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Abstract. -The delta smelt Hypomesus transpaci$cm is endemic to the upper SacramentoSan 
Joaquin estuary. It is closely associated with the freshwater-saltwater mixing zone except when it 
spawns in fresh water, primarily during March, April, and May. The delta smelt feeds on zoo- 
plankton, principally copepds. Its dominant prey was the native copepod Eutytemora aJ7itfi.s in 
1972-1974 but the exotic copepod Pseudodiaptornw f o r i  in 1988. Because the delta smelt has 
a 1 -year life cycle and low fecundity (mean, 1.907 eggslfemale), it is particularly sensitive to changes 
in estuarine conditions. Tow-net and midwater trawl samples taken fiom 1959 through 1981 
throughout the delta smelt's range showed wide year-to-year fluctuations in population densities. 
Surveys encompassing different areas showed declines in different years between 1980 and 1983. 
After 1983, however, all studies have shown that the populations remained at very low densities 
throughout most of the range. The recent decline of delta smelt coincides with an increase in the 
dive&ion of inflowing waterduring a period of extended drought These conditions have restricted 
the mixing zone to a relatively small area of deep river channels and, presumably, have increased 
the entrainment of delta smelt into water diversions. Restoration of the delta smelt to a sustainable 
population size is likely to require maintenance of the mixing zone in Suisun Bay and maintenance 
of net seaward flows in the lower San Joaquin River during the period when larvae are present. 

The delta smelt Hypomsus t r a n s p c u : ~ ~  is a 
small fish endemic to the upper Sacramento4an 
Joaquin estuary, California (McAUister 1963; 
Moyle 1976; % n g  1986). It has declined in abun- 
dance in recent years, and its ability to persist in 
the estuary is in doubt because of major environ- 
mental changes that include increased diversion 
of freshwater infiow for irrigated agriculture and 
urban use (Nichols et al. 1986; Moyle et al. 1989; 
Williams et al. 1989). Reduced freshwater outflow 
is correlated with poor year-classes of striped bass 
Morone sruea.filis, chinook salmon Oncorhynchus 
tshawytscha, American shad Alosa sapidissim, 
longfin smelt Spirinchw thaleichthys, and splittail 
PogonichthyS macrolepidotus, presumably be- 
cause of decreased survival of larvae and juveniles 
(Turner and Chadwick 1972; Stevens 1977a; Kjel- 
son et al. 198P; Daniels and Moyle 1983; Stevens 
and Miller 14183; Stevens et al. 1985). Since the 
late 1970s, q o s t  fishes with pelagic larvae have 
declined in the) upper estuary, including delta smelt 
(Moyle et al. 1985; Herbold and Moyle, unpub- 
lished data). Stevens and Miller (1983), however, 
did not find any relationship between delta smelt 
abundance and outflow. 

We here present information on delta smelt (1) 
life history, (2) diet, especially in relation to the 
recent invasion by several exotic species of zoo- 
plankton (Orsi et al. 1983; F e d  and Orsi 1984), 
(3) fecundity, (4) population trends since 1959, (5) 
distribution patterns since 1980, and (6) factors 
affecting abundance. This information supports the 
proposed federal Listing of delta smelt as a threat- 
ened or an endangered species. 

Life History 
~ e l t a  smelt are co&ed to the Sacramento~an 

Joaquin estuary, mainly in Suisun Bay and the 
Sacramento4an Joaquin Delta @gure 1). His- 
torically, the upstream limits of their range have 
been the upper limits of the delta (Sacramento on 
the Sacramento River and Mossdale on the San 
Joaquin River); the lower limit is western Suisun 
Bay (Radtke 1966; Moyle 1976). During times of 
exceptionally high outflow from the rivers, they 
may be washed into San Pablo Bay, but they do 
not establish permanent populations there (Gans- 
sle 1966). Delta smelt inhabit surface and shoal 
waters of the main river channels and Suisun Bay, 
where they feed on zooplankton, as documented 
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FIGURE 1.-Historical range of delta smelt in the Sacnunen& Joaquin estuary. Delta smelt have been found 
regularly in Suisun Bay. Years of high outflow have distributed them as far downstream as San Pablo Bay. Upstream 
limits, occuning usually during the spawning migration in @ng, are at Mossdale on the San Joaquin River and 
Sacramento on the Sacramento River. The arrows show the directions of water flow during periods of high diversions 
and low outflow. Note the flow of Sacramento River water across the delta and the net reverse flow of the lower 
San Joaquin River. CVP = Central Valley Project, SWP = State Water Project. 

in this paper. Their distribution within the estuary 
shifts from year to year depending on outflow. 

Captures of larvae indicate that spawning takes 
place in Eresh water at any time from late February 
through May, when water temperatures range h m  
7 to 15T (Wang 1986). During this period, adults 
move fiom Suisun Bay or river channels in the 
lower delta to spawning areas upstream. Spawning 
apparently occurs along the edges of the rivers and 
adjoining sloughs in the western delta (Radtke 
1966; Wang 1986), but spawning behavior has not 
been observed. Embryos are demersal and adhe- 
sive, sticking to substrates such as r e ,  gravel 
tree roots, and emergent vegetation (Moyle 1976; 
Wang 1986). Hatching occurs in 12-14 d if de- 
velopment rates of embryos are similar to those 
of the closely related wakasagi Hypomem nip- 
pommis (Wales 1962). 

After hatching, the buoyant larvae are canied 

by cuments downstream into the upper end of the 
mixing zone of the estuary, where incoming salt 
water mixes with outflowing t hh  water Peterson 
et al. 1975; other synonyms or related terms for 
this region include null zone, entrapment zone, 
and zone of maximum turbidity). The mixing cur- 
rents keep the larvae circulating with the abundant 
zooplankton also found here (Orsi and Knutson 
1979; Si@ed et al. 1979; Stevens et al. 1985). 
Growth is rapid, and the juvenile fish are 40-50 
mm fork length (FL) by early-August (Erkkila et 
al. 1950; Ganssle 1966; Radtke 1966). Delta smelt 
become mature at 55-70 mm FL and rarely grow 
larger than 80 mm FL. The largest delta smelt on 
record was 126 mm FL (Stevens et al. 1990). Delta 
smelt larger than 50 mm FX become increasingly 
rare in March-June samples, indicating that most 
adults die after spawning, having completed their 
life cycle in 1 year (Erkkila et al. 1950; Radtke 



LIFE HISTORY AND SI 

1966; Califo ' ia Department of Fish and Game, 
unpublishedTta1. 

1 Methods 

Sampling. Only two smelt species commonly 
occur in the kl cramento-San Joaquin estuary- 
delta smelt d longlin smelt; once past the larval 
stages, theyq easily distinguished on the basis 
of color, s m T  and gross anatomy (Moyle 1976; 
Wang 1986). ]Delta smelt were collected in four 
independent Qurveys: (1) a summer tow-net sur- 
vey by CFG, (P) an autumn midwater trawl survey 
in the upper htuary by CFG, (3) a monthly mid- 
water trawl s b e y  in the lower estuary by CFG 
(bay survey), d (4) a monthly otter trawl survey 
of Suisun M , a tidal marsh next to Suisun Bay, 
by the Unive i! ity of California, Davis (UCD). In 
all surveys, gsh captured were identified, mea- 
sured (FL in W G  studies, standard length [SL] in 
the UCD stdy), and either returned to the water 
or preserved dietary analysis. 

The summer tow-net survey samples the delta 
and Suisun B ~ Y  during ~ u n e  and ~ u l ~  to determine 
the abundance of young striped bass (Turner and 
Chadwick 1972). The sampling gear and methods 
were described in detail by Turner and Chadwick 
(1972) and Stevens (1977b). This sampling pm- 
gram began in 1959 and has been conducted in 
all subsequent summers except 1966, although no 
records were kept of delta smelt numbers in 1967 
and 1968. On each survey, three tows are made 
at each of 301 fixed sites; two to five surveys are 
made each year at 2-week intervals. To standard- 
ize effort among years, we used only the data from 
the first two Burveys of each year. Annual abun- 
dance indice for delta smelt were calculated by b summing, OF all sample sites, the products of 
total catch in all tows at a site and the water vol- 
ume at the site in acre-feet (Chadwick 1964). The 
index for each year is the mean of the indices for 
the two surveys. Except during wet years (when 
fish are washed into San Pablo Bay), the summer 
tow-net survhy encompasses the n m r y  areas of 
delta smelt, so it should provide a good indication 
of abundance! in early summer. 

The autumn midwater trawl survey is conduct- 
ed with a 17.6 m-long trawl with a mouth opening 
of 3.7 m2 (8-bed by Von Geldern 1972). The 
trawl is d @ e d  at about 70 cm/s and is most 
effective in +&%ing fish less than 10 cm long. 
Collecting siles were established at standardized 
locations &ttered from San Pablo Bay through 
Suisun Bay p ~ d  the delta upstream to Rio Vista 
on the Sacramento River and to Stockton on the 
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San Joaquin River. Each month, unless severe 
weather or malfunctioning equipment interfered, 
87 sites were each sampled with one 1 2-min, depth- 
integrated tow. Surveys were conducted in Sep- 
tember, October, November, and December from 
1967 through 1988 (except for 1974 and 1979), 
in November 1969, and in September and De- 
cember 1976. Monthly abundance indices for del- 
ta smelt were calculated by summing, over 17 sub- 
areas of the estuary, the product of the mean catch 
per trawl and the water volume for each subarea. 
The annual abundance index equals the sum of 
the four monthly indices; abundance indices for 
months not surveyed in 1969 and 1976 were ex- 
trapolated from the months actually sampled. 

The bay survey is a monthly trawling program 
that began in 1980 (Annor and Herrgesell 1985). 
Its 42 sites are distributed throughout the lower 
estuary from South San Francisco Bay upstream 
to the confluence of the Sacramento and San Joa- 
quin rivers. To pennit comparison of catches 
across years, we restricted our analysis of the bay 
survey data to the 19 sites sampled in all years 
within the range of delta smelt. The bay study uses 
midwater trawls and otter trawk, since 198 1, it 
has recorded salinity and temperature profiles at . 
each sampling site. 

The Suisun Marsh fish survey has been con- 
ducted monthly by UCD since 1979 with an otter 
trawl that has a 2 x 5.3-m opening (Moyle et al. 
1985). Two 5- or 10-min tows are made at 10 
consistent locations. Because the sloughs of the 
marsh are relatively shallow (2-3 m), the otter 
trawl samples most of the water column and is 
most effective in catching fish smaller than 10 cm 
SL. 

In summary, the summer tow-net survey and 
the autumn midwater trawl survey provide long- 
term abundance data and encompass most of the 
historical range of delta smelt, but their data are 
available for only part of each year. The bay sur- 
vey encompasses all months of the year, but it 
began in 1980 and is limited to the western half 
of the delta smelt's historical range. The Suisun 
Marsh study, begun in 1979, samples year-round 
in habitat types not sampled by other studies but 
in a limited geographic area 

Feeding habits. -Diet was determined by ex- 
amining the stomachs of (1) adults captured be- 
tween September 1972 and July 1974 in the mid- 
water trawl and tow-net surveys, (2) postlarvae 
collected in May 1977, and (3) adults captured in 
surveys during November and December 1988. 
Each fish was measured (SL), and its stomach con- 
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TABLE 1.-Diet (percent volume) of delta smelt in 1972-1974 and 1988. 

1972 1973 1974 
Food category 

or statistic Sep Oct Nov Dec Jan Mar Jun Jul Sep Oct Nov Dec Jan Feb 

b y  (% of volume) 

(3Jpepodaa 39 5 98 84 37 23 100 88 81 81 87 28 17 85 
Neomysis mercedis 58 95 1 16 43 12 3 14 14 1 8 6 14 
Corophium spp. 6 5 5 10 13 4 I 
Gammaridae 13 1 
Daphnia sp. 3 <I  1 34 12 4 
B o s m i ~  longirostris 2 33 68 
Chiionomidae 4 30 <1 4 <I 
Others 2 3 2 1 

Delta smelt samples 
Mean standard length 

(mm) 61 67 63 60 64 62 58 41 51 56 58 60 61 65 
Numberofstomachs 23 20 23 30 50 64 5 15 129 84 60 60 44 72 
Percent empty 43 10 50 27 40 16 0 20 16 23 0 23 20 0 

a Copepods were mainly Eurytemora qfFLF in 1972-1974 and Psembdkptom forbesi in 1988. 

tents were examined. All food organisms were 
identified and counted, and their relative volume 
was determined with the points system of Hynes 
(1950). When the 1972-1974 stomachs were ex- 
amined (in 1974), copepods were not identified to 
species. However, examination in 1989 of the 
stomachs of 45 additional delta smelt from the 
same samples indicated that the only copepod 
present was Emytemora a#m. 

Fecundity. -Fecundity was determined from 
ovaries removed h m  24 females collected in mid- 
January and early March 1973. Ovaries from each 
female were air-dried until eggs were hard and 
could be easily separated from other tissue. Once 
the ovarian tissue was removed, eggs were weighed 
to 0.01 mg. Subsamples of eggs were then re- 
moved, weighed, and counted until at least 20% 
(by weight) of the eggs had been counted. Total 
number of eggs was calculated with the number- 
per-weight proportion determined fiom the sub- 
samples. All eggs were counted from four ovaries, 
and the fecundity was compared with that deter- 
mined from subsamples; the comparison indicat- 
ed the subsample method overestimated fecun- 
dity by about 15%. Consequently, we calculated 
two means-the uncorrected mean based on the 
actual estimates and the corrected mean based on 
the estimates minus 15%. 

Abundance trends. -Abundance data for the four 
surveys were summarized in several ways to per- 
mit comparison of various data sets. For the bay 
and UCD studies, which had year-round sampling 
at fixed sites, summaries comprised (1) number of 
delta smelt per trawl for each month, expressed 
as an abundance index, (2) presence or absence of 

delta smelt in trawls for each month, (3) mean 
number of delta smelt caught per trawl in those 
trawls containing delta smelt for each month, and 
(4) total delta smelt caught per trawl for each year. 
The results of the various analyses were similar, 
so those that showed trends most clearly were used. 

Environmental factors. -Four major factors 
were examined in relation to distribution and 
abundance of delta smelt: salinity (measured as 
conductivity in CFG studies), temperature, depth, 
and freshwater outflow. At each sampling station 
in the bay and UCD studies, and at many of the 
sampling stations of the summer and autumn sur- 
veys, temperature and conductivity or salinity were 
measured at the surface by various means. Some 
conductivity measurements were also made with 
a conductivity bridge in the laboratory from water 
samples collected in the field. To determine the 
location of the mixing zone, we used conductivity 
data collected monthly since January 198 1 by the 
bay study, which measured both surfkce and bot- 
tom conditions by mounting the probe on a 
weighted support, dropping it to the bottom, and 
retrieving it to the surface. Values of salinity were 
calculated fiom the measured conductivities and 
temperatures. Large differences in salinity be- 
tween the surface and bottom indicated the pres- 
ence of stratification. A s m d  salinity difference 
indicated the water column was well mixed or 
consisted entirely of fresh water. 

A single depth measurement (m) at mean low 
water was used to characterize each study site for 
the duration of the study, although factors such as 
tide and outflow resulted in depths at each site 
varying as much as 1 m among sampling times. 
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A species , p y  be threatened or endangered ac- 
cording to the Endangered Species Act because of: 
"(A) the present, or threatened, destruction, mod- 
ification, or curtailment of its habitat or range, (B) 
over-utilization for commercial, recreational, or 
educational purposes, (C) disease or predation, (D) 
inadequacy #f existing regulatory mechanisms, or 
(E) other na ural or manmade factors affecting its 
continued e 'stence." There is no evidence that 
reasons B or C have reduced delta smelt numbers, 
but A and D have both played a role. Other factors I 
(E) possibly jaffecting the existence of delta smelt 
include toxiq compounds in the water, reduction 
in abundank of key food organisms, and com- 
petition from recently introduced species of fish 
and invertelbrates. However, evidence that other 
factors have +uced delta smelt abundance is weak 
or lacking, go only habitat destruction and inad- 

mechanisms will be dis- 

habitat of the delta smelt is the 
the freshwater area immediately 

is in Suisun Bay, because 
a much wider area than 

nt feature that promoted high 
uring most of its evolutionary 

fresh water from the es- 

flow patterns presumably 

st likely explanation 

by drought conditions that have existed in the 
drainage since 1987, coupled with the record-high 
outflows in February 1986 (which flushed fish out 
of the estuary). However, since 1984 the percent- 
age of inflow diverted has been higher, and has 
stayed higher longer, than in any previous period 
including the severe 1976-1 977 drought. 

Inadequacy of Existing Regulatory Mechanisms 

The regulation of delta outflows, delta water 
quality, and flow patterns through the delta is 
complex and under the jurisdiction of several 
agencies (Herbold and Moyle 1989). The present 
regulatory system primarily benefits water ex- 
porters at the expense of fish and other estuarine- 
dependent organisms; even valuable sport and 
commercial fishes such as striped bass and chi- 
nook salmon have suffered major declines in re- 
cent years despite efforts to sustain them (Nichols 
et al. 1986). Large numbers of pelagic fishes, es- 
pecially larvae, are entrained in water diversions 
of the federal Central Valley Project, the State Wa- 
ter Project, agriculture on delta islands, power 
plants of Pacific Gas and Electric Company, and 
other industries. Present rescue and mitigation ef- 
forts do not seem to compensate for the losses. 
This is particularly true of delta smelt, which (1) 
are frequently exposed to entrainment (Stevens et 
al. 1990), (2) are unlikely to survive any rescue 
attempts that involve handling of fish because of 
the high resultant mortality (personal observa- 
tion), and (3) have received little attention from 
management agencies until recently. In short, the 
present mechanisms that regulate freshwater flows 
through the estuary have not adequately protected 
delta smelt. 

Regardless of cause, the consistently low num- 
bers of delta smelt in recent years indicate that 
immediate action is needed to reduce the proba- 
bility of the species becoming extinct. In the past 
the delta smelt population has shown extreme 
fluctuations from year to year, as might be ex- 
pected of an annual species with narrow habitat 
requirements in a highly disturbed system. h e -  
sumably, the population is continuing to fluctuate 
but at such low numbers that the fluctuations can- 
not be reliably detected with present methods. 
With such low numbers, the delta smelt popula- 
tion could fluctuate into extinction in a single year 
(Pimm et al. 1988). 
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