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Longfin smelt: spatial dynamics and ontogeny in the San 
Francisco Estuary, California
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*Correspondent: jmerz@fishsciences.net

We utilized recently available sampling data (~1959-2012) from the 
Interagency Ecological Program and regional monitoring programs to 
provide a comprehensive description of the range and temporal and 
geographic distribution of longfin smelt (Spirinchus thaleichthys) by life 
stage within the San Francisco Estuary, California (Estuary).  Within 22 
sampling regions, we identified 357,538 survey events at 1,203 monitoring 
stations.  A total of 1,035,183 longfin smelt (LFS) were observed at 643 
stations (53%) in an area from Central San Francisco Bay (Tiburon) in 
the west, to Colusa on the Sacramento (Sacramento Valley region) in 
the north, Lathrop on the San Joaquin River (border of South Delta and 
San Joaquin River regions) to the east and South San Francisco Bay 
(Dumbarton Bridge) to the south, an area of approximately 137,500 ha.  We 
found that LFS were frequently observed across a relatively large portion 
of their range, including East San Pablo Bay north into Suisun Marsh 
down through Grizzly Bay and all four regions of Suisun Bay through the 
Confluence to the Lower Sacramento River region.  Unlike juvenile LFS, 
whose locations fluctuate between the bays and Suisun Marsh in relation 
to the low salinity zone, adults during the spawning period appeared to 
be not only in these locations but also in upper Delta reaches and also 
into San Francisco Bay, likely indicating that LFS spawning habitat may 
extend further upstream and downstream than LFS rearing habitat. The 
anadromous life stage declined in spring and mid-summer but increased 
throughout fall months across all areas, suggesting immigration and 
emigration through the Estuary.  Longfin smelt appeared to migrate 
completely out of the lower rivers by July but some adults consistently 
remained in downstream Estuary areas, suggesting not all individuals 
demonstrate marine migration.  This comprehensive data review provides 
managers and scientists an improved depiction of the spatial and temporal 
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extent of LFS throughout its range within the Estuary and lends itself to 
future population analysis and restoration planning for this species.

Key words:  Longfin smelt, San Francisco Estuary, distribution, Spirinchus 
thaleichthys, spatial analysis, life stage, observed presence

________________________________________________________________________

The longfin smelt (Spirinchus thaleichthys) is a small (i.e., 90–110 mm standard 
length [SL] at maturity), semelparous, pelagic fish that has been observed in estuaries of 
the  North American Pacific Coast, from Prince William Sound, Alaska to Monterey Bay, 
California with landlocked populations occurring in Lake Washington, Washington and 
Harrison Lake, British Columbia (McAllister 1963, Dryfoos 1965, Moulton 1979, Chigbu 
and Sibley 1994, Chigbu et al. 1998, Chigbu and Sibley 1998, Baxter 1999, Moyle 2002, 
Rosenfield and Baxter 2007). In California, the longfin smelt inhabits the San Francisco 
Estuary (Estuary), Humbodlt Bay, and Eel, Klamath and Smith rivers (Baxter 1999, CDFW 
2009). According to Dryfoos (1965), the San Francisco Estuary (San Francisco Bay and 
Sacramento-San Joaquin River Delta) population has been considered the largest and 
southernmost self-sustaining population along the U.S. Pacific Coast, and has been considered 
to be genetically isolated from other populations (McAllister 1963, Moyle 2002).  Once one 
of the most abundant species observed in Estuary surveys (Moyle et al. 2011), the Estuary 
longfin smelt (LFS) population has experienced dramatic declines over several decades 
(Rosenfield and Baxter 2007, Sommer et al. 2007, Baxter et al. 2008, Thomson et al. 2010), 
resulting in its March 2009 inclusion in the list of threatened pelagic fish species under the 
California Endangered Species Act (CDFW 2009).

A number of studies have investigated LFS distribution, habitat, and life history 
characteristics within the Estuary (Baxter 1999, Dege and Brown 2004, Hobbs et al. 2006, 
CDFW 2009, Moyle 2002, Matern et al. 2002, Rosenfield and Baxter 2007, Kimmerer et al. 
2009, MacNally et al. 2010, Thomson et al. 2010). However, most of what has been learned 
about LFS (e.g., growth and in-river residence times) comes from other locations across its 
range, most often from Lake Washington (Dryfoos 1965, Eggers et al. 1978, Moulton 1979, 
Chigbu 1993, Chigbu and Sibley 1994a, 1994b, Chigbu and Sibley 1998, Chigbu et al. 1998, 
Chigbu 2000, Chigbu and Sibley 2002). Potential factors associated with abundance changes 
in  Estuary fish species include stock-recruitment effects, increased mortality rates, reduced 
prey availability, overall shifts in fish assemblage composition (Feyrer et al. 2003, Sommer 
et al. 2007), and altered location of the 2 ppt isohaline in spring (known as “X2”; Thomson 
et al. 2010).  Furthermore, the cascading impacts of aquatic species invasions can change 
food webs and make management actions for native fish more difficult (Feyrer et al. 2003).

Rosenfield and Baxter (2007) assessed the Estuary LFS population and addressed 
questions about distribution patterns and population dynamics. They used data from three 
long-term aquatic sampling programs of the California Department of Fish and Wildlife 
(CDFW; formerly California Department of Fish and Game) (i.e., Fall Midwater Trawl 
[FMWT], Bay Study Midwater Trawl [BMWT] and Otter Trawl [BOT]) and the University 
of California, Davis’s Suisun Marsh survey that captured LFS from upstream of the 
Sacramento and San Joaquin River confluence to San Francisco Bay, to assess distribution 
and abundance, and tested for  differences in abundance during pre-drought (1975–1986), 
drought (1987–1994) and post-drought (1995–2007) periods. Rosenfield and Baxter (2007) 
indicated significant declines in LFS abundance among these time periods, supporting their 
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hypothesis that the Estuary’s capacity to maintain pelagic fish species has been reduced over 
the past three decades. These results provide critically important information on distribution 
and abundance dynamics for LFS within the Estuary.  However, questions remain about 
the full geographical extent and frequency of occurrence within the Estuary of each LFS 
life stage.  

A full spatial depiction of where and when LFS are observed is vital to our 
understanding of critical management issues, including identifying important regions for 
each life stage, and potential opportunities for population conservation. In addition, when 
planning a conservation strategy for species protection and restoration, the spatial distribution 
of each population is required under federal and state statutes (Tracy et al. 2004, Carroll et 
al. 2006, Merz et al. 2011). Finally, considering data in a life stage-specific context provides 
for future assessment of stage-specific effects, supporting more practical and informative 
evaluations of specific cause–effect relationships, and will permit quantifying relationships 
between specific life stage transitions and environmental parameters (Merz et al. 2013). 
Interactive maps of some monitoring programs from CDFW have been publicly available 
for individually captured and monitored fish species, including LFS distribution within 
the Estuary (see http://www.dfg.ca.gov/delta). However, to our knowledge, no effort has 
been made to map LFS spatial range and distribution by life stages using available Estuary 
sampling data. The goal of this paper is to provide a comprehensive description of the range 
and temporal and geographic distribution of LFS by life stage within the Estuary.

Methods

Study area.—The San Francisco Estuary is the largest urbanized estuary 
(approximately 1,235 km2) on the west coast of the United States (Lehman 2004, Oros 
and Ross 2005) (Figure 1). It consists of a series of basins with three distinct segments 
that drain an area of approximately 163,000 km2 (40% of California’s surface area): the 
Delta, Suisun Bay, and San Francisco Bay (van Geen and Luoma 1999, Sommer et al. 
2007). The uppermost region of the Estuary is the delta of the Sacramento and San Joaquin 
rivers (Delta), a complex and meandering network of tidal channels around leveed islands 
(Moyle 2002, Kimmerer 2004). These two rivers narrow and converge before connecting 
with Suisun Bay, a large, shallow and highly productive expanse of brackish water that 
is strongly influenced by ebb and flood tides. Adjacent to Suisun Bay, Suisun Marsh, the 
largest contiguous brackish water wetland in the Estuary, provides a fish nursery area and 
habitat for migratory birds (Moyle 2002, Sommer et al. 2007). Suisun Bay is connected 
to San Pablo Bay — a northern extension of San Francisco Bay — through a long narrow 
channel called the Carquinez Strait. During high outflow years, the San Francisco Bay’s 
salinity levels can be somewhat diluted by freshwater allowing freshwater fishes to move 
into tributary streams (Moyle 2002).

To qualitatively describe the spatial distribution of LFS, we delineated the Estuary 
into 22 regions (Figure 1, Table 1). These regions were South San Francisco Bay (1); Central 
San Francisco Bay (2); West San Pablo Bay (3); East San Pablo Bay (4); Lower Napa River 
(5); Upper Napa River (6); Carquinez Strait (7); Suisun Bay Southwest (8); Suisun Bay 
Northwest (9); Suisun Bay Southeast (10); Suisun Bay Northeast (11); Grizzly Bay (12); 
Suisun Marsh (13); Confluence (14); Lower Sacramento River (15); Upper Sacramento River 
(16); Cache Slough and Ship Channel (17); Lower San Joaquin River (18); East Delta (19); 
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Figure 1.—A map of the San Francisco Estuary, California, and the 22 regions identified in this paper. 
Dashed lines indicate the estuary’s regional delineations, which was based on the physical habitat and flow 
characteristics as well as physical landmarks (Kimmerer 2009, Merz et al. 2011).
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South Delta (20); Upper San Joaquin River (21); and Sacramento Valley (22).  Delineation of 
Estuary regions was based on physical habitat, flow characteristics, and physical landmarks 
described in Kimmerer (2009) and Merz et al. (2011). 

Monitoring data.—We synthesized all available information on Estuary fish 
monitoring surveys from the 1960s through 2012. These data were obtained directly from 
governmental and non-governmental entities, published and unpublished papers or reports, 
and through publicly available online databases of different surveys (i.e., http://www.
water.ca.gov/iep/products/data.cfm). All data were reviewed and classified into either the 
Interagency Ecological Program (IEP) or the Regional Monitoring Program (RMP). 

Interagency Ecological Program (IEP).—The Interagency Ecological Program 
(IEP) is a consortium of federal and state agencies that conducts long-term biological and 
ecological monitoring for use in Estuary management (Table 1). These monitoring surveys 
were from the United States Fish and Wildlife Service (USFWS) for Chinook salmon and 
pelagic organism decline (POD) species; CDFW for 20-mm plankton-net (20mm), Smelt 
Larval Survey (SLS),  Spring Kodiak trawl (Kodiak), Fall midwater trawl (FMWT), Summer 
tow net, North Bay Aqueduct, Fish Salvage, San Francisco Bay Study’s midwater trawl 
and Bay otter trawl (BOT), and San Francisco plankton net (Bay Plankton); and,California 
Department of Water Resources (CDWR) and the University of California Davis (UCD) 
for the Suisun Marsh monitoring. The IEP monitoring program is conducted using different 
sampling periods (e.g., biweekly, monthly), during different seasons and sampling frequency 
(e.g., Fall midwater trawl, Spring Kodiak trawl, Summer Tow Net), and on some occasions 
at a varying number of stations (i.e., supplemental stations are sometimes added for special 
study, or changes occurred depending on funding). Explicit, detailed descriptions for each 
IEP monitoring survey are available at the IEP website (http://www.water.ca.gov/iep/
products/data.cfm).

Regional Monitoring Program (RMP).—Surveys conducted on a smaller 
geographic scale of the Estuary, and oftentimes in a shorter time period compared to the 
IEP surveys were classified in this study as RMP surveys (Table 1). The RMP surveys were 
carried out by various research institutions and governmental entities, and for a variety of 
project purposes (e.g. fish community survey, distribution and abundance, fish monitoring, 
floodplain monitoring).  We summarized the number of sampling stations within each of 
the 22 identified regions, and identified the percentage of regions sampled by each survey  
(Table 2).

Observed geographic extent.—We utilized IEP and RMP survey records to identify 
the geographical extent of LFS within the Estuary. Following the approach of Merz et al. 
(2011) in developing the extent range of delta smelt (Hypomesus transpacificus) we used 
ArcGIS version 10 (ESRI, Redlands, CA) to plot all surveyed stations from the different 
monitoring programs from the 1960s through 2012 (Figure 2). If LFS were detected at 
least once at any given monitoring station, the species was designated as present at that 
site; otherwise the site was designated as “not observed” (Figure 2). We then developed a 
boundary around the stations where LFS were detected using a 1-km buffer (Merz et al. 
2011, Graham and Hijmans 2006). We also calculated the total surface area of all waters 
within the range where LFS were observed using the ArcGIS 10 geoprocessing calculation 
tool (http://www.esri.com/software/arcgis/arcgis10).  Note that the LFS geographical extent 
developed in this study did not consider the species to be absent if LFS were not observed, 
because of the lack of information on detection probability and different sampling frequencies 
for each survey gear type (Merz et al. 2011, Pearce and Boyce 2006). 



131Summer 2013 SPATIAL DYNAMICS OF LONGFIN SMELT
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
In

te
ra

ge
nc

y 
Ec

ol
og

ic
al

 P
ro

gr
am

 S
ur

ve
ys

  
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

C
D

FG
 M

on
ito

rin
g 

Su
rv

ey
s 

 
 

 
 

 
 

 
 

 
U

SF
W

S 
D

W
R

-  
 

R
eg

io
na

l 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

  
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
U

C
 D

av
is

 S
ur

ve
ys

 

 
 

 
 

 
 

 
 

 
 

 
 

  
 

 
  

D
el

ta
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
R

eg
io

n  
 

 
 

  
 

 
Sp

rin
g 

 
 

  
Su

m
m

er
 

Fa
ll 

 
Sm

el
t 

Sm
el

t  
SF

 B
ay

  
Fi

sh
 

 
C

hi
no

ok
 

Su
is

un
  

 
 

  
 

 
  

 
 

K
od

ia
k  

20
m

m
 T

ow
 N

et
 

M
id

w
at

er
 L

ar
va

 
La

rv
al

 S
tu

dy
 

 
Sa

lv
ag

e 
an

d 
PO

D
  

M
ar

sh
  

 
 

 
 

 
 

 
  

 
 

  
 

 
Tr

aw
l 

 
Su

rv
ey

 S
ur

ve
y 

  
Tr

aw
l 

 
Su

rv
ey

 S
ur

ve
y 

 
 

 
 

 
 

Su
rv

ey
s 

Su
rv

ey
s 

 
 

 

So
ut

h 
Sa

n 
Fr

an
ci

sc
o 

B
ay

  
N

S 
 

 
N

S 
 

N
S 

 
  

1 
 

 
N

S 
 

N
S 

 
48

  
 

N
S 

 
 

N
S 

 
 

N
S 

 
 

 
N

I 
C

en
tra

l S
an

 F
ra

nc
is

co
 B

ay
 

N
S 

 
 

N
S 

 
N

S 
 

  
2 

 
 

N
S 

 
N

S 
 

32
  

 
N

S 
 

 
10

  
 

N
S 

 
 

 
N

I 
W

es
t S

an
 P

ab
lo

 B
ay

 
 

 
N

S 
 

 
N

S 
 

3 
 

  
22

  
 

N
S 

 
N

S 
 

20
  

 
N

S 
 

 
4 

 
 

N
S 

 
 

 
N

I 
Ea

st
 S

an
 P

ab
lo

 B
ay

 
 

 
N

S 
 

 
7 

  
8 

 
  

17
  

 
N

S 
 

7 
 

20
  

 
N

S 
 

 
4 

 
 

N
S 

 
 

 
N

I 
Lo

w
er

 N
ap

a 
R

iv
er

  
 

 
2 

 
 

3 
  

4 
 

  
2 

 
 

N
S 

 
3 

 
N

S 
 

 
N

S 
 

 
0 

 
 

N
S 

 
 

 
N

I 
U

pp
er

 N
ap

a 
R

iv
er

  
 

 
4 

 
 

7 
  

1 
 

  
N

S 
 

 
N

S 
 

7 
 

N
S 

 
 

N
S 

 
 

0 
 

 
N

S 
 

 
 

N
I 

C
ar

qu
in

ez
 S

tra
it 

  
 

 
1 

 
 

1 
  

3 
 

  
8 

 
 

1 
 

1 
 

8 
 

 
N

S 
 

 
6 

 
 

N
S 

 
 

 
N

I 
Su

is
un

 B
ay

 (S
W

)  
 

 
 

1 
 

 
1 

  
1 

 
  

5 
 

 
1 

 
1 

 
4 

 
 

N
S 

 
 

1 
 

 
N

S 
 

 
 

N
I 

Su
is

un
 B

ay
 (N

W
) 

 
 

 
1 

 
 

1 
  

1 
 

  
6 

 
 

1 
 

1 
 

12
  

 
N

S 
 

 
0 

 
 

N
S 

 
 

 
N

I 
Su

is
un

 B
ay

 (S
E)

  
 

 
 

2 
 

 
2 

  
2 

 
  

8 
 

 
2 

 
2 

 
4 

 
 

N
S 

 
 

2 
 

 
N

S 
 

 
 

1 
Su

is
un

 B
ay

 (N
E)

  
 

 
 

2 
 

 
2 

  
2 

 
  

5 
 

 
2 

 
2 

 
4 

 
 

N
S 

 
 

0 
 

 
N

S 
 

 
 

N
I 

G
riz

zl
y 

B
ay

 
 

  
 

 
1 

 
 

1 
  

1 
 

  
4 

 
 

1 
 

1 
 

4 
 

 
N

S 
 

 
0 

 
 

N
S 

 
 

 
N

I 
Su

is
un

 M
ar

sh
  

  
 

 
5 

 
 

3 
  

3 
 

  
5 

 
 

3 
 

3 
 

N
S 

 
 

N
S 

 
 

9 
 

 
93

  
 

 
10

 
C

on
flu

en
ce

 
 

  
 

 
4 

 
 

5 
  

4 
 

  
13

  
 

5 
 

5 
 

8 
 

 
N

S 
 

 
11

  
 

N
S 

 
 

 
41

 
Lo

w
er

 S
ac

ra
m

en
to

 
 

 
4 

 
 

4 
  

3 
 

  
4 

 
 

4 
 

4 
 

6 
 

 
N

S 
 

 
0 

 
 

N
S 

 
 

 
36

 
U

pp
er

 S
ac

ra
m

en
to

  
 

 
4 

 
 

3 
  

2 
 

  
13

  
 

1 
 

1 
 

6 
 

 
N

S 
 

 
51

  
 

N
S 

 
 

 
10

 
C

ac
he

 S
lo

ug
h/

Sh
ip

 C
ha

nn
el

 
5 

 
 

11
   

1 
 

  
10

  
 

2 
 

1 
 

0 
 

 
N

S 
 

 
11

  
 

N
S 

 
 

 
17

 
Lo

w
er

 S
an

 Jo
aq

ui
n 

R
iv

er
  

6 
 

 
6 

  
4 

 
  

13
  

 
5 

 
6 

 
12

  
 

N
S 

 
 

15
  

 
N

S 
 

 
 

34
 

Ea
st

 D
el

ta
 (M

ok
el

um
ne

) 
 

5 
 

 
1 

  
2 

 
  

8 
 

 
1 

 
1 

 
0 

 
 

N
S 

 
 

26
  

 
N

S 
 

 
 

51
 

So
ut

h 
D

el
ta

 
 

  
 

 
6 

 
 

9 
  

7 
 

  
15

  
 

6 
 

6 
 

0 
 

 
3 

 
 

50
  

 
N

S 
 

 
 

15
 

U
pp

er
 S

an
 Jo

aq
ui

n 
R

iv
er

  
N

S 
 

 
N

S 
 

N
S 

 
  

N
S 

 
 

N
S 

 
N

S 
 

0 
 

 
N

S 
 

 
23

  
 

N
S 

 
 

 
2 

Sa
cr

am
en

to
 V

al
le

y 
 

 
N

S 
 

 
N

S 
 

N
S 

 
  

N
S 

 
 

N
S 

 
N

S 
 

0 
 

 
N

S 
 

 
53

  
 

N
S 

 
 

 
6 

 

To
ta

l n
um

be
r o

f  
  

 
 

53
  

 
67

   
52

  
  

16
1 

 
35

  
52

  
18

8 
 

3 
 

 
27

6 
 

93
  

 
 

22
3 

st
at

io
ns

 su
rv

ey
ed

 

Pe
rc

en
t o

f r
eg

io
ns

  
 

 
73

  
 

77
   

82
  

  
86

  
 

64
  

77
  

86
  

 
5 

 
 

95
  

 
5 

 
 

 
50

 
re

pr
es

en
te

d 
 

  
 

 
 

 
 

 
  

 
 

  
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

t
a

b
l

e
 

2.
—

T
h

e 
S

an
 

F
ra

n
ci

sc
o 

Es
tu

ar
y 

re
gi

on
s 

an
d 

as
so

ci
at

ed
 n

um
be

r o
f 

m
on

ito
rin

g 
st

at
io

ns
 

by
 s

am
pl

in
g 

ge
ar

s 
an

d 
m

on
it

or
in

g 
su

rv
ey

s. 
“N

S”
 =

 n
ot

 
sa

m
pl

ed
 a

nd
 “

N
I”

 =
 

no
 re

gi
on

al
 sa

m
pl

in
g 

id
en

ti
fi

ed
. 

 S
an

 
Fr

an
ci

sc
o 

Es
tu

ar
y,

 
C

al
ifo

rn
ia

.



CALIFORNIA FISH AND GAME Vol. 99, No. 3132

Figure 2.—The geographical extent range and observations of longfin smelt at monitoring stations of Interagency 
Ecological Program (IEP) survey and Regional Monitoring Program (RMP) surveys. Circles indicate IEP stations 
where longfin smelt were observed (closed) or not observed (open). Triangles indicate RMP stations where longfin 
smelt where observed (closed) or not observed (open). The dark gray represents the observed longfin smelt range 
in the San Francisco Estuary, California.
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Life stage determinations.—We delineated life stages based on month and fish-size 
(Table 3, Figure 3). We adapted LFS life-stage definitions and monthly cut-offs established 
by DRERIP (Delta Regional Ecosystem Restoration Implementation Plan; Rosenfeld 2010).  
LFS life stages used in this study are larva, juvenile, sub-adult, anadromous, and adult 
(Table 3, Figure 3).  Unlike DRERIP (Rosenfield 2010), we defined an anadromous stage 
to highlight the LFS migratory period (Rosenfield and Baxter 2007), and defined an adult 
life stage instead of “sexually mature adult” due to unavailability of sexual maturation data 
to differentiate premature versus mature LFS.  We also did not evaluate the egg life stage 
as there are no Bay-Delta surveys (e.g., plankton net) that monitor LFS eggs.  Because the 

Figure 3.—Life cycle of longfin smelt, adapted from the Delta Regional Ecosystem Restoration 
Implementation Plan (DRERIP) Conceptual Models.  Available at: http://www.dfg.ca.gov/erp/cm_list.asp

LFS life cycle spans 3 calendar years, we used the monthly fork length criteria defined by 
Baxter (1999) to separate LFS of each age (years 1, 2, or 3; Table 4). The only modification 
of Baxter’s (1999) criteria is the addition of a maximum length cutoff of 15 mm for larva, 
which is the length at which yolk-sac resorption and fin formation are nearly complete 
(Wang 1991; Table 4).  
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During the first year of life, LFS transition from egg (December–April; Rosenfield 
2010) to free-floating, endogenously nourished larva (January–June; Rosenfield 2010), to 
juvenile when the first major growth period occurs (April–October; Moyle 2002), and to sub-
adult when growth slows during winter months prior to anadromous migration (November–
December; Moyle 2002).  Unlike DRERIP (Rosenfield 2010), which describes the juvenile 
stage as extending until the end of the first year of life, we cut off the life stage in October, 
at the end of the first major growth period as described by Moyle (2002).   Additionally, 
instead of the sub-adult stage extending from the beginning of the second year of life to 
maturation (Rosenfield 2010), we defined the sub-adult period as the winter, slow-growth 
period between the juvenile and anadromous life stages.

The second and third years of life begin with the slow-growth period of sub-
adults continuing into spring (January–April; Moyle 2002).   Next, a portion of the LFS 
population undertakes an anadromous migration (emigration) towards the ocean, followed 
by return upstream migration (immigration) during March–January (Rosenfield and Baxter 
2007), while remaining LFS continue to rear in the Estuary.  This summer and fall period 
encompasses the second major LFS growth period (Moyle 2002).  Finally, the LFS adult 
life stage encompasses the spawning period during December–May (Rosenfield 2010; 
Moyle 2002).  

Frequency of detection. —Because each type of gear selectively captures different 
LFS life stages and is deployed in different seasons, we used data from six IEP monitoring 
surveys (Bay Plankton, 20mm, SLS, BOT, Kodiak trawl, and FMWT)  to examine LFS 
spatial distribution across life stages within the Estuary (Table 3).  For each life stage, only 
data from each gear type that fell within delineated months for that life stage were used 
(Table 3). We used LFS catch data for years 1980 to 2011 for all surveys except for 20mm, 
SLS and Kodiak, where sampling started in 1995, 2009 and 2002 respectively (Table 3). 
We included only sampling stations that were consistently surveyed, as determined by 
identifying stations that were sampled >90% of the time across all years (Merz et al. 2011).

The average annual LFS detection frequency at consistently surveyed stations for 
each life stage (except anadromous stage) in each region was calculated as 

Plrpy =  (Slrpy/ Nrpy) * 100

 Year 1   Year 2   Year 3    

Life Stage (s) Month FL (mm)1 Life Stage (s) Month FL (mm) Life Stage (s) Month FL (mm) 
Larva Jan <16 Sub-adult Jan 40-89 Anadromous, Adult Jan >89a 
Larva Feb <16 Sub-adult  Feb 42-92 Adult Feb >92 
Larva Mar <16 Sub-adult, Anadromous Mar 46-952 Adult Mar >95 
Larva, Juvenile Apr <16, 16-51 Sub-adult, Anadromous Apr 52-992 Adult Apr >99 
Larva, Juvenile May <16, 16-58 Anadromous May 59-104 Adult May >104 
Larva, Juvenile Jun <16, 16-66 Anadromous Jun 67-107     
Juvenile Jul <71 Anadromous Jul 71-110     
Juvenile Aug <75 Anadromous Aug 75-113     
Juvenile Sep <80 Anadromous Sep 80-116     
Juvenile Oct <83 Anadromous Oct 83-119     
Sub-adult Nov <85 Anadromous Nov 85-122     
Sub-adult Dec <87 Anadromous, Adult Dec 87-1242

              
1 FL = Fork length 
2 Length range applied to both life stages 

table 4.—Length (mm) delineations of longfin smelt by year, life stage, and month used in frequency of detection 
analyses. Monthly length cut-offs from Baxter (1999), except for 16-mm cutoff for larva used to separate larvae 
and juveniles.  San Francisco Estuary, California.
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where  Plrpy represents the percent of unique numbers of sampling events in which the life 
stage l LFS were captured in each region r during time period p and year y; Slrpy represents 
the number of sampling events in a region r when the life stage l LFS were captured during 
time period p and year y; and, Nrpy represents the total number of sampling events from 
region r during time period p and year y. Next, the average annual frequency of observation 
for LFS by life stage and region was calculated as a simple average over all years. Results 
from LFS detection frequencies by life stage (except anadromous stage) and region were 
mapped using ArcGIS 10.  

Because a portion of the Estuary LFS population migrates during the anadromous 
life stage, detection frequency was calculated monthly within regions to better depict LFS 
migratory movements. Similar methods employed for the other life stages were used to 
calculate detection frequency for the anadromous life stage, except time period p was 
monthly, and regions r were grouped into four areas (Lower Rivers, Suisun, East Bay, 
and West Bay) to better visualize anadromous behavior. Lower Rivers covers all regions 
from Sacramento Valley downstream to the Lower Sacramento River and San Joaquin 
River regions, Suisun covers the Confluence and all Suisun Bay regions, East Bay covers 
Carquinez Straight downstream to East San Pablo Bay, and West Bay covers the West San 
Pablo Bay and San Francisco Bay regions.

results

Within the 22 Estuary regions, we identified 357,538 survey events (a sampling 
event at a given location and time) at 1,203 monitoring stations. Of these, 343,482 (96%) 
were from IEP and 14,056 (4%) were from regional monitoring programs (Table 1). The 
program or survey with the single greatest number of monitoring stations was the Chinook 
and POD (276), followed by the SF Bay Study (188), FMWT (161), Suisun Marsh surveys 
(93), 20mm Survey (67), and Spring Kodiak Trawl (53) (Table 2). A total of 1,035,183 LFS 
were observed at 620 of the 980 (63%) IEP monitoring stations and at 23 of the 223 (10%) 
regional monitoring stations identified in this study. 

Observed geographic extent.—LFS were observed in all 22 regions covering an 
area of about 137,500 ha (Figure 2). Observations occurred as far west as Tiburon in Central 
San Francisco Bay, north as far as the town of Colusa on the Sacramento River (Sacramento 
Valley region), east as far as Lathrop on the San Joaquin River (border of South Delta and 
San Joaquin River regions), and south as far as the Dumbarton Bridge in South San Francisco 
Bay. Tributary observations included the Napa and Petaluma rivers, Cache Slough, and the 
Mokelumne River to the east.  LFS were also observed in seasonally-inundated habitat of 
the Yolo Bypass.

No single IEP monitoring program sampled all 22 regions (Table 2) that make up 
the observed extent of LFS range, and three regions had no IEP sampling. The Chinook 
and POD surveys had the highest coverage (95% of regions each). The FMWT and SF Bay 
surveys covered 86% of the regions each, while coverage among the other IEP surveys 
ranged from 5 to 82%.   Each RMP survey typically covered less than 4% of the observed 
extended range.

  Distribution by life stage.— For all life stages, LFS were observed most frequently 
throughout a relatively large portion of their range – from East San Pablo Bay north into 
Suisun Marsh down through Grizzly Bay, and all four regions of Suisun Bay through the 
Confluence (Figure 4, Figure 5). In addition to being frequently detected in the central 
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Figure 4.—Average annual frequency of longfin smelt detection (%) for larvae and adult lifestages by region 
and Interagency Ecological Program survey type. The percent of sampling events where longfin smelt was 
observed over the total number of sampling events within a region.  Regions where the percent frequency of 
detection for a given life stage was zero is indicated by no data column/bar being present in the bar graph.  
Regions that were not sampled for a given life stage are indicated by a data column/bar suspended slightly 
below the x-axis. Y-axis ticks indicate percent frequencies of 0, 25, 50, 75 and 100 percent.  
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Figure 5.—Average annual frequency of longfin smelt detection (%) for juvenile and sub-adult life stages 
by region and Interagency Ecological Program survey type. The percent of sampling events where longfin 
smelt was observed over the total number of sampling events within a region.  Regions where the percent 
frequency of detection for a given life stage was zero is indicated by no data column/bar being present 
in the bar graph.  Regions that were not sampled for a given life stage are indicated by a data column/bar 
suspended slightly below the x-axis. Y-axis ticks indicate percent frequencies of 0, 25, 50, 75 and 100 percent.
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regions (from Carquinez Straight upstream to the Confluence), adult and larvae were both 
detected relatively frequently upstream of the Confluence (Figure 4, Table 5). Larvae 
were detected greater than 73% of the time in the Lower Sacramento, Upper Sacramento, 
Cache Slough and Ship Channel, and Lower San Joaquin regions, and greater than 31% 
of the time in the East Delta and South Delta regions during the SLS (Figure 4, Table 5).  
Although detected at a much lower frequency across all regions than larvae, adults were 
also detected in South San Francisco Bay, upstream in Cache Slough and Ship Channel, 
and Upper Sacramento regions.  

Unlike adult and larval life stages, juvenile and sub-adult life stages were not 
frequently detected upstream of the Confluence, and instead were more frequently detected 
in the most downstream Bay regions (Figure 5, Table 5). During BOT sampling, juveniles 
and sub-adults were detected in greater than 32% of sampling events in both San Pablo Bay 
regions and Central San Francisco Bay. Sub-adults were also detected at a relatively high 
frequency (86.6%) in the South San Francisco Bay during BOT sampling (Figure 5, Table 5).

During the anadromous life stage, LFS exhibited declining average frequency of 
detection during the spring months and into mid-summer, followed by increasing average 
detection frequency throughout the fall months across all Estuary areas during BOT sampling 
(Figure 6). The lowest average detection frequencies for each area occurred at successively 

Figure 6 .—Average annual 
frequency of longfin smelt 
detection (%) for the anadromous 
life stage by month and area for 
the years 1980–2011.  Frequency 
of detection was calculated as the 
percent of sampling events where 
longfin smelt were observed over 
the total number of sampling 
events within an area. Lower 
Rivers covers all regions from 
Sacramento Valley downstream 
to the Lower Sacramento and 
San Joaquin River regions, 
Suisun covers the Confluence 
and all Suisun Bay regions, East 
Bay covers Carquinez Straight 
downstream to East San Pablo 
Bay, and West Bay covers West 
San Pablo Bay and San Francisco 
Bay regions.
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later months moving downstream (Lower Rivers = July, Suisun = August, East and West 
Bay = September), possibly indicating downstream emigration through each Estuary area.  
Although LFS appeared to migrate completely out of the Lower Rivers area with an average 
detection frequency of zero being observed in July, monthly average detection frequencies 
did not drop below 2% for any Estuary area downstream.

discussion

Observed geographic extent.—Effective conservation programs typically require 
a description of a species’ geographical distribution or use of habitats (Pearce and Boyce 
2006). Examples include reserve design (Araujo & Williams 2000), population viability 
analysis (Boyce et al. 1994; Akcakaya et al. 2004) and species or resource management 
(Johnson et al. 2004). Techniques characterizing geographical distributions by relating 
observed occurrence localities to environmental data have been widely applied across a 
range of biogeographical analyses (Guisan and Thuiller 2005). A general description of LFS 
distribution by occurrence was described by Moyle (2002), Rosenfield and Baxter (2007), 
and Rosenfield (2010); all indicated that during the LFS life cycle, it used the entire Estuary 
from the freshwater Sacramento-San Joaquin Delta downstream to South San Francisco 
Bay, and out into coastal marine waters.  Regarding the extent of LFS range, those fish have 
been observed in a considerable portion of the western Delta, and upstream of the Feather 
River confluence with the Sacramento River, and the San Joaquin River to its confluence 
with the Tuolumne River.  

Similar to the treatment of delta smelt by Merz et al. (2011), we utilized recently 
available data from the 20-mm and Kodiak, and Chinook and POD surveys together with 
other IEP and regional monitoring programs to provide information on areas of the Estuary 
where identified LFS life stages have been observed. While our study found similar extent 
of LFS distribution within the Estuary when compared with Moyle (2002), Rosenfield and 
Baxter (2007), and Rosenfield (2010), we observed the range of LFS extending further 
north on the Sacramento River, in the Petaluma River to the west, and extensions upstream 
on the Napa River and northern Suisun Marsh, covering an estimated area of 137,500 
ha. Observations at the most upstream sampling stations in the Napa and Petaluma rivers 
indicated that the extent of LFS distribution in these locations remains unknown. Expanding 
research into these watersheds may provide insight into habitat management and future 
restoration for native estuarine fish assemblages including LFS (Gewant and Bollens 2012).

Distribution by life stage.— We found that LFS were frequently observed across a 
relatively large portion of their range, including East San Pablo Bay north into Suisun Marsh 
down through Grizzly Bay, and all four regions of Suisun Bay through the Confluence to 
the Lower Sacramento River region. Furthermore, we were able to identify regions such as 
Suisun Marsh and San Pablo Bay where the frequency of occurrence was relatively high 
in each life stage, suggesting a continuous Estuary presence. As with other anadromous 
species, it is likely that the mosaic of Estuary habitats provides benefits to LFS at various 
stages during their life history and development (Simenstad et al. 2000, Able 2005).

  Identifying nursery habitats is important to conservation, as these habitats 
disproportionately contribute individuals to adult populations of a species (Hobbs et al. 
2010). Longfin smelt are anadromous, and are known to spawn in freshwater and then move 
seaward for rearing. Longfin smelt have been collected in the Gulf of Farallones (Baxter 
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1999, CDFW 2009) and spawning has been documented in freshwater Estuary tributaries 
(USFWS 1996). Previous research has indicated a specific “low salinity zone” of the Estuary 
that serves as nursery habitat for various species (Jassby et al. 1995); in particular, the Suisun 
Bay has been identified as critical nursery habitat providing ideal LFS feeding and growing 
conditons (Hobbs et al. 2006). By utilizing all available survey data at once, we developed 
maps that provide evidence of a widespread rearing zone extending across the Estuary and 
spanning San Pablo and San Francisco bays as far upstream as the Lower Sacramento River 
and Lower San Joaquin River regions. 

We found that both adult and larval LFS were detected relatively frequently in the 
uppermost regions of the Estuary (upstream of Confluence), unlike the juvenile and sub-
adult life stages, likely indicating that LFS spawning habitat extends further upstream into 
freshwater areas than LFS rearing habitat. Unlike juvenile LFS, whose locations fluctuate 
between the bays and Suisun Marsh in relation to the low salinity zone (Dege and Brown 
2004; Bennett et al. 2002), spawning adults appear to be not only in these locations but 
also to disperse into upper Delta reaches and into San Francisco Bay as well. However, 
adult presence in the San Francisco Bay during the spawning period likely relates to years 
with high Delta inflows, when low salinity habitat shifted westward.  Spawning of LFS in 
high salinity habitat is unlikely, as such an occurrence would be maladaptive due to the low 
tolerance of LFS larvae to high salinity (Baxter 2009).  Kimmerer et al. (2009) found larvae 
and juveniles most abundant at 2 ppt, and declined rapidly as salinity increased to 15 ppt.

Similar to findings of Rosenfield and Baxter (2007), we found evidence of LFS 
exhibiting anadromous behavior during their second year of life. The relative detection 
frequency of sub-adult LFS declined throughout the spring and summer months, possibly 
indicating a marine migration outside of the sampling area. A subsequent increase in LFS 
detection frequency during their second fall and winter indicates a migration back into the 
sampling area prior to the spring spawning season. This is consistent with an observation 
by Moyle (2002) that LFS gradually migrate upstream during fall and winter, as yearlings 
prepare for spawning. Rosenfield and Baxter (2007) also observed a decrease in LFS 
detection frequency and distribution after their first winter (sub-adults), followed by an 
increase during the second winter (adults). Although these results indicate that the marine 
residency of LFS is relatively brief (up to 6 to 8 months), annual variability in the duration of 
marine migrations remains unknown, as do the factors affecting timing of immigration and 
emigration (Rosenfield and Baxter 2007). There also appears to be a portion of sub-adults 
that do not fully leave the Estuary, suggesting a diversity in life-history strategies.  A better 
understanding of the potential benefits of anadromy verses Estuary residency, interaction of 
Estuary LFS with other populations, and environmental mechanisms behind LFS anadromy 
appears relevant to the long-term management of this population.   

Although each of the current Estuary sampling protocols suffered from one or more 
notable shortcomings (Bennett 2005), existing data can be explored to offer groundwork for 
understanding Estuary fisheries resources and specifically LFS geographic range by life stage. 
A better understanding of LFS spatial distribution informs conservation efforts by serving as 
an illustration of habitat use. Restoration strategies must include an understanding of habitat 
functions to effectively contribute to LFS recovery within the Estuary. There is a specific 
need for strategic planning in rehabilitation efforts. Some researchers have approached the 
question of relative influence of biological and physical factors on population abundance 
and the impact to conservation, and suggested mechanisms of population recovery (Mace 
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et al. 2010). Researchers interested in developing a self-sustaining system have argued for 
the recovery of key processes that maintain habitat conditions (Beechie et al. 2010).  

Understanding that critical differences exist in Estuary habitat value for each life 
stage among sites and time periods supports the use of spatial analysis in Estuary conservation 
and restoration planning. Exploring existing LFS data from various studies and databases, 
and making additional investigations into population demographics (i.e., timing or location 
of declines), environmental factors demonstrating the greatest influence on population 
abundance (e.g., temperature, water quality, prey density, etc.), and affinity analyses to 
assess habitat preference would provide a solid basis to address key issues. Longfin smelt 
are vulnerable to a large number of environmental stressors within the Estuary (Moyle 
2002; Baxter et al. 2008; Healey et al. 2008) and individual stressors may have more or 
less significance for a species or population based on the manifestation of the stressor and 
proximity to that species (Tong 2001, Armor et al. 2005). Therefore, further investigations 
using an affinity analysis are warranted to understand more about life stage-specific key 
habitat attributes.  

In this study, we have demonstrated the extent of LFS range is greater than 
previously reported (Rosenfield and Baxter 2007). We have provided additional information 
on distribution and detection frequencies of the Estuary population of LFS by life stage and 
season to support conservation planning by identifying areas to focus further study. While this 
analysis documents Estuary areas utilized by LFS, more work is needed to better understand 
the relationship between mapped spatial distribution and habitat use and productivity. 

Long-term average distributional patterns are affected by inter-annual population 
shifts (e.g., eggs and larvae as per Dege and Brown 2004).  Sampling program duration 
may further affect the percentage of detections at specific sites.  Additionally, if the 
population range has shifted over time, then sampling that occurred only in recent years 
(e.g. in the northern Delta as the Bay Study sampling program expanded) might reveal a 
different pattern than if all the sampling localities in this study had been monitored over 50 
years.  This suggests further investigation into LFS population abundance by life stage and 
season is warranted, in particular investigations of the relationship between abundance and 
environmental factors within the Estuary.  

According to Merz et al (2013), difficulty in assessing management effectiveness 
for anadromous fishes arises from several factors. First, anadromous life cycles are often 
complex and encompass both freshwater and marine ecosystems. Second, from a monitoring 
perspective, time series of counts at any one life stage reflect cumulative effects of freshwater, 
estuarine, and marine factors over the full life cycle, thereby complicating the ability to 
measure population responses to specific factors. Third, complex interactions of factors, 
which range from stream flow and temperature to large-scale and long-term shifts in marine 
conditions, occur. Because of these confounding factors, resource managers have not been 
successful in evaluating the effectiveness of managment actions that use the traditional 
method of quantifying abundance at single life stages in isolation. An alternative is to 
consider survival rates, life history variability, and the health (e.g., size, fecundity, disease) 
of a species that transitions between each life stage within the habitats that they occupy. 
Providing a spatial context for each life-stage of LFS, as we have done here, may facilitate 
our understanding of how Estuary habitats contribute to different life cycle stages and, 
thus, the effectiveness of management actions in improving population performance in 
the face of extrinsic constraints. Continued LFS investigations that focus on identifying, 
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protecting, and enhancing aquatic habitats of the highest value contribute to Estuary science 
and management, and provide a basis for future conservation and restoration.
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