring ranges 
were surveyed each year.  Unlike the previous analysis (Holl et al. 2004), our results 
suggest the population had been increasing slowly since 1995.  In this analysis we 
estimated there were 130 bighorn sheep present in 1995; when we used that as the 
initial population estimate in two different models, the resulting population estimates 
were nearly identical with the estimate obtained from the survey results (Fig. 1).  
Assuming r does not change substantially in the immediate future, the population 
should exceed the recovery goal of 322 animals in 2008; unfortunately the annual 
survey was not completed in 2008 because of extremely poor weather conditions that 
substantially reduced the amount of flight time available.

Factors Affecting the Population

The San Gabriel Mountains bighorn sheep population has undergone significant 
changes during 1976-2006 and it has been hypothesized that wildfires and predation 
by mountain lions have been responsible for the changes between 1976 and 1995 (Holl 
et al. 2004).  From 1976-1982 the population was stable; however, a slow decline 
occurred during 1982-1989.  The decline was initiated 7-14 years after approximately 
22% of the habitat on winter-spring ranges had burned in wildfires that occurred in 
1968, 1970, and 1975.  After being initially attracted to newly burned areas,  the num-
ber of sheep using those burned areas progressively declines, until their distribution 
is negatively associated with habitat that is more than 15 years post-fire (Holl et al. 
2004, Bleich et al. 2008).  By 1989 all of the areas burned between 1968 and 1975 
were at least 14 years post-fire and habitat suitability had decreased substantially. 

Between 1989 and 1995 the population declined rapidly, characterized by a loss of 
adult bighorn sheep and a concurrent decline in mule deer (Holl et al. 2004).  Because 
of the sudden loss of adult bighorn sheep, a similar decline in mule deer, and an increase  
in the number of depredation permits issued for mountain lions in Los Angeles and 
San Bernardino counties Holl et al. (2004) hypothesized that mountain lion predation 
was, in part, responsible for the rapid  decline in bighorn sheep.  Mountain lions are 
confined largely to the Transverse Range in Los Angeles and San Bernardino counties, 
and the number of depredation permits provides an index of mountain lion activity 
(Torres et al. 1996).  In the Sierra Nevada, the number of mountain lion depredation 
permits increased during 1986-1991, as mule deer and bighorn sheep populations 
declined (U. S. Fish and Wildlife Service 2008).  Following the decline in mule deer 
and bighorn sheep in the Sierra Nevada, the mountain lion population index declined 
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by 50 percent during 1993-1997 (Pierce et al. 2000) and the number of depredation 
permits issued also declined during 1993-2000, at which point the bighorn sheep 
population recovery began (U. S. Fish and Wildlife Service 2008).

In the San Gabriel Mountains, the peak in mountain lion activity (1995-1996) 
coincided with the nadir of the decline of bighorn sheep (Fig. 1) and, presumably, 
after the mule deer population had reached its lowest level. Thus, the largest num-
ber of mountain lion depredation permits was issued when prey populations were 
at very low levels, as in the Sierra Nevada. The decline in the number of mountain 
lion depredation permits issued after 1996 (CDFG files) suggests the mountain lion 
population had decreased, and a lower rate of predation would be consistent with an 
increase in the sheep population.  The increase in bighorn sheep also coincided with 
wildfires that burned 36% of their winter-spring range habitat in 1997 and 2003.  Fires 
improve forage quality for 2 years in chaparral (Taber and Dasmann 1958) and they 
remove visual obstructions that allow bighorn sheep to detect predators; as a result 
the distribution of bighorn sheep in these mountains is positively associated with 
areas that have burned < 15 years ago (Bleich et al. 2008).

MaNgEmENT ImpLIcaTIONs

The annual helicopter survey and efforts required to coordinate the ground sur-
veyors in the San Gabriel Mountains are expensive.  The resultant long-term data set 
produced by these efforts has proven to be an invaluable resource to monitor popula-
tion changes and state and federal agencies should include these costs as a line item 
in future budgets to ensure financial resources are available for the survey.  Similar 
to lessons learned from another long-term data set (Pelton and van Manen 1996), 
conclusions about the status of this population have changed, depending on what 
data are available when those conclusions were reached.  In response to the dramatic 
decline in the San Gabriel bighorn sheep population, one analysis demonstrated the 
population was eligible for listing as a distinct population segment under the federal 
Endangered Species Act (Holl 20026).  That determination facilitated funding for 
additional studies of adult survival that contributed to the current analysis and our 
conclusion that the population had been increasing since 1995.  Thus, long-term 
data sets are essential for adaptive management processes that increase the ability 
to identify the mechanisms that affect populations and allow managers to make in-
formed decisions.  Although little is known about the historic or current distribution 
of mountain lions or mule deer in the San Gabriel Mountains, recent observations 
indicate some additional monitoring may be warranted when the current trajectory of 
the bighorn sheep population changes to understand the relationship between bighorn 
sheep and other large mammals.   

The recent population increase coincided with a decline in mountain lion activ-
ity and serendipitous wildfires in 1997 and 2003 that improved habitat suitability.  
The habitat benefits of the 1997 fire will soon be lost (Bleich et al. 2008); therefore, 

6Holl, S. A. 2002.  Conservation strategies for bighorn sheep in the San Gabriel Mountains, 
California.  Los Angeles Fish and Game Commission, Los Angeles, CA.
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additional prescribed burns identified in the restoration strategy (Holl 20042) should 
be implemented to increase habitat, improve habitat suitability on unburned ranges, 
and increase the number of bighorn sheep. 
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