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low fecundity, and pelagic larvae; life history attributes that are unusual when compared with
many fishes worldwide. A small proportion of delta smelt lives two years. These individuals are
relatively highly fecund but are so few in number that their reproductive contribution only may be of
benefit to the population after years of extremely poor spawning success and survival. Provisioning
of reproductive effort by these older fish may reflect a bet-hedging tactic to insure population
persistence.

Overall, the population persists by maximizing growth, survival, and reproductive success on an
annual basis despite an array of limiting factors that can occur at specific times and locations.
Variability in spawning success and larval survival is induced by climate and other environmental
and anthropogenic factors that operate between winter and mid-summer. However, spawning
microhabitats with egg deposition have not been discovered. Spawning success appears to be
timed to lunar periods within a water temperature range of about 15 to 20°C. Longer spawning
seasons in cooler years can produce more cohorts and on average higher numbers of adult
delta smelt. Cohorts spaced in time have different probabilities of encountering various sources
of mortality, including entrainment in freshwater export operations, pulses of toxic pesticides, food
shortages and predation by exotic species. Density dependence may provide an upper limit on the
numbers of juvenile delta smelt surviving to the adult stage. This may occur during late summer
in years when juvenile abundance is high relative to habitat carrying capacity. Factors defining
the carrying capacity for juvenile delta smelt are unknown, but may include a shrinking volume of
physically suitable habitat combined with a high density of competing planktivorous fishes during
late summer and fall.

Understanding the relative importance of anthropogenic effects on the population can be improved
through better estimates of abundance and measurements of potentially limiting processes. There
is little information on losses of larval delta smelt (less than 20 mm fork length, FL) to the
export facilities. Use of a population model suggests that water export operations can impact the
abundance of post-larval (about 20 mm FL) delta smelt, but these effects may not reflect on adult
abundance due to other processes operating in the intervening period. Effects from changes to
the estuarine food web by exotic species and toxic chemicals occur but measuring their influence
on population abundance is difficult.

Although delta smelt recently performed well enough to meet the current restoration criteria,
analyses presented here suggest that there is still a high probability that the population will
decline in the near future; the most recent abundance index (2004) is the lowest on record.
Overall, the limited distribution, short life span and low reproductive capacity, as well as relatively
strict physical and feeding requirements, are indications that delta smelt is at risk to catastrophe
in a fluctuating environment. Unfortunately, options for avoiding potential declines through
management and restoration are currently limited by large gaps in knowledge. Monitoring of
spring water temperatures, however, may provide a useful tool for determining when to reduce
entrainment in water export facilities. Actions that target carrying capacity may ultimately provide
the most benefit, but it is not clear how that can be achieved given the current state of knowledge,
and the limited tools available for restoration. Overall, a better understanding of the life history,
habitat requirements, and limiting factors will be essential for developing tools for management
and restoration. Therefore, given the implications for managing California water supply and the
current state of population abundance, a good investment would be to fill the critical data gaps
outlined here through a comprehensive program of research.
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Understanding the relative importance of anthropogenic effects on the population can be improved 
through better estimates of abundance and measurements of potentially limiting processes. There is 
little information on losses of larval delta smelt (<20 mm fork length, FL) to the export facilities. Use of 
a population model suggests that water export operations can impact the abundance of post-larval 
(about 20 mm FL) delta smelt, but these effects may not reflect on adult abundance due to other pro-
cesses operating in the intervening period. Effects from changes to the estuarine food web by exotic 
species and toxic chemicals occur but measuring their influence on population abundance is difficult.

Although delta smelt recently performed well enough to meet the current restoration criteria, analyses 
presented here suggest that there is still a high probability that the population will decline in the near 
future; the most recent abundance index (2004) is the lowest on record. Overall, the limited distribu-
tion, short life span and low reproductive capacity, as well as relatively strict physical and feeding 
requirements, are indications that delta smelt is at risk to catastrophe in a fluctuating environment. 
Unfortunately, options for avoiding potential declines through management and restoration are cur-
rently limited by large gaps in knowledge. Monitoring of spring water temperatures, however, may pro-
vide a useful tool for determining when to reduce entrainment in water export facilities. Actions that 
target carrying capacity may ultimately provide the most benefit, but it is not clear how that can be 
achieved given the current state of knowledge, and the limited tools available for restoration. Overall, a 
better understanding of the life history, habitat requirements, and limiting factors will be essential for 
developing tools for management and restoration. Therefore, given the implications for managing Cal-
ifornia water supply and the current state of population abundance, a good investment would be to fill 
the critical data gaps outlined here through a comprehensive program of research.
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INTRODUCTION

The delta smelt (Hypomesus 
transpacificus) is currently at the forefront of 
environmental concern in California. It is a 
small (typically <80 mm fork length) translucent 
fish with a steel-blue lateral stripe and a 
pleasant cucumber-like aroma. Delta smelt 
have a small geographic range, being endemic 
to the low-salinity and freshwater habitats of 
the northeastern San Francisco Estuary (SFE, 
Figure 1). Formerly abundant (see Tables 17-
19 in Erkkila 1950; Radtke 1966), delta smelt 
were harvested commercially with other smelt 
(Osmeridae) and silverside (Atherinidae) 
species during the 19th and early 20th 
centuries in a prosperous “smelt” fishery 
(Skinner 1962; Sweetnam and others 2001). In 
the early 1980s, however, abundance declined 
dramatically resulting in its listing as 
threatened under the Federal and California 
State Endangered Species Acts (ESA) in 1993 

(Federal Register 1993, Appendix A-1 
Sweetnam and Stevens 1993). The decline in 
delta smelt abundance is generally attributed 
to the highly urbanized state of the SFE, 
although the underlying causes currently 
remain a mystery. Of the many human 
alterations to the ecosystem, a conspicuous 
feature is an elaborate system of dams, 
pumping facilities, and aqueducts that transfer 
large quantities of fresh water from the Central 
Valley watershed and estuary to supply 
California’s valuable agriculture and growing 
human population (Nichols and others 1986; 
Arthur and others 1996; Moyle and others 
1992). Since the ESA listings protective 
measures to reduce losses of delta smelt in 
diverted freshwater have raised substantial 
controversy because they can have a major 
influence on how water is managed and 
allocated throughout California.
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comprehensive synthesis. Even with this new 
information, three fundamental questions 
remain:

1. Should the species continue to be 
listed under the ESA, or, what is the 
probability of extinction?

2. What is the impact of human activities, 
particularly water export operations, on 
population abundance?

3. Are there potential avenues for resto-
ration and recovery?

My primary objective is to review and 
synthesize what is known about delta smelt, 
and to provide an ecological foundation for 
addressing the above questions. However, 
little is known and published about delta smelt 
relative to other fishes in the SFE. As a result, 
I rely heavily on grey literature, pre-published 
results and personal communications, as well 
as extensive analysis of unpublished data. 
Synthesis of this information raises a variety of 
questions and key uncertainties rather than 
conclusive statements regarding delta smelt 
ecology. Thus, the current state of knowledge 
will hopefully evolve rapidly as a result of this 
work. The paper is organized into sections 
describing delta smelt biology and natural 
history, factors influencing annual abundance, 
and implications for restoration. Finally, major 
uncertainties impeding progress in answering 
the above questions are summarized as key 
issues for future research. Overall, this 
synthesis indicates that significant advances 
have been made in understanding delta smelt, 
however, the current level of this knowledge 
and research effort is fragmented. Delta smelt 
is a fish species unique to the SFE. Therefore, 
to develop a solid understanding of human 
activities and natural perturbations on the 
population will require a significant and 
coordinated research effort to develop 
fundamental aspects of its population ecology. 
This knowledge will be essential for future 
management actions and the development 
and evaluation of sound restoration 
alternatives.

POPULATION ABUNDANCE

Limited understanding of delta smelt 
abundance over time remains the most critical 
obstacle to effective management and 
restoration. Most of what we know is derived 
from long-term sampling programs conducted 
by the Interagency Ecological Program for the 
San Francisco Estuary (IEP). At least eight 
such surveys regularly collect delta smelt 
during routine sampling, providing extremely 
valuable sources of long-term information. 
Detailed descriptions and methodology are 
well described elsewhere (Stevens and others 
1990; Herbold and others 1992; Moyle and 
others 1992; DWR–USBR 1993) and key 
aspects are shown in Table 1. The surveys 
vary considerably in sampling methodology, 
the life stage they collect, spatiotemporal 
coverage, as well as calculations used to 
construct indices of abundance (Table 1), but 
all show a dramatic decline in delta smelt in the 
early 1980s that eventually prompted the ESA 
listings (Figure 2). The majority of sampling 
surveys employ some type of net, however, 
estimates of fish entrained in water export 
flows also provide an extensive time series for 
individuals over about 20 mm in length. 
Although such “sampling” is fixed at the south 
Delta export facilities, annual trends in fish 
entrained also indicate a decline in the 
population during the early 1980s (Figure 2F). 
Therefore, trends in the population are well 
represented by all sampling gears and life 
stages of delta smelt.

The trustworthiness of the abundance 
indices is essential for understanding the 
population ecology and appropriate ESA 
status of delta smelt. In this review I focus 
primarily on data from four surveys; the catch 
data from two are compiled into abundance 
indices. The Summer Tow-Net Survey (TNS, 
Figure 2C) samples primarily the juvenile life 
stage during July and August, whereas the Fall 
Midwater Trawl Survey (MWT, Figure 2A) 
collects primarily pre-adults from September 
through December (Table 1). Although these 
monitoring programs were initially devised for
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sampling young striped bass (Morone 
saxatilis), they provide the most extensive 
spatiotemporal records for delta smelt. From 
these surveys, abundance indices are 
calculated for juveniles (TNS) and pre-adults 
(MWT) by extrapolating the numbers of fish 
caught at 30 to 80 fixed stations using a 
weighting factor that accounts for differences 
in water volume in various sub-regions from 
San Pablo Bay through the Delta. Temporally, 
stations are sampled at roughly bi-weekly 
intervals throughout the summer and fall 
months (Table 1). A subset of stations and 
months sampled in the MWT survey are also 
used to calculate the Recovery Index: the 
measure of delta smelt performance used in 
the original ESA recovery criteria (Figure 2B, 
Moyle and others 1996). I also examine data 
from the 20-mm Survey that has been 
sampling larvae and post-larvae (defined on 
page 16) during spring (April–June) since 
1995, and the Spring Kodiak Trawl survey that 

has sampled adults during the spawning 
season (March–June) since 2002. These are 
the only two surveys designed specifically for 
sampling delta smelt.

Moderate increases in the Recovery Index 
from 1998–2002 (Figure 2A, B) were sufficient 
to satisfy the original recovery criteria (Moyle 
and others 1996). However, these criteria were 
developed at a time when little was known 
about the biology or ecology of delta smelt. 
Thus, following the apparent recovery, the 
ESA listing of delta smelt was challenged by 
stakeholder groups, leading to a formal 
revision of the Biological Opinion (http://
sacramento.fws.gov/ea/news_releases/
2004%20News%20Releases/
Delta_Smelt_OCAP_NR.htm) undertaken in a 
collaborative effort by the U.S. Fish and 
Wildlife Service (USFWS), U.S. Bureau of 
Reclamation (USBR), NOAA Fisheries 
Service, California Department of Water

Table 1. Key aspects of monitoring surveys that sample delta smelt in the San Francisco Estuary

Survey / Gear Type 

(Institutiona)

a. All monitoring surveys are coordinated under the cooperative Interagency Ecological Program (IEP) for the San Francisco Estuary. 
California Department of Fish and Game (DFG); University of California, Davis (UCD); California Department of Water Resources 
(DWR); U.S. Bureau of Reclamation (USBR); U.S. Fish and Wildlife Service (USFWS).

Year
Months 
(Frequency) Locations (Stations) Life Stages

Fall Midwater Trawl
(MWT, DFG)

1967-
present

September–March 
(monthly) San Pablo Bay–Delta (53–113) Juvenile–adult

Summer Tow-Net
(TNS, DFG)

1959-
present

June–August
(bi-weekly) Suisun Bay–Delta (~30) Juvenile–adult

20-mm Tow-Net
(DFG)

1995-
present

March–June
(bi-weekly) Napa River–Delta (~30) Larvae–juvenile

Spring Kodiak Trawl
(DFG)

2002-
present

March–May
(~bi-weekly) Suisun Bay–Delta (30–40)

Maturing–
spawning

Bay Study Midwater 
Trawl (DFG)

1980-
present

January–
December
(monthly)

So. San Francisco Bay–Suisun 
Bay (42) Juvenile–adult

Otter Trawl
(UCD)

1979-
present

January–
December
(monthly) Suisun Marsh (~18) Juvenile–adult

SWP / CVP Water 
Projects (DWR, USBR)

1979-
present

January–
December
(daily) South Delta near Tracy (2)

20-mm post 
larvae–adult

Midwater Trawl
(USFWS)

1976-
present

April–June
(~dailly) Chipps Island (1) Juvenile–adult

Beach Seine
(USFWS)

1977-
present

~January–June
(~bi-weekly) Delta–Sacramento River (23) Juvenile–adult
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Resources (DWR), and the California 
Department of Fish and Game (DFG). The 
opinion concluded that the status of population 
abundance and poor understanding of limiting 
factors still justified the listing of delta smelt as 
a threatened species. During this process the 
population experienced three consecutive 
years of low abundance, including the lowest 
ever recorded in the indices (MWT = 74, in 
2004).

Recently, the sampling design, 
methodology, and calculations used to develop 
the TNS and MWT abundance indices have 
been called into serious question by scientists 
and stakeholders. The fundamental limitation 
with these abundance indices is that they are 
dimensionless numbers, thus it is unclear what 
any particular index means in terms of 
population abundance. In addition, there is no 
way to compare among life stages (i.e. TNS 
and MWT indices) to examine population vital 
rates (e.g. mortality), or to measure the 
variation in abundance estimated by each 
index. Therefore, it is unclear how well one 
year compares with a previous year. Although 
these problems have been recognized before, 
using the indices to reflect abundance has 
persisted in part because of several logistical 
problems with applying conventional 
abundance estimation methodologies to the 
extremely fragile delta smelt (Herbold 1996).

There is also little confidence in the 
effectiveness of the sampling gears used in the 
various surveys. For instance, Kodiak trawls 
tow a net between two vessels sampling the 
top half of the water column. They consistently 
appear to out-fish (in terms of catch per unit 
volume sampled) the traditional midwater 
trawls that tow a net directly behind a single 
craft. However, this knowledge is based on 
only personal observations, two sampling 
days, and 12 concurrent samples in 
September 1994 (Sweetnam 1994). All 
sampling gear used also have a size-selection 
bias. In another pilot study, the effectiveness of 
the standard MWT net (12.7-mm mesh) was 
examined by covering it with a 3.2-mm mesh 
net, that retained fish passing through the 

larger mesh (Sweetnam and Stevens 1993). In 
August 1991, the standard MWT net was only 
about 30% effective for delta smelt and 80% for 
striped bass, whereas in January 1992, 
effectiveness improved to about 55% for delta 
smelt and 100% for striped bass presumably 
because the fishes had grown larger 
(Sweetnam and Stevens 1993). Although 
preliminary, the study suggests that estimates 
of abundance based on catch alone in the 
MWT would be highly biased, and overall 
points to considerable uncertainty underlying 
the effectiveness of sampling gears used for 
delta smelt. Resolving these biases, however, 
will require a considerable effort (Miller 2000; 
Brown and Kimmerer 2002). Nonetheless, 
developing an abundance estimate and 
addressing sampling effectiveness will be 
crucial for improving our understanding of the 
population status, as well as the limitations on 
delta smelt abundance.

To address the need for more quantitative 
abundance estimates and facilitate synthesis 
of the available information, I estimated delta 
smelt abundance using the methodology 
developed by Kimmerer and others (2000, 
2001) for young striped bass. Essentially, 
abundance estimates for delta smelt in the 
TNS, MWT, and 20-mm (post-larvae) surveys 
were calculated by dividing the raw catch of 
delta smelt at each station by the estimated 
volumes of water sampled, using an overall 
mean of 865 m3 for the 20-mm Survey, 700 m3 
for the Summer Tow-Net Survey, and 7,000 m3 
for the Fall Midwater Trawl Survey. These 
estimates were then weighted by the total 
volume of the delta smelt habitat including 
Suisun Bay and the Delta. Volume estimates 
were compiled using bathymetric information  
developed by the U.S. Geological Survey 
(http://sfbay.wr.usgs.gov/access/Bathy/
index.html). The “first-order” abundance 
estimates and 95% confidence limits derived 
by this method (Figure 3) are based on the 
unrealistic assumption that delta smelt occupy 
a constant volume of habitat at different life 
stages and among years, and do not account 
for size-selectivity by the sampling gears. 
However, because they are based on the raw 
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Pacific Rim to Alaska and the Yukon 
River (Platts and Millard 1995). 

• H. japonicus group: marine to estuarine 
habitat

5. H. japonicus (chika or silver smelt). 
H. japonicus occurs in the coastal 
ocean and bays off Japan, as well as 
estuaries and rivers entering the Sea 
of Okhotsk and Bering Sea in south-
eastern Russia (Chereshnev and oth-
ers 2001).

6. H. pretiosus (surf smelt). Surf smelt is 
common along the western coast of 
North America, supporting important 
fisheries from the Alaskan Peninsula 
south to about Long Beach, California. 
Surf smelt is caught infrequently in the 
fish monitoring surveys in the SFE.

The similar morphology and variable life-
history strategies imply that Hypomesus 
species can adapt rapidly to local 
environments. Wakasagi, by far the most 
thoroughly studied species, occurs with 
genetically distinct sub-populations and 
several life-history strategies throughout Japan 
(Katayama and others 2001). Most wakasagi 
are annuals with a few individuals living two 
years (Katayama and Kawasaki 1994). 
Coastal lakes often harbor a small resident 
form coexisting with a large, genetically 
indistinguishable, anadromous form that 
migrates to the ocean and then returns to 
spawn (Katayama and others 1998, 2000, 
2001; Kudo and Mizuguchi 2000). Similar 
population substructure and life history 
variability is widespread among other smelts, 
salmonids and sticklebacks (Hutchings and 
Morris 1985; Snyder 1991; Mingelbier and 
others 2001).

The prevalence of life-history variability in 
Hypomesus and recent genetic information 
suggest delta smelt may have evolved from a 
group of surf smelt that became isolated as the 
SFE was forming over the past 8,000 years. 
Delta smelt, however, was not officially 

recognized as a distinct species in the U.S. 
until 1970 (Moyle 1976; Stanley and others 
1995). It was originally considered a disjunct 
population of pond smelt, and then later as a 
subspecies of H. transpacificus, with wakasagi 
(McAllister 1963; Moyle 1976). Russian 
scientists, however, regarded delta smelt as a 
separate species before 1970, although their 
work was not appreciated until the end of the 
Cold War (Moyle 1976). Soon after the ESA 
listing their complicated taxonomic status and 
the recent expansion of wakasagi to the Delta 
prompted genetic investigations comparing 
delta smelt with wakasagi, surf smelt, and 
sympatric longfin smelt (Spirinchus 
thaleichthys). The genetic studies confirmed 
that delta smelt is a distinct species and more 
closely related to surf smelt than wakasagi 
(Stanley and others 1995; Trenham and others 
1998).

Population Distribution and Fundamental Eco-
logical Niche

Delta smelt occur from western San Pablo 
Bay east to the freshwater rivers and sloughs 
of the Delta (Figure 1). Previous accounts 
indicate they are found at 0 to about 18 
practical salinity units (psu) surface salinity 
(Baxter and others 1999), although most are 
caught from about 0.2 to 2.0 psu, with older 
juveniles and adults being found at the higher 
end of that gradient (DWR–USBR 1993). 
Laboratory studies indicate delta smelt cannot 
tolerate salinities above 19 psu (Swanson and 
others 2000).

Cumulative distributions of salinities and 
water temperatures from the TNS and MWT 
indicate that over 70% of juvenile and 60% of 
pre-adult delta smelt are caught at salinities 
less than 2 psu, with over 90% occurring at 
less than 7 psu (Figure 5A). Thus, delta smelt 
abundance tends to be centered near or 
slightly upstream of 2 psu, in the entrapment, 
or low-salinity, zone (Bennett and others 
2002). Water temperatures over about 25°C 
are also lethal, and can constrain delta smelt 
habitat especially during summer and early fall 
(Swanson and others 2000). Overall, the 
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Overall, delta smelt appear to have a life 
history strategy that is relatively unusual. 
Several life history attributes such as small size 
and short life span classify delta smelt as 
“opportunistic” under the classification scheme 
derived by Winemiller and Rose (1992) for 
North American fishes, as well as in a similar 
version recently developed by Vila-Gispert and 
others (2002) that also includes fishes from 
Europe and South America. Other aspects of 
delta smelt life history, however, such as low 
fecundity, spawning frequency, and a 
protracted spawning season classify it as an 
“equilibrium” species (Winemiller and Rose 
1992; Vila-Gispert and others 2002). Delta 
smelt also fit well with a distinct salmonid life 
history strategy (Winemiller and Rose 1992; 
McCann and Shuter 1997). But by comparison, 
delta smelt invest far less into each offspring, 
having pelagic larvae rather than benthic and 
relatively well-developed elvers produced by 
salmonids. Therefore, the information outlined 
below indicates delta smelt are a small, 
primarily annual species, but with a 
reproductive strategy more like a perennial, as 
well as several other very specific 
environmental requirements that may render 
the species susceptible to catastrophe in a 
fluctuating environment.

Spawning and Egg Stages. Delta smelt 
are semi-anadromous, spawning in the 
freshwater reaches of the SFE and primarily in 
the Delta (Figure 1). However, actual spawning 
locations are unknown and inferred from 
catches of very young larvae and fish as they 
transition from ripe or spent condition. In years 
of low freshwater discharge, most ripe females 
and yolk-sac larvae are found in the 
Sacramento River and particularly around 
Prospect Island and the Barker-Lindsey slough 
complex (Figure 1, 7). For example, about 75% 
of all yolk-sac larvae were caught in this region 
in 1991 (a drought year; Wang and Brown 
1991). In years of high freshwater discharge 
spawning distribution is broader, 
encompassing most of the Delta, Suisun 
Marsh channels, and the Napa River 
(Sweetnam 1999). Investigations during the 
wet spring of 2002 placed the majority of spent 

females in the Sacramento River, even though 
the majority of maturing fish were in Suisun 
Marsh (Sousa 2002). In early 2003, the 
majority of females appear to have been 
spawning around Prospect Island and the 
Barker-Lindsey slough complex: a pattern 
consistent with a dryer year scenario (Figures 
1 and 7, K. Sousa, DFG, pers. comm.).

Spawning can occur from late February to 
June, although larvae are typically most 
abundant from mid-April through May. In 
March 2002, 89% of females examined were 
still maturing and were not ready to spawn 
(Sousa 2002). Wang (1986) first observed 
larvae from February to mid-July, and 
suggested that delta smelt may spawn at water 
temperatures between 7 to 15°C, whereas in 
aquaculture spawning is observed at 
temperatures between 12 to 22°C (B. 
Baskerville-Bridges, UCD, pers. comm., 
Lindberg and others 1997).

Lunar phase can also be an important cue 
for spawning, particularly for fish depositing 
eggs in tidal or intertidal habitat (Moyle and 
Cech 1996). For example, spawning is closely 
tied to lunar phases in coastal silversides 
(Atherinidae), most notably for grunion 
(Leuresthes tenuis) that spawn en-masse at 
night on California coastal beaches. Peak 
spawning in H. japonicus also occurs at night 
during full moons (Hirose and Kawaguchi 
1998a), whereas surf smelt are reported by 
local fishermen to spawn on beaches at night 
during new moons (Bennett, pers.obs.). 
Spawning of delta smelt in aquaculture also 
occurs at night with several males attending 
females as they broadcast eggs on the bottom 
of laboratory tanks (Mager 1996; Lindberg and 
others 1997; Mager and others 2004).

To examine a potential lunar influence on 
spawning, I compared the frequency of 
spawning for delta smelt in aquaculture with 
the lunar influence on tidal velocity occurring 
nearby (Figure 8A). In 2000–2002, more than 
75% of successful spawns (Chi-square = 33.2, 
df = 7, P < 0.0001) occurred on spring tides as 
indexed by a root-mean-square (RMS) of tidal
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Therefore, delta smelt spawning success may 
be variable when temperatures fall below 
15°C, but appears more sharply limited by 
those above 20°C. Although extrapolating from 
laboratory studies to field conditions can be 
problematic, temperatures within 15 to 20°C 
appear to limit the number of cohorts 
comprising size-frequency distributions of 
post-larvae (Defined in “Swim Bladder 
Development and Post-Larval Stage”) from the 
20-mm Survey (Figure 11A). Furthermore, 
larval surveys during 1993–1994 suggest a 
similar temperature window of spawning 
success with a possible refinement to about 14 
to 18°C (Figure 11B).

Yolk-Sac and First-Feeding Larval 
Development. Larvae hatch at 4.5 to 6 mm 
total length and are transparent with an oval-
shaped yolk-sac containing an oil globule 
(Figure 6, Wang 1986; Wang and Brown 1991; 
Mager 1996; Mager and others 2004). During 
the next 4 to 6 days the young larvae swim 
continuously and are positively phototactic, 
remaining near the water surface in aquaria. 
They grow very little as they absorb the yolk 
sac and oil globule but develop jaw and mouth 
parts (Figure 6; Mager 1996; Mager and others 
2004). When the yolk sac is almost fully 
absorbed, the larvae begin exogenous 
feeding. In aquaculture, first-feeding larvae 
only ate unicellular algae and rotifers 
presented to them in turbid conditions 
(Baskerville-Bridges and others 2004; Mager 
and others 2004). In the field, however, an 
evaluation of gut contents in nearly 1,500 
young delta smelt showed that feeding was 
size-based with first-feeding larvae (5 to 8 mm 
SL) consuming sub-adult cyclopoid and 
calanoid copepods (Nobriga 2002). Larvae 
swim continuously, and feeding success 
requires practically bumping into prey items 
rather than a coordinated attack behavior 
(Bennett, pers. obs.). Thus, the stochastic 
nature of co-occurring with, and capturing, 
food implies that feeding success is related to 
prey densities (Nobriga 2002). In 1999, larvae 
in the wild grew at about 0.35 mm per day, 
although with typically high variability among 
individuals (Bennett and Hobbs, unpublished 

data; Figure 6B). Actual growth rates for larvae 
among cohorts and years are extremely 
difficult to determine, because field samples 
typically only represent those individuals that 
have survived the first-feeding period.

All remaining life stages of delta smelt 
consume adult copepods. Older larvae (10 to 
15 mm) begin to consume adult copepods and 
may select the cosmopolitan calanoid 
copepod, Eurytemora affinis (Nobriga 1998). 
However, since the dramatic decline of 
E. affinis in 1989 (Kimmerer and others 1994), 
it becomes locally and intermittently abundant 
only during early spring. When available, 
larvae and juveniles appear to utilize E. affinis, 
but gradually they include the exotic calanoid 
copepod, Pseudodiaptomus forbesi, as this 
prey item increases in abundance during late 
spring. As a result, P. forbesi has been the 
dominant prey item for delta smelt since the 
decline in E. affinis at all but the earliest 
feeding life stages (Moyle and others 1992; 
Lott and Nobriga 1998). However, P. forbesi 
abundance has been declining in recent years 
concurrent with a rise in the abundance of 
another exotic copepod, Limnoithona 
tetraspina, that is apparently too small to be 
consumed by delta smelt (Bouley 2004; Hobbs 
2004; L. Mecum, DFG, pers. comm.).

Swim Bladder Development and Post-
Larval Stage. Delta smelt swim bladders 
finish developing and fin-folds begin to appear 
in the 14 to 20 mm size range, or at about 25 to 
40 days post-hatch (Figure 6; Wang and 
Brown 1991; Bennett, pers. obs.). However, 
Mager and others (2004) didn’t observe this 
until 40 to 60 days post-hatch. Here I refer to 
this life-stage as post-larvae, because these 
milestones of development influence their 
behavior and distribution. For example, in the 
20-mm Survey the post-larvae are generally 
caught in the western Delta and Suisun Bay 
where they accumulate at the landward margin 
of the low salinity zone (Grimaldo and others 
1998). Juveniles (20 to 40 mm) are generally 
more widely distributed, but also maintain an 
association with the low salinity zone.
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Several young fishes appear to employ 
behavioral strategies to prevent advection 
seaward and remain in the low-salinity zone 
after they develop swim bladders (Kimmerer 
and others 1998; Bennett and others 2002). 
During June 1996, Bennett and others (2002) 
sampled young fishes at three discrete depths 
in northern (Suisun Cut, adjacent to the 
southeastern corner of Grizzly Bay) and 
southern (ship) channels of Suisun Bay 
(Figure 1). Sampling encompassed the low-
salinity zone as it passed fixed stations over 
three complete tidal cycles (about 30 hr) during 
spring and neap tidal phases. Abundance at 
the Suisun Cut location, however, was about 
eight-fold higher than at the Ship Channel and 
consisted of relatively larger individuals 
(Figure 12A; Aasen 1999). In the Ship channel, 
most fishes and zooplankton appeared to 
undergo tidal vertical migrations, occurring 
near the surface during flood tides and at depth 
on ebbs (Figure 12B; Bennett and others 2002; 
Kimmerer and others 1998, 2002). Tidal 
migrations may reduce advection seaward as 
well as facilitate feeding success (Bennett and 
others 2002). However, in Suisun Cut some 
fishes, including delta smelt, appeared to 
undergo reverse diel migrations, remaining 
near the surface during the day and at depth 
during the night (Figure 12B; Bennett and 
others 2002). This behavior also may have 
facilitated retention by promoting horizontal 
exchange with shallow-water habitats in 
Grizzly Bay and Honker Bay (Figure 1). Also, 
gut fullness and individual condition measures 
were considerably higher for delta smelt in 
Suisun Cut than in the Ship channel (Hobbs 
2004). At both locations successful feeding 
appeared to be restricted to daylight hours 
during flood tides (Hobbs 2004), a pattern also 
observed for rainbow smelt (Osmerus mordax) 
in the St. Lawrence Estuary (Sirois and 
Dodson 2000). Overall, the close association 
with the low salinity zone and dense patches of 
zooplankton may help to explain rapid growth 
(about 0.5 mm per day) observed during the 
post-larval period in 1999 (Figure 6B). These 
findings support the hypothesis that the low-
salinity and shallow-water areas of Suisun Bay 
constitute vital nursery habitat for delta smelt 

and other young fishes during years of 
moderate to high outflow (Herbold and others 
1992; Moyle and others 1992).

Less is understood concerning the vertical 
distribution of delta smelt in other locations in 
the SFE. Rockriver (2004) examined vertical 
distribution for post-larval smelt in the lower 
Sacramento River and San-Joaquin River in 
2000–2001. Although the results indicate that 
in the freshwater portions of these rivers post-
larvae were significantly more abundant at 
depth during the day relative to night, the 
results are difficult to interpret without 
accompanying hydrodynamic information. The 
pattern may also have been influenced by the 
very low abundance of delta smelt in the 
catch.In general, young delta smelt appear to 
be more dispersed in the water column during 
hours of darkness. Indeed, higher dispersion 
during night also may have contributed to the 
pattern of reverse diel migration identified by 
Bennett and others (2002), as well as to higher 
entrainment of delta smelt in an agricultural 
diversion siphon observed by Nobriga and 
others (2004). Overall, however, more work is 
needed to fully understand vertical and 
horizontal distribution patterns, as well as their 
underlying mechanisms. Such work is 
especially needed in the vicinity of the water 
export facilities in the south Delta.

Juvenile and Adult Stage. Juvenile delta 
smelt finish developing fins and the majority of 
adult morphological characteristics by about 
25 to 30 mm (Figure 6A). As a result they have 
the swimming ability to select habitats and are 
generally more widely distributed. Growth 
continues during the summer months (at about 
0.35 mm d-1) and then slows as average fork 
lengths reach 40 to 50 mm in September 
(Figure 6B; see Tables 17-19 in Erkkila and 
others 1950; Ganssle 1966; Radtke 1966; 
Moyle and others 1992). Mortality is typically 
inversely associated with fish size, thus it tends 
to be considerably lower during the transition 
from juvenile to adult stage than in egg and 
larval stages (Figure 6C).
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Two-year-old females could have an 
important influence on population dynamics by 
augmenting spawning success after years of 
poor recruitment. In most fishes, older females  
are also known to have more eggs of higher 
quality, and improved reproductive success by 
provisioning eggs well in select microhabitats 
or at optimal times during the spawning season 
(Chambers and Lambert 1996; Brooks and 
others 1997). One-year-old delta smelt 
females in aquaculture produce about 2,000 
eggs, whereas two-year-old females in 
aquaculture can produce more than twice this 
number (Figure 9). In addition, wakasagi 
fecundity is known to increase with fish size, 
with two-year-old females also producing 
larger and more eggs than one-year-old 
females (Katayama and others 1999). If 
employed by delta smelt, such a tactic would 
enable their unusual life history strategy to 
persist, and thus reduce the probability of 
extinction. Reproductive tactics that spread 
reproduction over time are typically termed bet-
hedging (Stearns 1992), and are a common 
response employed by fishes to compensate 
for poor recruitment or high adult mortality 
(Wootten 1984; Rochet 2000). Therefore, 
research is needed to identify the proportion of 
two-year-old fish, their reproductive capacity, 
and spawning strategies to determine the 
potential significance of bet-hedging for delta 
smelt population dynamics.

Implications and Uncertainties

The current information on delta smelt 
biology and life history suggests it is an 
unusual species. Several aspects of their life 
history are similar to those of other coastal 
fishes. However, delta smelt are not well 
classified into any of three basic life history 
strategies employed by many fishes worldwide 
(Winemiller and Rose 1992; McCann and 
Shuter 1997; Vila-Gispert and others 2002). It 
is a small and primarily annual species but with 
low fecundity and a protracted spawning 
season: key traits that are typically associated 
with a perennial life history strategy. Delta 
smelt also do not appear to compensate for 
their limited reproductive capacity by having 

precocious offspring like most salmonids. This 
contradiction renders the species at risk to 
extinction because it occurs in a fluctuating 
environment, has relatively low reproductive 
output, but must have successful recruitment 
each year.

Delta smelt is also highly susceptible to 
local environmental catastrophes because it 
has a tiny geographic range compared with 
most Hypomesus, occurring only within a thin 
margin of low salinity habitat in the 
northeastern SFE (Figure 1). In addition, 
spawning success may be successful only 
within particular lunar phases, a specific 
temperature range, as well as for eggs 
deposited on suitable substrate. Moreover, 
feeding is almost exclusively restricted to 
copepods that must become abundant at the 
appropriate life stages spatiotemporally with 
those of delta smelt. Therefore, because of 
these unique and very specific requirements, 
delta smelt may employ a bet-hedging tactic in 
which a small proportion of individuals survive, 
become highly fecund, and spawn in a second 
year. Such a tactic would help to compensate 
for years of poor recruitment success and 
maintain population persistence.

Several aspects of the above conceptual 
model for delta smelt are uncertain. Key issues 
in need of resolution include the following, 
listed by life sequence rather than relative 
importance.

Fecundity and Reproductive Success. 
Currently there are no field-based data on 

the size-specific patterns of fecundity, 
spawning cues and microhabitats, or spawning 
success in under different environmental 
conditions. Such information is essential for 
understanding the life history strategy and 
developing population models for delta smelt.

Feeding Success. Information on the 
mechanisms underlying first-feeding success 
for delta smelt on recently introduced 
copepods is necessary for evaluating the 
suitability of the ever-changing feeding 
environment.
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Swimming Behavior. The patterns and 
processes that determine delta smelt spatial 
distribution at meso-scales (meters, hours) 
have been explored in detail only within the low 
salinity zone. Similar information is lacking for 
other regions of the delta smelt habitat, 
specifically in the south Delta and in vicinity of 
the major water export facilities.

Longevity. The numbers, fecundities, and 
reproductive success of two-year-old fish 
during spawning seasons with different 
environmental conditions needs to be 
resolved. This information is crucial for 
assessing the potential importance and 
processes underlying a possible bet-hedging 
tactic that may enhance persistence of the 
delta smelt population.

Influences on Annual Abundance

Understanding what factors limit delta 
smelt abundance remains a challenging and 
urgent concern. Despite intensive monitoring 
of distribution and abundance, relatively little 
work has been directed at specific processes 
that may determine annual abundance. A short 
life span and low fecundity implies that 
maximizing recruitment success, or survival of 
eggs and newly hatched fish to the next 
reproductive season each year, is vital 
because the majority of adults does not spawn 
in multiple years; there is little population 
carryover among years (Warner and Chesson 
1985). However, teasing apart the factors 
regulating recruitment has proven to be a 
frustrating if not intractable pursuit for fishes 
(Houde 1989; Lawrence 1990; Leggett and 
Deblois 1994; Cowan and others 1996). This is 
because recruitment is regulated by complex 
interactive mechanisms that can change in 
importance episodically, or as subtle 
processes (Bender and others 1984; Houde 
1989; Bennett and Moyle 1996). Nonetheless, 
measuring and predicting recruitment success 
is crucial for devising effective management 
strategies for delta smelt.

As a first-step toward understanding the 
importance of potential processes limiting delta 

smelt, long term trends in abundance can be 
explored with various environmental factors. 
Although statistical relationships can be 
identified with this approach, the results cannot 
reliably demonstrate causation. In addition, 
key mechanisms may be difficult to measure 
(e.g. toxic chemical concentrations; Bennett 
1996; Moon and others 2000), may not be 
recognized (e.g. climate change; Bennett and 
Moyle 1996), or have synergistic effects that 
require including several factors in analyses 
that can outstrip the statistical power of the 
data (Jassby 2000). Exploratory data analyses 
can provide a valuable service, however, by 
sharpening the scope of questions that should 
then be addressed as part of a comprehensive 
program of research. With these caveats in 
mind, various analyses are presented below 
and compared with direct measurements 
where possible. The objective is to develop a 
conceptual model that conveys what is 
currently known, as well as to highlight some of 
the likely factors limiting delta smelt 
abundance.

Generation Time

Previously the question was posed 
whether two-year-old fish may spawn 
successfully and influence the dynamics of the 
population. However, if two-year-old females 
have higher fecundity but are so few in 
number, can they influence population 
dynamics? I examined the potential influence 
of these fish using the auto-correlation 
structure of the abundance indices and 
abundance estimates. Auto-correlation 
functions (Chatfield 1984) correlate a time 
series with itself at different time lags. For delta 
smelt, significant auto-correlation occurs in the 
TNS and juvenile abundance estimates at lags 
of one and two years and in the MWT and pre-
adult abundance at a lag of two years 
(Figure 14). Although these patterns could 
arise from autocorrelation in other 
mechanisms that are closely tied to 
abundance, a more likely explanation is that 
the relationships arise from interactions within 
a biological population (Hare and Francis 
1995; Downton and Miller 1998). As shown 
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below, few exogenous factors are closely tied 
to delta smelt abundance. Thus, the 
autocorrelation at a two-year lag may reflect a 
small or intermittent, but important, influence of 
two-year-old females.

The number of two-year-old females in a given 
year may reflect variability in the timing and 
duration of the spawning season in the 
previous year: one possible alternative to a 
bet-hedging tactic. Delta smelt spawning 
success appears to be confined to water 
temperatures between about 15 to 20°C 
(Figures 10, 11). When a cool year is followed 
by a warm year, fish that are spawned late in 
the cool year may not reach reproductive 
maturity by the time water temperatures reach 
20°C in the following warm year. These fish 
may then wait until year two to spawn. To 
explore this question, I estimated the number 
of two-year-old adults and the daily average 
temperature for Suisun Bay and the Delta 
during spring. The proportion of delta smelt 
over 80 mm FL in the MWT was used to 
represent two-year-old adults (Figure 15). 
Temperature data were then compiled from 
five DWR monitoring stations (1983–2002) and 
from the IEP zooplankton survey (1969–2002). 
Daily averages from the two data sources were 
highly correlated in overlapping years (r = 0.85, 
P < 0.0001), justifying use of both data sources 
in a single time series. The length of each 
annual spawning season for delta smelt was 
then estimated using the number of days water 
temperatures ranged from 15 to 20°C during 
spring. A plot of the range in days between 15 
to 20°C shows that the timing and duration of 
the estimated spawning season has varied 
widely since the late 1960s (Figure 16). During 
the 1990s spawning seasons frequently 
extended into early June. During El Niño years, 
however, they can be constrained by rapidly 
rising water temperatures (e.g. 1983), and they 
are also typically preceded by an extended 
spawning season in the previous year 
(Figure 16). However, the estimated proportion 
of two-year-old fish is not associated with this 
spawning index. This analysis points to the 
need for field studies to determine the numbers 
and reproductive potential of two-year-old 

females during the spawning season to 
understand their potential importance for delta 
smelt population dynamics.

Stock-Recruit Relationships and Density 
Dependence

Stock-recruit analysis is a traditional approach 
for exploring the relative influences of density-
dependent and density-independent limitations 
on population size. Density dependence 
occurs when population vital rates (per capita 
birth, death, fecundity) vary with the density of 
individuals. Organism density is expressed in 
units of the numbers of individuals per a 
measure of habitat, or space, and can only be 
equated with abundance if the amount of 
suitable habitat remains constant. Thus a 
population may experience density-dependent 
limitation at the same or lower abundance if the 
amount of suitable habitat shrinks. Density 
dependence is considered compensatory if 
population growth rate is negatively related to 
population density, meaning the population is 
limited at high density and a resilient growth 
response occurs at low densities. Density 
independent effects result from environmental 
influences on populations irrespective of their 
density; that is, with no feedbacks exerted at 
high densities to limit the population. Although 
density dependence would eventually provide 
an ultimate constraint on populations, its 
effects can be subtle and difficult to identify in 
many cases amidst high variability induced by 
environmental effects and sampling error 
(Strong 1986; Shepard and Cushing 1990; 
Dennis and Taper 1994). As a result, stock-
recruit relationships typically exhibit 
considerable variability (see Myers and others 
1995 for a catalogue of 274 relationships). 
Despite these inherent problems, identifying if 
and when density dependence occurs in a life 
cycle can have important implications for 
management and restoration. For example, 
compensatory density-dependent responses 
are a necessary condition for sustainable 
fishing (Sissenwine 1984; Shepard and 
Cushing 1990; Rose and others 2001).
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Previous attempts to evaluate density 
dependence in delta smelt examined 
relationships between the abundance of 
spawning stock and recruits using a traditional 
Beverton-Holt (1957) model (Moyle and others 
1992; Sweetnam and Stevens 1993; DWR–
USBR 1993; Miller 2000):

(1)

where 1/a is the initial rate of increase, and 1/b 
is the asymptote of a curve, often interpreted 
as the carrying capacity (K) for the recruits. In 
these investigations coefficients of 
determination (R2) were used to measure 
goodness of fit for relationships between MWT 
(spawning stock) and the MWT (recruits) in the 
following year (Moyle and others 1992; 
Sweetnam and Stevens 1993), as well as the 
MWT (spawning stock) and the TNS (recruits) 
in the following year (Miller 2000). Overall, the 
fitted models only explained about 25% of the 
variability in the data leading to the conclusion 
that environmental (or density-independent) 
factors regulated the delta smelt population 
(Moyle and others 1992; Sweetnam and 
Stevens 1993; DWR–USBR 1993; Miller 
2000). This result was generally accepted, 
because density dependence seemed unlikely 
in a population with an annual life cycle at very 
low abundance: a conclusion assuming the 
amount of suitable habitat had remained 
constant.

Here, I re-evaluate density dependence 
using longer time-series for the MWT and TNS 
indices as well as the abundance estimates. 
Using stock-recruit analyses, I compare the 
relative fit of the Beverton-Holt (non-linear) 
model with a linear model that reflects density-
independent processes (Quinn and Deriso 
1999). Typically, comparing the relative fit of 
models with different conceptual 
interpretations is more appropriate for 
evaluating alternative hypotheses rather than 
examining the fit of any single model (Hilborn 
and Mangel 1997; Quinn and Deriso 1999). 
The fit of each model is assumed to pass 
through the origin because zero abundance of 

spawning stock would be expected to produce 
zero recruits. Because the appropriateness of 
this assumption using the abundance indices 
is uncertain, I also examine relationships using 
the abundance estimates. A variety of different 
stock-recruit scenarios was examined for delta 
smelt, but here I focus on four that encompass 
the range of life-history possibilities and model 
results (Figure 17):

• Intra-annual: juvenile to pre-adult stage in 
the same year.

• Inter-annual: pre-adult to juvenile stage in 
the following year.

• Inter-annual: pre-adult to pre-adult stage in 
the following year.

• Biannual: pre-adult to pre-adult stage two 
years later (the potential maximum 
generation time for delta smelt).

Instead of comparing coefficients of 
determination (R2) model fits were evaluated 
using the residual sum of squares (RSS) and 
the Akaike Information Criterion (AIC) 
(Burnham and Anderson 1998; Quinn and 
Deriso 1999). For linear models with a zero 
intercept the R2 statistic is inappropriate, 
because it is artificially inflated relative to the 
actual amount of variance explained by the 
model (Venables and Ripley 1997). Instead, 
the RSS measures the amount of residual 
variation unexplained by each model, and the 
AIC is a log-likelihood measure of the RSS 
penalized by the number of fitted parameters 
(Burnham and Anderson 1998). Thus, best-fit 
models have lower RSS and AIC values. In this 
instance, AIC is a conservative measure 
because the Beverton-Holt model has one 
more parameter than the linear model.

The results of the stock-recruitment 
modeling support the possibility that density 
dependence may limit the number of juveniles 
that reach the pre-adult life stage in some 
years. The Beverton-Holt model provides a 
better fit (lower RSS and AIC) than the linear

Recruits
1

a b Spawners"# $+
--------------------------------------------=
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model for the intra-annual relationship 
between the TNS and MWT as well as a similar  
relationship using abundance estimates 
(Figure 17A). In contrast, model fits are 
equivalent for the scenario using the MWT and 
TNS in the following year (Figure 17B), 
suggesting that environmental factors 
dominant during the spawning and larval 
rearing stages. In the inter-annual and 
biannual scenarios, the Beverton-Holt model 
again explains a higher proportion of the 
variation between pre-adults (spawning stock) 
and pre-adults (recruits) one or two years later 
(Figures 17C, 17D). By using scenarios that 
reflect different periods in the entire life-cycle, 
it appears that density dependence may occur 
in some years during late summer when 
juveniles are recruiting to the pre-adult stage.

Although use of the entire data-record 
suggests density dependence may have 
occurred mostly during the 1970s, it is still 
detectable in recent years. High juvenile 
abundances, primarily in the 1970s, are a 
strong influence on the stock-recruit 
relationships; subsequent years tend to fall 
below the inflection point of model fits 
(Figure 17A). To address this issue, the 
previous analyses were repeated separating 
the data into pre- and post-decline periods, 
with 1969–1981 reflecting the pre-decline and 
1982–2002 representing the post-decline 
period. Comparisons of model fits for each 
period indicate that the density-dependent 
models again have lower AIC values than the 
density-independent models (Figure 18). 
Therefore, these analyses support the 
possibility that density dependence also may 
have limited abundance in recent years. 
Moreover, comparison of Beverton-Holt model 
fits between the pre- and post-decline periods 
indicate that carrying capacity may have 
declined by about one-half between the two 
time periods (Figure 18). In the pre-decline 
period, the fitted curve begins to asymptote at 
MWT values between 600 to 800 and 
abundance estimates of about 8 x 106 fish, 
whereas in the post-decline period the curve 
asymptotes somewhere between 400 and 450 
and an abundance estimate of about 4 x 106 

fish (Figure 18). Thus, density dependence 
may be occurring in some recent years at lower 
levels of abundance than before the population 
declined. The potential occurrence of density 
dependence for delta smelt seems unlikely 
because a straightforward mechanism is not 
apparent for how a threatened fish could be 
limited by feedbacks on density. Although delta 
smelt are relatively rare, the population may 
still be limited by a critical resource, or suitable 
habitat may have declined over time. Habitat 
loss is a reasonable possibility for delta smelt 
given our limited knowledge of the ecology and 
the dramatic hydrological and food web 
changes that have occurred within its range 
over the past several decades. Overall, 
evidence for density dependence is most 
clearly observed in spatially-limited systems; 
for example, where abundance overwhelms  
available spawning habitat or territories (e.g. 
salmonids, Elliot 1994; Rose and others 2001). 
This is a possibility for delta smelt that appear 
to have specific spawning habitat requirements 
(see “Spawning and Egg Stages”), however, 
the various stock-recruit scenarios examined 
above imply that density dependence most 
likely occurs in the juvenile stage during the 
late summer: a pattern observed in a variety of 
other fish species (Cowan and others 2000). 
This issue is further addressed in the section 
describing “Carrying Capacity.”

While somewhat preliminary, the evidence 
for density dependence outlined above begs 
the question regarding mechanisms of 
population regulation. Further understanding 
of this mechanism is essential because density 
dependence implies a surplus of juveniles may 
occur in years of relatively high abundance. 
Thus it has major implications for assessing 
and managing the influences of human 
activities on the population, particularly losses 
of fish to the water export facilities. In addition, 
density dependence also has important 
implications for determining restoration 
options, especially if the capacity of low-salinity 
habitat to support delta smelt has declined in 
recent years. However, measuring the 
magnitude of density dependence is not easy, 
and will require field measurements of fish
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Habitat Volume. Delta smelt habitat 
extends from the tidal freshwater reaches of 
the Delta seaward to about 19 psu salinity at 
water temperatures lower than 25°C. The 
volume and shape of this habitat is determined 
by climate, anthropogenic regulation of 
freshwater discharge, tidal forcing, and 
bathymetry. Inter-annual abundances of 
various biota are explained by the amount of 
freshwater outflow as indexed by X2, defined 
as the average distance (km) of 2 psu bottom 
salinity from the Golden Gate Bridge (Stevens 
1977; Jassby and others 1995; Kimmerer 
2002, 2004). Numerous mechanisms may 
underlie these relationships (Kimmerer 2002). 
However, unlike many other species, the 
abundance of delta smelt is not easily 
explained by this indicator or its analogue, 
freshwater flow (Figure 11, Stevens and Miller 
1983; Kimmerer 2002).

Overall, delta smelt recruitment success is 
poor during drought and flood years, and highly 
variable during intermediate flow years when 
low salinity habitat is located in Suisun Bay 
(Figure 19A, Moyle and others 1992). This 
observation was first formalized by Obrebski 
(1993) who identified a significant relationship 
between the MWT index and the position of the 
low salinity zone in Suisun Bay. Herbold (1994) 
then found a significant relationship between 
the number of spring days X2 was located in 
Suisun Bay and adult abundance; a 
relationship that underlies the logic for the 
current salinity standards. However, this 
correlation no longer holds for the MWT index 
(r = 0.30, P = 0.08) or adult abundance 
(r = 0.31, P = 0.06, Figure 19C). In several 
recent years (since 1993) adult abundance 
remained fairly low even though X2 frequently 
was located in Suisun Bay (Figure 19C). 
Although recent abundances have been lower 
than anticipated, adult abundance is always 
low when X2 is located in the lower 
Sacramento and San Joaquin rivers (Figure 
19A).

One possibility driving the confusion may 
be that delta smelt are responding differently to 
X2 since the population declined, or that other 

changes to the physical habitat have 
overridden the influence of freshwater 
discharge. Recently, Kimmerer (2002) found a 
positive relationship between juvenile smelt 
abundance and X2 position before the decline 
occurred in 1982, and a negative trend 
(recalculated here including 2003 data; 
r = –0.39, P = 0.07) since that time 
(Figure 19B). Similarly dividing the data into 
pre- and post-decline years for juvenile 
abundance and the number of days X2 was 
located in Suisun Bay, does not improve these 
relationships (Figure 19D). While these 
findings are puzzling, the differences in the 
trends suggest that spawning or rearing habitat 
in the lower rivers and Delta may have been 
more favorable for delta smelt before the 1982 
than over the last two decades.

The importance of spawning and rearing 
habitat in Suisun Bay is also suggested by the 
analyses of Unger (1994). He showed that the 
overall surface area of habitat bounded by 0.3 
to 1.8 psu was maximized with X2 positioned in 
Suisun Bay. When this habitat measure was 
weighted by the average monthly occurrence 
of larval and juvenile smelt he found a 
significant correlation with adult abundance. 
This finding is provocative, although it is 
preliminary and based on a fairly loose 
definition of delta smelt habitat. Changing 
habitat volume may be a key mechanism 
underlying density dependence. MacCall 
(1990) formalized this process using habitat 
selection models for pelagic fish. Larger 
habitat volume reduces crowding and provides 
opportunities to avoid localized sources of 
mortality, allowing for the “spreading-of-risk” 
over space (den Boer 1968). A potential 
change in habitat volume may underlie the 
observation that juvenile delta smelt are now 
rarely caught in the south Delta (DWR–USBR 
1993, Sweetnam and Stevens 1993). Thus, it 
would be worthwhile to revisit this idea using 
current knowledge of the delta smelt habitat 
and newer modeling capabilities.
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Indeed, habitat within Suisun Bay is not of 
the same quality. Moyle and others (1992, 
1996) originally suggested that low salinity 
habitat distributed over shoal areas was more 
productive and provided better rearing 
conditions than habitat confined to deeper 
channels. This idea is appearing to hold true. In 
the low salinity zone studies, delta smelt were 
8 times more abundant in northern Suisun Bay 
and adjoining shallows in Honker Bay and 
Grizzly Bay than in the deeper Ship channel to 
the south (Bennett and others 2002). Recent 
evaluations of these samples are also showing 
that post-larvae were on average larger and 
had higher feeding success in the north shoal 
area than in the Ship channel (Hobbs and 
others 2004). Therefore, several lines of 
evidence indicate that maintaining low salinity 
habitat in Suisun Bay during spring can be 
beneficial for delta smelt. This does not 
guarantee recruitment success, but may 
increase its probability.

Climate Change and Spawning 
Success. Longer spawning seasons can also 
increase the potential for high recruitment 
success. More opportunities for spawning can 
result in more cohorts (Figure 11), spreading 
the risk from various sources of mortality over 
time (den Boer 1968). The potential benefits of 
longer spawning seasons may be also 
enhanced if delta smelt spawn more than once 
in a single season (see “Generation Time”). 
Several mechanisms affecting recruitment 
have a temporal component (e.g. co-
occurrence with food supplies, predators, or 
pulses of toxic chemicals) thus the probability 
of encountering an adverse condition will differ 
for fish spawned at different times. Estimated 
spawning season durations (Figure 16) show a 
positive trend with post-larval (20 mm) 
abundance, although only seven data points 
were available, and they do not explain juvenile 
abundance (Figure 20). However, they are 
significantly associated with adult abundance, 
especially since the decline occurred (Figure 

20). This demonstrates that spreading cohorts 
in time may increase the probability of high 
adult abundance.

Duration of the spawning season is a function 
of climate and thus may be affected by extreme 
climatic events. As shown before (Figure 16), 
many spawning seasons appear to have 
ended relatively early in spring, especially 
during El Niño episodes. To examine this, I 
developed an index of climate change 
calculated as the first principle component of 
three environmental variables, sea surface 
temperature and sea level at Fort Point 
(entrance to the SFE at the Golden Gate 
Bridge) and the Pacific Decadal Oscillation 
(PDO), an index of inter-decadal climate 
regimes (Mantua and others 1997). The 
derived index is negatively associated with the 
last day of spawning season (Julian date water 
temperature reaches 20°C, Figure 21A), 
indicating that the delta smelt habitat warms 
faster during El Niños. The climate index is 
also negatively associated with juvenile and 
adult abundance (Figures 21B and 21C). Thus, 
spring water temperatures may provide an 
early indication of when to expect good versus 
poor recruitment success. Moreover, long-term 
climatic warming may be expected to have 
negative effects on delta smelt abundance by 
marginalizing spawning in the future.

Water Exports. Water project operations 
are by far the most conspicuous and 
controversial factor contributing to mortality in 
delta smelt. Overall, however, their impact on 
the population is a fundamental gap in 
knowledge. Large numbers of smelt are lost to 
the CVP and SWP water export facilities 
located in the south Delta, various smaller 
facilities (e.g. North Bay Aqueduct, PG&E 
powerplant), as well as about 2,200 
agricultural diversions in the Delta (Herren and 
Kawasaki 2001). Relative to other factors, 
reasonably accurate estimates of delta smelt
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lost to the major facilities are recorded for fish 
larger than about 20 mm FL (Figure 2). 
Although there has been an effort to salvage 
these fish and return them to the system, delta 
smelt are very fragile and most of them die 
druing the salvage process. Losses of fish 
smaller than about 20 mm (larvae) can not be 
determined and are a key uncertainty for 
evaluating the effects of water operations. In 
addition, the numbers of fish entrained in the 
many smaller, mostly agricultural, diversions 
are also unknown. Understanding total 
entrainment losses is essential. For example, 
juvenile abundance (TNS) is positively 
associated with the salvage of fish >20 mm, 
but negatively associated with total water 
exported from the south Delta water facilities 
(Figure 22). Thus, the number salvaged merely 
tracks the abundance of juveniles, but total 
water exported may serve as a proxy 
describing losses of larvae <20 mm, as well as 
juveniles. In several respects, losses to the 
water export facilities are analogous to harvest 
in a fishery, with the main exception that 
“harvest” in this case includes all life stages 
(except eggs).

As first step, assessing the potential 
impacts of the water project operations on 
delta smelt requires estimating the proportion 
lost relative to population abundance. Initial 
attempts to examine proportional losses were 
sparked by high entrainment of juveniles in 
May–June 1999. Entrainment at the CVP and 
SWP exceeded the Federal incidental 
takelimits by nearly seven-fold (Nobriga and 
others 1999). (Incidental take limits are 
specified by the USFWS to avoid jeopardizing 
the persistence of the species.) Ensuing 
restrictions on freshwater export pumping may 
have curbed further mortality, but raised 
serious questions over the potential impacts to 
the delta smelt population. As a result, three 
abundance estimates were independently 
commissioned for delta smelt located in the 
vicinity of the pumping facilities’ intakes by the 
USFWS, DWR, and stakeholders 
(Z. Hymanson, DWR, and C. Hanson, pers. 
comm.). These approaches similarly 
extrapolated densities of fish from the 

monitoring surveys to the volume of habitat in 
the south Delta region, and provided estimates 
of abundance ranging from 4 to 7 million 
individuals. Although the relative merits of 
each estimate were subsequently debated, 
they all fell within an order of magnitude 
indicating some degree of precision with the 
extrapolation approach (similar to the one 
employed here, Figure 3).

Recently, an alternative analysis suggested 
that water exports can have high impacts on 
post-larval and juvenile delta smelt. Kimmerer 
(San Francisco State University, pers. comm.) 
calculated the flux of post-larvae from the 
south Delta as a fraction of the total daily catch 
in the 20-mm Survey. Estimates of the percent 
of post-larvae exported per day from the Delta 
and Suisun Bay were generally negligible 
ranging from 0 for most days to about 4.5% in 
the peak episode during 1999 (Figure 23A). At 
first glance this suggests that impacts on post-
larvae may have been very low since the 
survey began in 1995. Kimmerer then 
estimated the daily number of juveniles 
exported from the south Delta as a proportion 
of total caught in the TNS (Figure 23B). 
Although these estimates also suggest daily 
export rate is minor (ranging from about 0 to 
0.6% per day), the percent lost can be quite 
large if they accumulate over the duration of 
each survey. For example, estimated 
cumulative impacts of exports have ranged 
from 0 in 1995 to about 60% in 1999 for post-
larvae. For juveniles, average daily export 
rates were about 0.4% during 1985, however 
over a 60-day period the cumulative impact on 
juveniles would about 24% (Figure 23B). Yet, 
losses of this magnitude have been 
intermittent and primarily during the early part 
of the time series. In addition, they also decline 
abruptly during each season as the population 
distribution shifts away from the south Delta, 
indicating that losses have been higher for 
earlier spawned fish (Figure 23). However, 
these results should be viewed as speculative 
considering the large uncertainties associated 
with the sampling efficiencies of the monitoring 
surveys (see “Population Abundance”).
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If juveniles are vulnerable to many sources 
of mortality, should adults be given higher 
priority for protection? Intuitively it makes 
sense that adults would be worth more to the 
population because they have successfully 
avoided many risks. Previous analyses 
identified significant relationships between 
losses of pre-spawning adults in winter salvage 
and subsequent year class success, 
suggesting it may be beneficial to reduce water 
project impacts on this life stage (Bennett, 
unpublished analyses). However, relationships 
between pre-spawning adults and winter 
salvage no longer hold with more recent data 
included in the analyses.

Population modeling may be the best way 
to evaluate the potential impacts of water 
export operations relative to other sources of 
mortality. Here, I develop a stage-structured 
population model to examine potential 
tradeoffs among sources of mortality acting on 
different cohorts and life stages (Bennett, in 
prep.). These deterministic linear models 
incorporate relative survival and fecundity 
among life stages, assuming that all individuals 
in an age-class are identical and that the vital 
rates remain constant over time (Caswell 
2001). Because delta smelt is primarily an 
annual species where seasonal processes 
dominate, I developed a periodic-stage model 
(Caswell 2001) that projects population 
abundance among years based on the 
dynamics of several seasonal matrices. I then 
use this modeling approach as a heuristic tool 
to analyze (1) model sensitivity (elasticities) as 
measured by the proportional contribution of 
each cohort and life stage to population growth 
(intrinsic rate of growth, r), and (2) simulations 
of the effect of changing key parameters on “r” 
for models with and without mortality due to 
water exports.

The model is composed of three seasonal 
matrices that roughly represent spring (March–
June), summer (July–September), and fall-
winter (October–February). Because this is a 

stage-model it is not necessary for each 
season to be of equal length (Caswell 2001). 
Among each season the model tracks the 
relative survival of two cohorts of individuals 
that were born early versus late in spring 
(Figure 25). The cohorts are represented as 
large (early-spawned) and small (late-
spawned) individuals because at the time of 
transition to the next season (June 30) many 
fishes spawned early would be larger than 
those born later. Survival estimates were 
calculated as the average slope of fitted 
regression lines from catch curves between the 
abundance estimates for eggs, larvae (20-mm 
abundance), juveniles (TNS abundance), and 
adults (MWT abundance) from 1995–2003 
(Figure 26). Egg abundances were calculated 
by weighting adult abundance by the average 
fecundity of females <80 mm FL from 
aquaculture (2,100 eggs, Figure 9; 
B. Baskerville-Bridges, UCD, pers. comm.) 
assuming a 50:50 sex ratio. Apparent size-
selective bias of post-larvae by the sampling 
gear early in the season produced abundance 
estimates that were lower than those for 
juveniles in the TNS survey: a biological 
impossibility that would severely bias survival 
estimates. To help account for this, post-larval 
abundances were calculated using only 
surveys in which the mean length of fish was 
>20 mm FL, but even with this adjustment the 
estimates still contain size-selective bias.

The model requires two fecundity and five 
survival parameters to estimate the transition 
probabilities between successive seasons 
(Table 2). Large larvae are assumed to 
transition into large juveniles and adults, 
whereas small larvae transition as 25% large 
and 75% small juveniles and adults. Large 
adults are then assumed to spawn primarily 
early in the season producing 75% large and 
25% small larvae, whereas small adults spawn 
evenly throughout the season producing 50% 
large and 50% small larvae. These proportions 
were chosen to reflect the potential that large
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 adults may mature earlier in the season than 
small adults. In the future, model sensitivity to 
changes in these proportions would be 
worthwhile to examine, but for this example 
they remain fixed. Large adults were also 
assumed to produce more eggs
(median = 3,283; 77 to 93 mm FL) than small 
adults (median = 1,870; <75 mm FL) again 
based on Baskerville-Bridges’ relationship 
(Figure 9). Export losses of fish were assumed 

to affect only large (early-spawned) post-
larvae and were calculated from estimated 
losses per day in spring 1999 (Figure 23A, 
W. Kimmerer, San Francisco State University, 
pers. comm.).

Separate models, with and without export 
mortality, project the numbers of large and 
small larvae from spring to the following spring 
by calculating the product of the three seasonal

Table 2. The definition and estimates of parameters and transitions used in the periodic stage 
model for the delta smelt population 

Transitions / Definition Estimate

Parameters

Fecundity small female eggs 1870/2 = 935

Fecundity large female eggs 3283/2 = 1642

Survival

Fall adult to spring adult 0.59

Spring egg abundance to larvae 0.018

Larvae to juvenile 0.83

Exports during larval stage 0.40

Juvenile to fall adult 0.09

Spring

as11 – Probability of small larvae becoming a small juvenile 0.83 x 0.75 = 0.62

as21 – Probability of small larvae becoming a large juvenile 0.83 x 0.25 = 0.21

as22 – Probability of large larvae becoming a large juvenile 0.83

as22 – Probability of large larvae becoming a large juvenile with
export mortality 0.83 x 0.40 = 0.332

Fall 

af11 – Probability of small juvenile becoming a small adult 0.09 x 0.75 = 0.067

af21 – Probability of small juvenile becoming a large adult 0.09 x 0.25 = 0.023

af22 – Probability of large juvenile becoming a large adult 0.09

Winter

 aw11 – Number of small larvae produced by small adults 935 x 0.018 x 0.59 x 0.5 = 4

 aw21 – Number of large larvae produced by small adults 935 x 0.018 x 0.59 x 0.5 = 4

 aw22 – Number of large larvae produced by large adults 1642 x 0.018 x 0.59 x 0.75 = 13

 aw12 – Number of small larvae produced by large adults 1642 x 0.018 x 0.59 x 0.25 = 4
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matrices (Figure 25). Elasticities reflect the 
proportional change in population growth rate 
(r) given a small change in each matrix 
parameter, and thus can identify the relative 
importance of each cohort or life stage on 
population growth (Figure 26A, Caswell 2001). 
Elasticities calculated for the aggregate 
matrices show that the population growth rate 
is primarily influenced by factors influencing 
large larvae (Figure 26A). Including mortality 
induced by water exports does not change the 
overall pattern in elasticities, only slightly 
reducing the influence of large larvae on “r ”, 
and increasing the importance of small larvae 
(Figure 26A). This result reflects the structure 
of the model in which transitions and 
fecundities were chosen to favor large larvae 
(Houde 1987). However, because even 
apparently excessive losses in spring 1999 do 
not markedly influence the model elasticities, 
these results imply that export impacts may be 
difficult to detect on delta smelt population 
dynamics.

Simulating the influence of model 
parameters on population growth rate also 
suggests that impacts from losses to the export 
facilities may be difficult to detect. Estimates of 
cumulative export mortality during the post-
larval (20 mm) season ranged from 0 in 1995 
to about 60% in 1999 (Figure 23A). Projected 
population growth rates are relatively 
insensitive to changes in export mortality but 
highly sensitive to small changes in juvenile-
adult and adult-larval mortality (Figure 27B). In 
addition, population growth rates remain 
positive when export losses are less than 
about 20%. These results show how export 
mortality could be easily offset or masked by 
very small changes in mortality at other life 
stages. For example, maximum export losses 
in 1999 were followed by relatively high 
survival between the juvenile-adult and then 
adult-larval stage in the following year. 
Because the overall range in mortality rates at 
these stages is only about 0.2, small 
differences in mortality may dramatically 
influence the numbers of adults or larvae in the 
following spring. More importantly they may 
also be logistically difficult to measure 

accurately, precluding an effective evaluation 
of mortality due to water export operations.

While these results are illustrative of how 
export effects may influence the delta smelt 
population, they are premature for 
management purposes. The model presented 
here is only one of many possible stage-
structured forms and modeling approaches 
that should be investigated before useful 
management options can be developed. This 
would also require considerable refinement of 
the assumptions and vital rates used to 
develop model parameters. Simulations of a 
wider variety of such models can identify key 
areas of robustness and sensitivity that would 
have more direct relevance for management.

Toxic Chemicals. The importance of 
exposure to toxic chemicals on the population 
is highly uncertain. Numerous toxic chemicals 
from a variety of sources enter the delta smelt 
habitat (Thompson and others 2000). 
Pesticides from urban and agricultural run-off 
enter the system in large pulses during late 
winter and continue through the larval rearing 
period when delta smelt are most vulnerable 
(Kuivila and Foe 1995). However, time-series 
of chemical concentrations in the spawning 
habitat are lacking and impractical to obtain 
considering the potential for synergisms 
among chemicals, and rapid evolution of 
chemical use by agricultural and urban 
interests (Bennett 1996; Moon and others 
2000). Pesticides have been shown to affect  
larval striped bass that co-occur with larval 
delta smelt, although a decrease in these 
effects was observed after agricultural 
practices were modified (Bennett and others 
1995). Bioassays also regularly detect effects 
on aquatic test organisms (Thompson and 
others 2000); while the species used in tests 
are typically not found in the system, results 
from these tests may reflect an important but 
largely undocumented problem. Assessing the 
extent of this problem will be difficult especially 
because effects from toxic chemicals need to 
be distinguished from other processes 
affecting fish condition and population 
abundance.
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Recent investigations demonstrate that an 
integrated application of toxicological and 
ecological techniques can be useful for 
evaluating chemical effects on delta smelt 
(Bennett and others, in prep.). Numerous 
pesticides were found to occur where post-
larval delta smelt were collected in 1998–2000 
(Moon and others 1999; Kuivila and Moon 
2002, 2004; Figure 28A). Examinations of 
these specimens using two biomarker 
approaches, the “comet” assay and 
histopathology, indicated that about 10% had 
fragmented DNA in blood cells (Figure 28B), as 
well as cancerous cells and abnormalities in 
the organelle structure of livers (Figure 28C). 
These biomarkers can reliably detect exposure 
and organ damage that can impair 
reproductive success and survival (Anderson 
and Wild 1994; Teh and others 1997). 
Furthermore, the liver biomarkers indicated 
that 30% of the individuals were 
undernourished but were not affected by the 
pesticides (Figure 28C). Laboratory 
experiments show that undernourished 
individuals lack glycogen in their livers, 
whereas those damaged by toxic chemicals 
also have a variety of other abnormalities 
(Bennett and others, in prep.). Although the 
extent of impairment due to toxic exposure 
appeared minor using these techniques on 
samples taken in 1999–2000, the high 
variability in toxic exposure among years 
suggests this may not always be the case. 
Current applications of pyrethroid pesticides 
pose an important threat, because they are 
known to cause DNA fragmentation and 
interfere with endocrine development in fishes 
exposed to very low doses (in the g L-1 
range, Capana and others 1999). Methods to 
detect concentrations of pyrethroid pesticides 
in the delta smelt habitat are currently under 
development (K. Kuivila, USGS, pers. comm.).

Larval Feeding Success and Exotic 
Species. As discussed previously, delta smelt 
consume copepods almost exclusively 
throughout their life history. Dramatic changes 
have occurred in the composition and 
abundance of delta smelt food resources 
particularly following invasions by exotic 

species. E. affinis was historically the dominant 
food resource for all life stages of delta smelt. 
Following the invasion of the overbite clam, 
Potamocorbula amurensis, in 1987–1988, 
several copepod species declined sharply, 
with E. affinis bring replaced over much of its 
distribution by the exotic copepod, P. forbesi. 
(Moyle and others 1992; Kimmerer and others 
1994; Kimmerer and Orsi 1996). Seasonally, 
E. affinis is abundant during early to mid-spring 
and declines in late spring apparently from 
recruitment failure (W. Kimmerer, SFSU, pers. 
comm.) and is soon replaced by P. forbesi. 
This transition period results in a seasonal low 
in total copepod abundance.

It is reasonable to expect that a decline in 
overall food supplies would affect delta smelt. 
Several relationships indicate the declining 
abundance of E. affinis is associated with delta 
smelt abundance. For example, Stevens and 
others (1990) found a significant correlation 
between total copepod and delta smelt 
abundance in the MWT. A decade later, Miller 
(2000) identified a similar relationship between 
the abundance of E. affinis and the residuals 
from a stock-recruitment model encompassing 
the period between the MWT and the following 
TNS. Average lengths of delta smelt also 
dropped sharply following the changes in 
abundance and composition of copepods 
(Figure 29; Sweetnam 1999). Fish size may 
have been compromised by an overall 
reduction in food supplies, or because fish 
were younger due to shifts of the spawning 
season into June (Figure 16). However, 
declines in overall densities of E. affinis are 
significantly associated with mean lengths in 
both the MWT and Bay Study surveys (Figure 
30), but similar relationships with the estimated 
end of the spawning season (date of water 
temperature = 20°C) are not significant. 
Nonetheless, without information on fish size-
at-age derived from otoliths or the efficiencies 
of the sampling nets we cannot distinguish 
between these potential reasons for declining 
fish size.

%
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summer. Droughts may further reduce food 
availability and heighten these effects. 
Although this is speculation, it may be worth 
further examination because the cumulative 
effects of common species on rare ones can be 
strong, as was shown by the seminal studies of 
Zaret and Rand (1971) for fishes in 
Panamanian streams, as well as in plant 
communities (Goldberg and others 2001).

Overall, the stock recruit analyses suggest 
that carrying capacity may currently limit the 
delta smelt population at lower levels of density 
than before the population declined in the early 
1980s (Figures 17 and 18). This has important 
implications for restoring the population to 
historic levels of abundance (see Tables 17-19 
in Errkila 1950; Radtke 1966). Given the 
complex and dramatic changes that have 
occurred in the food web over the last several 
decades (Nichols and others 1986; Hollibaugh 
1996) this is a reasonable possibility. 
Unfortunately, there are currently few tools 
available to management for enhancing 
carrying capacity. A first step would require 
investigating potential processes producing 
density dependence and defining carrying 
capacity during late summer as juveniles 
recruit to the pre-adult life stage.

Probability of Extinction

Underlying any decision to remove a 
species from threatened ESA status is a basis 
for claiming the probability for further decline, 
or even extinction, has been reduced since the 
species was originally listed. A variety of tools 
has been developed to estimate this potential, 
collectively called population viability analyses 
(PVA, Morris and Doak 2002). Here, I provide 
an analysis of extinction probability for delta 
smelt using the method developed by Dennis 
and others (1991). The method assumes that 
abundance over time in a stochastically 
changing environment will have a lognormal 
distribution. For such a population, the time 
until a defined threshold of abundance will be 
reached can then be determined by two 
parameters. The parameter  determines the 
rate at which the mean of the distribution 

increases, whereas  is a measure of how 
fast the variance increases over time. Dennis 
and others (1991) outlined a straightforward 
method for estimating these parameters using 
linear regression with zero intercept and a 
simple transformation of count data that 
describes the relative amount of change in 
abundance between successive years:

(2)

(3)

The slope of this regression then is an 
estimate of  and the mean squared residual 
is an estimate of . From these parameters 
a variety of measures of population viability 
can be estimated, particularly the average 
growth rate, and the median time until 
abundance will reach an extinction threshold. 
Typically, these are summarized in the 
cumulative distribution function (CDF) of the 
times to extinction at a specified abundance 
level. Thus, the CDF describes the probability 
that a population at a particular abundance 
level in year, t, will hit a specified extinction 
threshold at a certain time in the future (Dennis 
and others 1991; Morris and Doak 2002).

Using the abundance estimates for pre-
adult delta smelt, I calculated  and  using 
regression (as above) over the entire time 
series (1967–2003, Figure 34A), as well as for 
the post-decline period (1982–2003, Figure 
34B). I then specified three extinction levels 
80,000, 8,000, and 800, chosen because the 
lowest MWT index on record (102 in 1994) 
corresponds to a calculated abundance level 
of 86,203 fish. I then calculated the CDFs 
using these three extinction thresholds for the 
entire and post-decline time series as well as 
bootstrap estimates of 95% confidence limits 
using 1000 iterations (Figure 35). From each 
CDF plot, I then obtained the median time in 
years to which 50% of the extinction 
probabilities would be realized, as well as the 
probability that a particular extinction level 
would be reached within 20 years (Morris and 
Doak 2002).
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Implications and Uncertainties: A Conceptual 
Model

Numerous uncertainties underlie the 
previous sections summarizing the factors 
limiting the delta smelt population. Here these 
are organized with those outlined under 
previous sections describing biology and life 
history using a conceptual model that points to 
key periods in the life cycle where these occur 
(shown in boxes on the life-cycle diagram, 
Figure 36). Overall, the ecology of delta smelt 
appears unusual compared with many fishes. 
Persistence of the population occurs by 
maintaining growth, survival, and reproductive 
competence within a primarily annual life cycle 
in a fluctuating environment. Throughout this 
process a diverse array of limiting factors 
appear to interact episodically or as subtle 
processes (Houde 1989) among seasons, 
various geographical locations, and years in 
the delta smelt habitat. A fundamental 
uncertainty is whether the few fish that survive 
two years constitute a key life history tactic to 
ensure population persistence after years of 
poor recruitment success (Figure 36).

The period between winter and summer 
appears to be dominated by environmental 
factors operating in a density independent 
fashion (Figure 17B). Spawning success 
during this period appears to be driven by 
water temperatures between about 15 to 20°C. 
Longer spawning seasons in cooler years 
produce more cohorts (Figure 11) and on 
average higher annual recruitment (Figure 20). 
Within this temperature range, spawning in 
aquaculture is coordinated with lunar 
periodicity such that spawning occurs at or 
near spring tidal phases. Cohorts spaced in 
time have different probabilities of 
encountering favorable food supplies as well 
as various sources of mortality including 
entrainment in water export facilities, pulses of 
toxic pesticides, and predation (Figure 36). 
Threats posed by water project operations are 
highly uncertain with losses of fish under 
20 mm FL largely unaccounted for, but appear 
greatest during early spring given the limited 
information available from the 20 mm survey 

(Figure 23). Simulations of these losses in a 
population model, however, imply that their 
influence on annual abundance may be difficult 
to detect compared to small changes in 
survival during late summer as juveniles 
advance into the pre-adult life stage. Overall, 
extended spawning seasons during spring 
provide better opportunities for recruitment 
success (Figure 20).

Between late-summer and fall, the 
transition of juveniles to the pre-adult stage 
may be limited by density dependence in years 
when abundance exceeds population carrying 
capacity, as well as from toxic chemicals, or 
other mechanisms operating in a density 
independent fashion. Although speculative, 
carrying capacity during late summer may be 
defined by declining size in suitable habitat and 
seasonally high abundances of planktivorous 
fishes.

Overall, annual variability in delta smelt 
recruitment success appears to be induced by 
the prevailing climate during the spawning 
season, combined with various environmental 
and anthropogenic factors during spring and 
early summer. During late-summer some of 
this variation appears to be dampened in years 
of high juvenile abundance relative to the 
prevailing carrying capacity of the delta smelt 
habitat. In years of poor recruitment success 
the small proportion of fish that survive two 
years may help the population to persist, thus 
providing some insurance to prevent 
extinction. Clearly, this conceptual model is 
based on numerous uncertainties and leaps-
of-faith. At this point in our level of knowledge, 
this was deemed necessary to bring together 
somewhat disparate fragments of information 
into a working blueprint to serve as a guide for 
future investigations of the delta smelt 
population.

IMPLICATIONS FOR RESTORATION

Currently, humans have only four options 
for delta smelt restoration, reflecting our limited 
ability to control the ecosystem. These include 
controls on the amount freshwater discharge, 

San Francisco Estuary and Watershed Science, 3(2) (2005)

56



quality of estuarine water, amount of water 
exported, and physical rejuvenation of 
shoreline and shallow-water habitats. The 
question for restoration, therefore, is how to 
devise ways to use these options to the benefit 
of the delta smelt population?

Freshwater Discharge

Freshwater discharge to the estuary is 
currently managed in an environmentally 
friendly manner using the X2 standard. This 
action assumes that maintaining the low 
salinity zone in Suisun Bay during spring will 
benefit delta smelt (see Kimmerer 2002, 2004). 
Although there is no statistical relationship 
justifying its usefulness (Figure 20, Kimmerer 
2002), the X2 standard remains a worthwhile 
management action, because the abundance 
of delta smelt is elevated only in years when 
the low salinity zone is located in Suisun Bay; 
and, from an ecosystem perspective, the 
abundances of a variety of organisms are 
enhanced with X2 in Suisun Bay (Jassby and 
others 1995; Kimmerer 2002, 2004).

Water Quality

Numerous toxic chemicals, primarily 
pesticides from urban and agricultural run-off 
enter the delta smelt habitat (Thompson and 
others 2000). Considerable vigilance is 
required to monitor water quality and diagnose 
the large variety of chemicals, their 
concentrations, and potential harm to the biota 
including delta smelt (Kuivila and Foe 1995). 
However, these efforts are very difficult and 
expensive. Population level effects from 
exposure to toxic chemicals are possible 
(Kuivila and Moon 2002, 2004), but with the 
limited information available they have not 
been shown to occur (Figure 28; Bennett 1995; 
Bennett and others, in prep.). Given the 
potential for population level effects, however, 
monitoring pesticide concentrations in the 
delta smelt habitat is necessary. Monitoring is 
especially needed considering the increasing 
applications of a new type of pesticide, 
pyrethroids, known to cause endocrine 
disruption in fishes at very low concentrations.

Water Export Operations

Actions to reduce the losses of delta smelt 
in water export operations are the most 
controversial. The export incidental “take” 
limits clearly provide benefits to individual delta 
smelt, yet there does not appear to be a 
defensible biological basis for the levels 
chosen. Over the past five years, the take limits 
have become an integral part of the California 
Bay-Delta Authority’s (CBDA) Environmental 
Water Account (EWA) designed to alleviate the 
uncertainty of water use, as well as to provide 
benefits to delta smelt and other fishes of 
special concern. Environmental water is 
acquired and “banked” and used for fish 
protection, primarily by reducing water exports 
at critical times when delta smelt “take” at the 
major facilities is elevated. For delta smelt, 
however, it has never been established that 
reducing water exports at the critical times has 
any benefit for the population. In the future, 
successful use of EWA water will rely on a 
better understanding of the overall impacts of 
the water exports on delta smelt, as well as a 
process-oriented understanding of the 
mechanisms influencing entrainment at and 
near the facilities. For example, fish saved by 
EWA action in one week may remain 
vulnerable to exports soon after the protective 
measure has been relaxed.

A related tactic has been to devise effective 
fish screens and handling procedures. By 
many, the perception is that more effective 
screening and fish handling capabilities would 
augment EWA expenditures to provide 
benefits for delta smelt. Unfortunately, there is 
no scientific evidence supporting this 
expensive proposition. What is clear, however, 
is that delta smelt caught in the wild are 
extremely fragile and many do not survive even 
the most well prepared attempt to handle them 
in the laboratory (Swanson and others 1996, 
Bennett, personal observations). Moreover, it 
is currently unclear if losses to the water 
projects are a major impact on their 
abundance. Further evaluation of these losses 
and the processes influencing entrainment 
should be carefully examined before a major 
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effort to “improve” the fish screening and 
salvaging operations at the facilities is 
undertaken. Similarly, there has been a 
consistent effort to install fish screens on the 
numerous small agricultural diversions in the 
Delta. Again, however, the benefits of fish 
screening have never been established for 
delta smelt, and the added structural 
complexity to these diversions may provide 
habitat harboring predatory fishes. What little is 
known indicates their effect is small (Nobriga 
and others 2004). Moreover, the installation of 
fish screens involves significant capitol 
investment that is then unavailable to other 
environmental uses.

Two relationships emerging from this 
review may provide additional opportunities for 
guiding the use of water as a management and 
restoration option. The first is the length of the 
spawning season. Although this relationship 
only crudely predicts delta smelt abundance 
overall, it is a very reliable predictor of 
recruitment success in years with either very 
wide or narrow spawning seasons (Figure 20). 
Spawning seasons spanning less than 60 
days, or ending before Julian day 160 are likely 
to result in lower abundance, in which case 
protective measures such as use of EWA may 
be of higher value. Unfortunately, releases of 
environmental water are insufficient to 
maintain appropriate spawning temperatures. 
In the future, the duration of the spawning 
season may be a significant concern for the 
persistence of delta smelt, because of the 
trend in climate toward earlier snow melt and 
warmer air temperature during spring 
(Dettinger and Cayan 1995). The second, 
carrying capacity may limit adult recruitment in 
years of high juvenile abundance. However, it 
is less obvious how to alleviate density 
dependence, especially by using controls on 
fresh water discharge, considering that we 
need to learn much more about how often and 
why it occurs. Density dependence deserves 
further examination because it may preclude 
the benefits of current restoration actions.

Shallow-Water Habitat and Marshes

Increasing delta smelt habitat by 
rehabilitation or creation of shallow habitat is 
an intuitively appealing notion, and several 
projects are currently underway to provide 
benefits to delta smelt, perceived as spawning 
and rearing habitat. Studies of the Yolo Bypass 
clearly show the benefits of flooding shallow 
areas for Sacramento splittail (Pogonichthys 
macrolepidotus) and Chinook salmon 
(Oncorhynchus tshawytscha) smolts (Sommer 
and others 2001), thus delta smelt may also 
receive benefits from additional spawning 
habitat and rearing areas of high productivity. 
For example, delta smelt in northern Suisun 
Bay adjacent to shoal habitats have higher 
feeding success (Hobbs 2004). However, what 
constitutes spawning habitat for delta smelt is 
currently uncertain, and there is little 
monitoring associated with such restoration 
projects to ascertain whether they have any 
benefit to the population. One can speculate 
that the cumulative influences of many 
restored habitat areas may help to raise overall 
system productivity and potential carrying 
capacity for delta smelt. However, the vast 
uncertainties of these perceived benefits need 
to be weighed against the high cost of 
rehabilitation, and the potential for constructed 
habitats to foster exotic species (Grimaldo and 
others 1998) as well as re-mobilize toxic 
chemicals (Suchanek and others 1999).

RESEARCH NEEDS

I began this review by posing three 
questions for which numerous data gaps 
impede progress toward answering:

1. Should the species continue to be 
listed under the ESA, or what is the 
probability of extinction?

2. What is the impact of human activities, 
particularly water export operations, on      
population abundance?

3. Are there potential avenues for resto-
ration and recovery?
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This synthesis of the available information 
cannot answer these vital management 
questions, but it is hoped that some insight or 
progress toward their resolution has been 
achieved. The most compelling observation 
from this review is the large number of 
fundamental data gaps and fragmented 
progress research has made in the decade 
since the species was listed under the ESA. To 
provide the types of options needed to 
simultaneously manage California’s water 
supply and ensure the persistence of delta 
smelt, there is an urgent need for a significant 
and comprehensive program of research. 
Such a program needs to address the many 
gaps in knowledge in an organized fashion so 
that it may be effectively synthesized into tools 
for management and restoration. This could be 
effectively accomplished as part of an 
ambitious series of whole-system experiments 
in which freshwater discharge and export 
operations are systematically and dramatically 
altered. Although such experiments are 
improbable, significant research programs are 
routinely commissioned worldwide to 
investigate major fishery stocks that are 
arguably worth less in terms of dollars than 
California water. This section addresses some 
of the key research areas that such a program 
should target. Many of these 
recommendations have not received adequate 
attention since initially posed in the first Delta 
Smelt Study Plan (Sweetnam and Stevens 
1991), and are also in accord with a more 
recent IEP Delta Smelt Research Strategy (see 
Brown and Kimmerer 2002). Similar views 
were also expressed by an independent group 
of experts forming the CBDA Environmental 
Water Account Technical Review Panel 
(http://science.calwater.ca.gov/pdf/
EWAReviewFinal_1-27-03.pdf).

Monitoring and Abundance

A trustworthy measure of delta smelt 
abundance is probably the most critical 
information gap as noted throughout this 
review. However, quantifying abundance for 
delta smelt is not a straightforward task 
(Herbold 1995). Two options appear worth 

pursuing. The first would be to continue 
investigating statistical estimates based on raw 
catch and effort records as used in this paper. 
To achieve this, size-selective biases 
associated with each of the sampling gears 
need to be estimated with field-based 
measurements, and work is needed to better 
quantify the volume of suitable habitat for delta 
smelt. Second, novel technologies may 
facilitate development of mark-recapture or 
hydroacoustic protocols that can be routinely 
applied. A program integrating these options 
would provide the best results.

Life History

As also noted under the section on delta 
smelt biology, there are several aspects of the 
life history that remain uncertain or unknown. 
For example, spawning areas and 
microhabitats, size-specific fecundity and 
within-season reproductive strategies are all 
poorly known and critical for developing 
population models and identifying potential 
habitat areas for restoration. A key uncertainty 
is longevity, and the potential importance of 
bet-hedging as a tactic for provisioning 
reproduction; such a strategy could be 
fundamental to how delta smelt avoid 
extinction.

Effective Population Size

At what level of abundance is the 
population unable to recover? Understanding 
risk of extinction also requires a quantitative 
measure defining effective population size, or 
the abundance at which significant genetic 
diversity is lost due to inbreeding (Falconer and 
Mackay 1996). Various genetic tools are 
available and should be applied to this 
important gap in knowledge.

Growth and Mortality

Estimates of stage-specific growth and 
mortality are fundamental for understanding, 
and predicting recruitment success in fishes. 
Currently little is known of these important vital 
parameters and the fish caught during the 
course of monitoring provide an economy of 
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effort to estimate birth dates and locations, 
growth, as well as mechanisms of potential 
mortality. Synthesizing this information with 
effective abundance measures will be required 
to estimate these parameters for the 
population.

Density Dependence and Carrying 
Capacity

Evidence for density dependence identified 
in this paper is not by itself convincing. Density 
dependence is important because it regulates 
abundance, and has major implications for 
understanding the impacts of human activities 
on the population. Further study is needed to 
measure the potential strength, and identify the 
underlying mechanisms of density 
dependence before useful management and 
restoration options can be devised.

Interactions with Exotic Species

Exotic species are an ever increasing 
component of the delta smelt habitat, 
influencing the abundance and composition of 
the delta smelt food supply, potential 
predators, and competitors, at several life 
stages. The mechanisms by which exotic 
species interfere with delta smelt recruitment 
are complex and will continue to be an 
uncertainty into the future as new species 
invade at rates faster than research can 
unravel their effects.

Toxic Chemicals

As long as human land use occurs, 
concern over chemicals washing into the delta 
smelt habitat will remain important. However, 
identifying and understanding the impacts of 
toxic chemicals, and primarily pesticides, is 
costly and difficult to assess at the population 
level. Limited work to date has not shown a 
significant impact of toxic chemicals on delta 
smelt, however, the threat is real especially 
considering the rapidly evolving development 
and use of new pesticides. One way to 
approach this complex problem is to use 
various biomarkers (Anderson and Wild 1994; 
Bennett and others 1995; Teh and others 

1997) as screening techniques to identify 
effects on individual fish caught during routine 
monitoring before embarking on a 
comprehensive effort. Water quality monitoring 
is also useful in this regard to narrow down the 
choices of specific biomarkers to be applied to 
individual fish.

Water Project Operations

As stated several times before, little is 
known about the impacts of water export 
operations on the delta smelt population. The 
uncertainties range from limited knowledge of 
the numbers of larvae lost in exported water, 
and impacts of predators near the facilities, to 
the conditions promoting significant 
entrainment events at all life stages. A better 
understanding of the interactions among the 
local hydrodynamics, fish behavior, and design 
of the pumping facilities would provide 
managers with potential options for project 
operations or design modifications that may 
reduce export losses. Studies would require 
intensive monitoring of hydrodynamics and fish 
distribution over tidal time scales at key 
locations near the facilities. However, even 
with better knowledge of these factors, their 
impacts need to be evaluated in a similar 
context with other known sources of mortality 
in population models. Numerous data gaps will 
need to be filled before we can understand the 
impacts of water export operations on the delta 
smelt population.

DELTA SMELT IN OUR FUTURE?

In several regards, the uniqueness of delta 
smelt as a species, and as an environmental 
concern constitutes a critical test case, or 
“canary in the coal mine,” for environmental 
issues in California and beyond for the future. 
The institutional infrastructure associated with 
managing and marketing California water is 
immense with increasing pressures from a 
rapidly growing human population and world 
class economy. The “Achilles heel” in this 
scenario are the environmental impacts to ESA 
listed species, and primarily delta smelt, due to 
the CVP and SWP in the south Delta that 
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transfer a significant portion of the State water 
supply from northern to central and southern 
California. The current state of knowledge 
suggests a high probability that delta smelt 
abundance will decline in the future; as this 
paper enters publication the population is 
currently at record low abundance. 
Considering the rate at which water demands 
have intensified, relative to the rate at which 
scientific understanding of delta smelt has 
advanced over the last decade, it will 
interesting to observe whether we will be able 
to answer the questions posed here in time to 
circumvent an environmental catastrophe.
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