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Introduction

The delta smelt (Hypomesus transpacificus) was 
listed as a threatened species under state and federal 
Endangered Species Acts in 1993. State and federal 
water export pumps, located in the south-eastern 
extremity of areas occupied by delta smelt, supply 
water for much of California. Entrainment of delta 
smelt—i.e., intake of the fish into the export pump-
ing plants, which is assumed to be equal to mortal-
ity for this fragile species—has been implicated as an 
important cause of their recent declining population 
numbers and has received great attention since indi-
ces of delta smelt abundance fell to record low lev-
els in 2002 and to diminishing numbers since then. 
Kimmerer (2008) provided the first published esti-
mates of proportional entrainment, that is, entrain-
ment mortality relative to the number of delta smelt 
present. His estimates—that in some recent years up 
to 40% of the delta smelt population was entrained— 
supported the assertion that entrainment was threat-
ening the smelt. These estimates were reflected in the 
biological opinion that resulted in requirements for 
conserving the species under the Endangered Species 
Act, by, in part, curtailing state and federal exports to 
limit entrainment. Kimmerer’s methods for estimating 
entrainment are complicated and involve a number 
of assumptions. This paper examines those estimates 
critically and addresses uncertainties in underlying 
assumptions that could cause bias. It quantifies that 
bias where it is possible to do so and suggests adjust-
ments in assumptions and analytical methods. The 
resulting alternative analysis suggests that lower esti-
mates of proportional entrainment can be justified. A 
by-product of the analyses presented in this paper is 
the identification of intrinsic problems in the annual 
surveys that have been used to measure distribution 
and abundance of adult and larval–juvenile delta 
smelt. Suggestions for resolving those problems are 
presented.

Conflicts between human activities and the decline 
of native species are often difficult to understand 
and even more difficult to resolve. This is the case 
for the delta smelt, a small, euryhaline fish in the 
upper San Francisco Estuary. Almost all (95+%) delta 
smelt live only one year (Bennett 2005). In winter, 

adults move into turbid water, typically upstream 
into the Sacramento–San Joaquin Delta. They spawn 
once over several weeks, beginning in late February 
or March (Bennett 2005). Eggs are attached to sub-
stratum and hatch into 5- to 6-mm larvae in about 
2 weeks (Bennett 2005). By summer, juveniles are 
generally found in the western Delta, near the con-
fluence of the Sacramento and San Joaquin rivers. 
After being listed as a threatened species under both 
state and federal endangered species acts in 1993, 
abundance of delta smelt increased to a recent high 
in 1999, then decreased sharply to record low levels 
in 2002 of only a few percent of that abundance. 
The persistence of this recent decline has led to great 
concern about the factors that affect delta smelt 
abundance in general and that are responsible for the 
recent sharp decline in particular.

Kimmerer’s approach AND methods

Kimmerer (2008) estimated proportional entrain-
ment of adult and larval–juvenile delta smelt at the 
state and federal water export pumping plants for 
1995 through 2006. Those estimates rely heavily 
on data collected in two surveys: the Kodiak Trawl, 
which samples for adult delta smelt once per month 
in January through May, and the 20-mm Survey, 
which samples for larvae and juveniles every two 
weeks in March or April through June or July. The 
Kodiak Trawl began in 2002, and the 20-mm Survey 
began in 1995. For years before 2002, and in one 
year (2003), when no January Kodiak Trawl was 
conducted, Kimmerer used December results from the 
Fall Midwater Trawl (FMWT), which has sampled for 
sub-adult delta smelt once per month in September 
though December since 1967. Figure 1 shows the area 
of the San Francisco Estuary that delta smelt occupy 
and also shows sampling stations for the Kodiak 
Trawl, which are similar in location to those for the 
20-mm Survey.

Data from each survey can be used to estimate the 
abundance of delta smelt close enough to the water 
export pumps to be entrained, relative to total abun-
dance. Note that this method does not necessarily 
require an estimate of the actual number of delta 
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average density of larvae and juveniles at those six 
stations, and flow is Old and Middle river (OMR) flow 
toward the export pumps. He estimated the total pop-
ulation as the product of density and volume, where 
density is the average density at all stations sampled, 
and volume is the total volume associated with all 
stations. He estimated proportional entrainment for 
each day when a survey occurred as the ratio of 
entrainment for that day to total population num-
bers for that day. He interpolated between surveys 
to estimate this ratio for each day. He estimated gear 
efficiency for the 20-mm Survey, and adjusted all 
catch data for gear efficiency. He estimated the frac-
tion of the total population of delta smelt hatched by 
the time of each survey, and reflected that estimate in 
proportional entrainment estimates. He accounted for 
the fact that “natural” (non-entrainment) mortality of 
larval–juvenile delta smelt is exponential with time 
by discounting mortality associated with early sur-
veys. As he did for adult proportional entrainment, 
Kimmerer estimated annual proportional entrainment 
of larvae–juveniles as the accumulation of daily pro-
portional entrainment, adjusting each day’s propor-
tional entrainment to account for larvae and juve-
niles that survived entrainment on previous days.

The methods for estimating proportional entrainment 
of adults and larvae–juveniles involved a number of 
assumptions. Each assumption is evaluated later in 
this paper.

Alternatives to Kimmerer’s 
Proportional Entrainment Estimates 

Kimmerer’s estimates of annual proportional entrain-
ment of adult and larval–juvenile delta smelt 
from 1995 to 2006 are shown in Table 1 (Wim 
Kimmerer, pers. comm., 2009); these data were used 
in Kimmerer’s estimation of annual proportional 
entrainment but were not presented in Kimmerer 
(2008). Note that each year’s estimate of proportional 
entrainment of larval–juveniles must be discounted to 
account for the proportion of adults entrained each 
year. The table indicates that estimates of annual 
mortality due to pumping range widely, from 3% to 
38% of the total population, with the highest esti-
mates in 2002 through 2004. It also indicates that 

to as “salvage.” Salvaged fish are trucked to down-
stream locations in the Delta and released. Fish that 
enter the export facilities are “entrained.” Entrained 
fish die primarily from predation before they reach 
louvers that divert them to the salvage tanks. Some 
fish are not diverted because the louvers are not 
100% efficient. So, entrainment is always greater 
than salvage. Because of their fragile nature, all 
entrained delta smelt are assumed to die in the sal-
vage and trucking process; therefore, for delta smelt, 
entrainment, which is larger than salvage, is assumed 
to equal mortality at the export pumping plants. 

Kimmerer estimated entrainment from salvage using 
the estimated ratio, Q, of sampling efficiency of the 
Kodiak Trawl to sampling (salvage) efficiency at 
the two pumping plants, assumed to be the same at 
each plant. Kimmerer estimated relative abundance 
of adult delta smelt as the product of density and 
volume, where density is the average density at all 
stations sampled in the Kodiak Trawl, and volume is 
the total volume of water in the upper four meters 
in areas sampled, to account for the observation that 
adult smelt reside near the surface. For months when 
Kodiak Trawl data were not available, he used data 
from the FMWT, scaling up catch to account for the 
gear efficiency difference between the FMWT and the 
Kodiak Trawl.

Kimmerer estimated daily proportional entrainment 
as the ratio of relative entrainment to total relative 
abundance, using Q to relate salvage to abundance 
estimated from Kodiak Trawl data. He estimated 
annual proportional entrainment of adults as the 
accumulation of daily proportional entrainment, 
adjusting each day’s proportional entrainment to 
account for adults surviving entrainment on previous 
days.

Method for Estimating Proportional Entrainment of 
Larval and Juvenile Delta Smelt

Kimmerer estimated proportional entrainment of lar-
vae–juveniles based on the proportion of larvae–juve-
niles sampled at six stations near the pumps in the 
biweekly 20-mm Survey. He estimated the entrain-
ment that occurred at each biweeklty survey as the 
product of density and flow, where density is the 











april 2011

9

FMWT survey does not sample in the ship channel. 
The ship channel was not sampled during most of 
the years Kimmerer used to estimate proportional 
entrainment. Kimmerer did not use the ship chan-
nel data in 2005 and 2006 because he confined the 
analysis to stations continuously sampled for all 
years. When Kodiak Trawl sampling began in the 
ship channel in 2005, as shown in Table 3, a single 
station, 719, was sampled approximately one-third of 
the way up the channel. Because this "man–made" 
channel is relatively homogeneous, it would not be 
unreasonable to assume that densities at this single 
station are representative of most of the ship chan-
nel. Adults have not been sampled in other parts 
of the ship channel, but juveniles were sampled at 
several stations in two surveys in June 2009. In one 
of these surveys, a density of 13 per 1,000 m3 was 
observed at Station 719, and densities of 9 and 23 
per 1,000 m3 were observed at stations 3 miles south 
and 5 miles north, respectively. In another survey, a 
density of 11 per 1,000 m3 was observed at Station 
719, and 26 and 5 per 1,000 m3 were observed at sta-
tions 5 and 11 miles north, respectively (California 
Department of Fish and Game [CDFG], unpublished 
data). Because it is unlikely that larval and juvenile 
delta smelt migrated up the ship channel, it is rea-
sonable to assume that the delta smelt caught there 
in June were present because adults were there ear-
lier. These data, though meager, suggest that densities 
of adults at station 719 provide some indication of 
densities throughout most of the ship channel. Based 
on this assumption, shown in Table 3, an average of 
40% of adult delta smelt were in the ship channel in 
January through April, the months Kimmerer used. 
If a significant percentage of adults were in the ship 
channel but not sampled, Kimmerer’s estimates of 
total population could be low, making estimates of 
proportional entrainment correspondingly high.

Another area where significant numbers of delta 
smelt have been found was also not sampled. A resi-
dent population of delta smelt was recently reported 
on Liberty Island, shown in Figure 1 (Sommer and 
others 2009). The island flooded in 1998. This area 
was not sampled in the Kodiak Trawl or FMWT in 
the years Kimmerer considered. Failure to sample 
this area would also cause some upward bias in the 

estimated proportion near the export pumps, and 
a similar upward bias in estimated proportional 
entrainment of adults, although that effect can-
not be quantified because no samples, from which 
abundance estimates could be derived, were taken on 
Liberty Island.

An assumption reflecting the fact that some areas 
occupied by delta smelt were not sampled might 
read:

The Kodiak trawl survey takes a repre-
sentative sample of the adult delta smelt 
population in the area sampled, but must 
be adjusted to account for delta smelt in 
areas not sampled.

The required adjustment, considering only the ship 
channel, can be estimated for 2005 and 2006 using 
data on the distribution of delta smelt shown in 
Table 3. No data are available on the percentage of 
delta smelt on Liberty Island for 1998 (the year the 
island flooded) through 2006.

Figure 6 shows evidence that upstream movement of 
weak–swimming adult delta smelt into Cache Slough 
and the Sacramento Ship Channel increases as Delta 
outflow decreases. This figure suggests that lower Delta 
outflows in the preceding 30 days are a necessary but 
insufficient condition for the presence of higher per-
centages of adult delta smelt in these two upstream 
areas. The range of Delta outflow, below which higher 
percentages of delta smelt are found in the ship chan-
nel, is 30,000 to 50,000 ft3 sec-1. In 2002 through 
2004, when Kimmerer estimated relatively high pro-
portional entrainment (see Table 1), monthly aver-
age Delta outflow was less than 30,000 to 50,000 ft3 
sec-1 in 9 of the 12 December through March monthly 
periods. Therefore, it is possible that a significant pro-
portion of adult delta smelt were in the unsampled 
ship channel in those years, and unknown additional 
numbers were in Liberty Island. Based on assumptions 
that underlie estimates in Table 3 and the similarity in 
flows in years before the ship channel was sampled, 
the percentage of delta smelt in the ship channel in 
2002 through 2004 can be assumed to approximately 
equal the percentage there in 2005 through 2008, that 
is, in the range of 20% to 60%. If so, actual entrain-
ment in 2002 through 2004 would be only 40% to 
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Table 4  Catch by length in 20-mm Surveys 4 and 5 in 2001
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vation by Bennett that delta smelt tend to congre-
gate where the pitch of channel depth is steep, i.e., 
between near-shore shoals and deeper mid-channel 
areas (William A. Bennett, University of California, 
Davis, pers. comm., 2009). As shown in Figure 1, 
downstream stations are generally located in wide 
channels or bays, whereas upstream stations tend to 
be located in narrow channels. Upstream sampling 
stations in narrow channels are more likely to be 
near areas where depth varies across the channel, 
because areas where depth varies comprise a greater 
proportion of total channel width. Downstream sta-
tions tend to be in areas where depth does not vary, 
because areas where depth varies are only a small 
proportion of the total downstream waters. If delta 
smelt are not detected in areas away from the export 
pumps, the estimated proportion of delta smelt near 
the export pumps—and, therefore, estimated propor-
tional entrainment—would be too high. Surveys in 
which this occurred are summarized in Table 5.

Failure to sample areas with large percentages of 
larval–juvenile delta smelt. The third reason relates 
to inadequate sampling of areas away from the 
export pumps, where large numbers of delta smelt 
are known to occur, such as Liberty Island and the 
Sacramento Ship Channel, shown on Figure 1.

As discussed above for adult delta smelt, a resident 
population of delta smelt was recently reported on 
flooded Liberty Island (Sommer and others 2009). 
This area was not sampled in the 20-mm Survey 
in the years Kimmerer used. If delta smelt reside at 
Liberty Island but are not sampled in the 20-mm 
Survey, there would be an upward bias in the esti-
mated proportion near the export pumps. Similarly, 
the Sacramento Ship Channel was not sampled in 
the 20-mm Survey until 2008. Once sampling began, 
relatively high densities of delta smelt were found in 
the ship channel. Table 6 shows data from 2008 and 
2009, when the ship channel was routinely sampled. 
In six of the 17 surveys, the highest densities of delta 
smelt at all sampled stations occurred in the ship 
channel. In 2009, densities in the ship channel were 
among the highest observed in all 15 years of 20-mm 
Surveys.

Delta smelt eggs are attached to substrata, and there 
is essentially no net, advective flow into the north 

end of and down the ship channel. Therefore, if a 
high percentage of adult delta smelt are in the ship 
channel, a high percentage of larval smelt would be 
expected there as well, consistent with the relatively 
high CPUEs observed in the ship channel in the 
20-mm Survey. As shown in Table 3, the percentage 
of adult delta smelt there is typically larger than in 
any other sub-region, subject to uncertainties arising 
from the single sampling station in the ship channel 
discussed above. 

If the percentage of adult smelt in the ship channel is 
a predictor of the percentage of larvae and juveniles 
there, and considering the unsampled resident popu-
lation in Liberty Island, it would be reasonable to 
assume that a significant percentage of larval–juve-
nile delta smelt were located in unsampled areas in 
the years that were represented in Kimmerer’s analy-
sis.

Table 5 shows surveys in which one or more of the 
above three phenomena occurred, for all surveys in 
which delta smelt were caught in the six stations 
Kimmerer used for all years with larval–juvenile pro-
portional entrainment estimates greater than 3%.

Detailed data that underlies this table is found in 
Appendix B. The file presents catch data by sub-
region and length for each year in which Kimmerer 
estimated larval–juvenile entrainment greater than 
3%. Only those surveys where delta smelt were 
caught at stations that contributed to Kimmerer’s 
estimates are shown. Occurrences of the three phe-
nomena described above are super-imposed on sur-
vey catch data. 

Assumption 4: The relevant flow toward the export 
facilities is the southward flow in Old and Middle riv-
ers. Southward flow in OMR is more relevant than, 
for example, exports alone or upstream flow in the 
lower San Joaquin River. However, as discussed 
above, if larval–juvenile delta smelt can hold their 
position and there is no relation between salvage 
and the product of the number of smelt longer than 
20 mm long and OMR flow toward the pumps, this 
assumption would tend to produce estimates of 
entrainment and proportional entrainment that are 
biased upward by unquantifiable amounts.
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Table 7  Secchi depths in sub-regions where the 1995–2006 average proportion of larval–juvenile delta smelt was more than 
about 10%







san francisco estuary & watershed science

24

References

Baskerville–Bridges B, Lindberg JC, Doroshov SI. 
2004. The effect of light intensity, alga concentration, 
and prey density on the feeding behavior of delta 
smelt larvae. American Fisheries Society Symposium 
39:219–227.

Bennett WA. 2005. Critical assessment of the delta 
smelt population in the San Francisco Estuary, 
California. San Francisco Estuary and Watershed 
Science [Internet]. Available from: http://www.
escholarship.org/uc/item/0725n5vk.

Kimmerer WJ. 2008. Losses of Sacramento River 
chinook salmon and delta smelt (Hypomesus 
transpacificus) to entrainment in water diversions in 
the Sacramento–San Joaquin Delta. San Francisco 
Estuary and Watershed Science [Internet]. Available 
from: http://escholarship.org/uc/item/7v92h6fs.

Kimmerer W, Nobriga M. 2008. Investigating particle 
transport and fate in the Sacramento–San Joaquin 
Delta using a particle tracking model. San Francisco 
Estuary and Watershed Science [Internet]. Available 
from: http://www.escholarship.org/uc/item/547917gn.

Lindberg JC, Baskerville–Bridges B. 2006. Factors 
influencing growth and development of delta smelt, 
and other topics. Presentation to Estuarine Ecology 
Team of Interagency Ecological Program, San 
Francisco Bay–Delta Estuary.

Mager RC, Doroshov SI, Van Eenennaam JP, Brown 
RL. 2004. Early life stages of delta smelt. In: Feyrer 
F, Brown LR, Brown RL, Orsi JJ, editors. Early life 
history of fishes in the San Francisco Estuary and 
watershed. American Fisheries Society Symposium 
39. Bethesda (MD): American Fisheries Society. p. 
169–180.

Mager R. 1996. Gametogenisis, reproduction, and 
artificial propagation of delta smelt, Hypomesus 
transpacificus [PhD dissertation]. Available from: 
University of California, Davis.

Manly BFJ. 2006a. Review of analyses presented at 
the Environmental Water Account meeting; December 
7–8, 2005. Western EcoSystems report. Version dated 
19 July 2006.

Manly BFJ. 2006b. Review of searching for effects of 
state and federal exports on delta smelt abundance. 
Western EcoSystems Technology report to the San 
Luis and Delta–Mendota Water Authority. Version 
dated 7 September 2006.

Manly BFJ, Chotkowski M. 2006. Two new 
methods for regime change analyses. Archive fur 
Hydrobiology 167:593–607.

Miller WJ. 2008. Smelt, food, and other factors, 
presentation to Interagency Ecological Program 
Estuarine Ecology Team, February 2008.

Moyle PB. 2002. Inland fishes of California. Revised 
and expanded. Berkeley (CA): University of California 
Press.

Sommer T, Reece K, Mejia F, Nobriga M. 2009. Delta 
smelt life–history contingents: a possible upstream 
rearing strategy? Interagency Ecological Program 
Newsletter [Internet]. Winter 2009. Sacramento 
(CA): Dept. of Water Resources. Available from: 
http://www.water.ca.gov/iep/newsletters/2009/
IEPNewsletter_FINALWinter2009.pdf.

[USFWS] U.S. Fish and Wildlife Service. 2009. 
Biological opinion on coordinated operations of the 
Central Valley Project and State Water Project and 
the operational criteria and plan to address potential 
critical habitat issues. Service file 81420–2008–F–
1481–5.




