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Abstract.—Overall fish abundance, abundance of introduced, native, and seasonal fish groups,
and species diversity declined over a 14-year period in Suisun Marsh, a portion of the San Francisco
Bay estuary, and were associated with decreases in freshwater outflow and increases in salinity.
Fish groups showed different patterns of abundance; large fluctuations in introduced and seasonal
fish groups contrasted with a steady decline in native fish. Native species were found more often
in small, dead-end sloughs, seasonal species were found in larger sloughs, and introduced species
were found in both habitats. Fish assemblage structure was less predictable than in an earlier (and
shorter) study of the same community. Mixed groups of native and introduced species with similar
freshwater and seasonal needs reflected effects of drought and increasing water diversions from
the estuary. Chameleon goby Tridentiger trigonocephalus and yellowfin goby Acanthogobius Jlavi-
manus. two introduced species, fluctuated greatly in abundance in recent years, whereas other
species declined steadily. Changes in fish abundance in the marsh reflect estuary-wide changes and
suggest that environmental disturbances coupled with introduced species are altering fish com-
munities and hastening native fish declines.

The San Francisco Bay estuary, at the conflu-
ence of the Sacramento and San Joaquin rivers, is
the largest estuary on the west coast of North
America: it carries runoff from 40% of California's
surface area (Kahrl 1978). The estuary has been
highly modified by human activities that include
diking and filling of wetlands, pollution, reduction
of freshwater inflow by more than half, and the
introduction of exotic species (Conomos 1979;
Nichols et al. 1986). Fish populations in the es-
tuary have declined dramatically since the 1970s
with major losses in populations of chinook salm-
on Oncorhynchus tshawytscha. striped bass Mo-
rone saxatilis, delta smelt Ilypomesus transpaci-
ficus. longfin smell Spirinchus thaleichthys. and
split tail Pogonichthys macrolepidotus (Stevens
1977: Stevens and Miller 1983: Stevens et al. 1985:
Moylc ct al. 1992).

Environmental changes induced by human ac-
tivities alter fish communities and allow success-
ful colonization by introduced species, which fur-
ther compromise community structure (Herbold
and Moyle 1986: Moyle 1986). About half of the
55 fish species collected from the estuary are in-
troduced (Herbold et al. 1992). Fishes such as
striped bass and American shad Alosa sapidissima
have been introduced intentionally into the estu-
ary since the 1870s (Moyle 1976). Others, such as

threadfm shad Dorosomapetenenseand inland sil-
verside Menidia beryllina, entered the estuary af-
ter being introduced into connecting waterways
(Moyle 1976). More recently, yellowfin goby
Acanthogobius flavimanus and chameleon goby
Tridentiger trigonocephalus have been introduced
from Asia in the ballast water from ships (Brittan
et al. 1970). Approximately 100 invertebrate spe-
cies have been introduced into the estuary (Carl-
ton 1979: Nichols et al. 1986): many have altered
estuarine food webs (e.g., Nichols et al. 1990: Meng
andOrsi 1991).

Suisun Marsh is in the center of the estuary and
is the largest contiguous estuarine marsh remain-
ing in the United States (Moyle et al. 1986). The
fish assemblage is unusual because few of its com-
ponent species evolved together: it is composed
of a mixture of native and introduced freshwater,
estuarine, and euryhaline marine species (Moyle
et al. 1986). Of species captured in the marsh,
native fishes tend to be more common in small
dead-end sloughs, whereas introduced fishes are
found more often in larger sloughs (Moyle el al.
1986). We began systematic sampling of Suisun
Marsh in January 1979. Previous analyses of Sui-
sun Marsh data concluded that declines in fish
abundance and species diversity were related to
temporary conditions of exceptionally high out-

498

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
D

av
is

] 
at

 1
6:

58
 3

0 
Ju

ly
 2

01
3 



FISH COMMUNITY SHIFTS IN SUISUN MARSH 499

Suisun City+

Peytonia

STUDY AREA

FIGURE 1.—Suisun Marsh. San Francisco Bay estuary, California. Trawling was done at sites marked with black
circles.

flow and lack of strong year-classes of the more
abundant species (Movie et al. 1986). Further-
more, Moyle et al. (1986) noted that the structure
of the fish assemblage was fairly consistent over
the period studied.

In this paper we reexamine the conclusions of
Moylc el al. (1986) and incorporate nine more
years of data. We analy/e data from 1979 to 1992
and ask the following questions. (1) Has fish abun-
dance changed? (2) Do introduced, native, and
seasonal fish groups show different trends in abun-
dance? (3) Is there a difference in fish group dis-
tribution between dead-end and larger sloughs? (4)
Are fish abundances and species diversity (mea-
sured here as number of species) correlated with
environmental variables and macroinvertebrate
abundance? (5) Is the fish assemblage consistent
and comparable to patterns found by Moyle et al.
(1986)? (6) How do abundances of chameleon and
yellowfin gobies (recent introductions) compare
with overall fish abundance?

Methods

Study area.—Suisun Marsh is a large (about
34,000-ha) tidal marsh downstream of the conflu-
ence of the Sacramento and San Joaquin rivers
(Figure 1). About one-third of the marsh is sloughs
influenced by tidal action; the remainder is diked
wetlands managed to attract wintering waterfowl.
Salinities have ranged from 0 to nearly 17%c in
recent years, highest salinities occurring in early
fall of drought years and lowest salinities occur-
ring in spring when river outflows are highest.

We sampled two major habitat types in the
marsh. Small dead-end sloughs are 7-10 m wide,
1-2 m deep, and lined with tules Scirpus spp. and
reeds Phragmites communis. Most of the dead-
end sloughs are connected by larger sloughs that
are 100-150 m wide. 2-4 m deep, and partially
riprappcd. Sloughs fluctuate as much as 1 m in
depth during extreme tides, resulting in a 50-75%
dewatering of dead-end sloughs during low tides.
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500 MENG ET AL.

TABLE 1.—Selected introduced, native, and seasonal
fish species used to index abundance as derived from the
"most abundant species" of Moylc et al. (1986). with
the addition of chameleon goby, a recent introduction.

Chameleon goby
Common carp
Striped bass
Yellowfin goby

Prickly sculpm
Sacramento sucker
Splittail
Threespine stickleback
Tule perch

Delta smelt
Long fin smelt
Pacific staghorn sculpin
Starry flouder
Threadfin shad

Introduced
Tridentiger trigonocephalus
Cyprinus carpio
Morone sa.\atilis
Acanthogobius flavimanus

Native
Coitus asper
Catostontux occidentalis
Pogonichthys macrolepidotus
Gastcrostcus a cut eat us
Hystcrocarpus traski

Seasonal
Hy potnesus t ra nspacificus
Sptrinchus thaleichthys
Lepiocotius armatus
Plaiichthys stetlatus
Dorosoma peienense

The major source of freshwater for the marsh is
the Sacramento River.

Field methods.—We obtained fish samples
monthly at seven locations throughout the marsh
from January 1979 through January 1992 by
trawling 2-4 times at each location (Figure 1). Five
of the locations were categorized as small dead-
end sloughs (Peytonia, Boynton, Spring Branch,
Goodyear, and Cutoff). Cutoff is open at both ends,
but similarities in size, shoreline vegetation, and
configuration, including abundant backwaters, al-
lowed it to be classified as a dead-end slough. The
two larger sloughs were Suisun and Montezuma.
All samples were taken during the day, because
24-h studies conducted in April 1979 and 1980
did not reveal any significant differences between
day and night samples (Movie et al. 1986).

We sampled with a four-seam otter trawl with
a 1 x 2,5-m opening, a length of 5.3 m. and mesh
size that tapered from 25 mm to 6 mm stretch in
the bag. We trawled for 5 min in dead-end sloughs
and 10 min in larger sloughs at about 4 km/h.
Longer trawls were necessary in larger sloughs be-
cause of small catches. Any biases in sampling,
gear effectiveness, and other methodology were
consistent over the course of the study, so com-
parisons should be unaffected.

Contents of each trawl were placed in washtubs
of water. Fishes were identified and then returned
to the slough. We also recorded the abundance of
common macroinvertebrates. The shrimps Cran-
gon franciscorum and Palaemon macrodactylus

were counted. For the opossum shrimp Neomysis
mercedis. an index of abundance was used: 1 rep-
resented fewer than 3 individuals; 2, 3, and 4 rep-
resented 3-50, 51-200, 201-500 shrimp, respec-
tively; and 5 represented more than 500 animals.
The number offish species per trawl was recorded
as a measure of species diversity.

Environmental variables were recorded for each
trawl set. We measured temperature and salinity
with a YSI S-C-T meter. Water transparency was
measured with a Secchi disk. An index of monthly
freshwater outflow was obtained from the Cali-
fornia Department of Water Resources. This in-
dex is calculated by summing estuarine inflows
from the Sacramento and San Joaquin rivers,
smaller streams, precipitation, and cropland
drainage. Exports from state and federal water
project facilities in the upper estuary are then sub-
tracted from estuarine inflow to produce the fresh-
water outflow index.

Repeated-measures analysis.—We used a re-
peated-measures analysis of variance (SAS Insti-
tute 1988) with two grouping factors (fish group
index and dead-end versus larger sloughs) and one
within factor (yearly index of fish group abun-
dance) to address questions 1-3 (Did fish abun-
dance change through time? Did fish groups show
similar trends in abundance? Was there a differ-
ence in distribution among the groups between
dead-end and larger sloughs?). Locations served
as replicates in our repeated measures. Because
the test for sphericity (a lest for independence) was
significant (P = 0.0004), reported probability val-
ues for the within factor (years) are based on the
Huynh-Feldt adjustment (SAS Institute 1988). For
the repeated-measures analysis, all data were sum-
marized by year and location.

Fish group indices were derived from the same
group of most "abundant species" used by Movie
et al. (1986). Of the 42 species that have been
captured in the marsh, the abundant species of
Moyle et al. (1986) made up 98% of the total catch;
we added chameleon goby, bringing the total to
14 species (Table 1). Introduced, native, and sea-
sonal fish group indicts were derived by summing
the number of fish per group per trawl and then
dividing by the number of species in the group.
None of the fish group indices were dominated by
the abundance of a single species; each species in
each index contributed roughly equally to their
respective index. Because catches of seasonal fish
are quite small in the marsh, the seasonal species
index was multiplied by 10 to make the indices
comparable.
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FISH COMMUNITY SHIFTS IN SUISUN MARSH 501

TABLE 2. —Results of repeated-measures analysis of
variance with two grouping factors (fish group index and
dead-end versus larger sloughs) and one within factor
(yearly index of fish abundance). Probability values for
the within factor (year) are based on the Huynh-Feldt
adjustment.

Source

Between-subject* effects
Fish group
Slough
Slough x fish group

Between-subjects contrasts
Introduced versus native fish
Seasonal versus native fish
Introduced versus seasonal fish
Introduced fish, dead-end versus larger

sloughs
Native fish, dead-end versus larger slough
Seasonal fish, dead-end versus larger slough

Within-subjects effects
Year
Year x fish group
Year x slough
Year x slough x fish group

Within-subjects contrasts
Year x (introduced versus native fish)
Year x (seasonal versus native fish)
Year x (introduced versus seasonal fish)
Year x introduced fish x (dead-end versus

larger sloughs)
Year x native fish x (dead-end versus larg-

er sloughs)
Year x seasonal fish x (dead-end versus

larger sloughs)
a Probability of a greater /-"-value.

df

2
1
2

13
26
13
26

13
13
13

13

13

13

^a

0.004
0.75
0.005

0.003
0.003
0.97

0.16
0.009
0.05

0.0001
0.0001
0.27
0.001

0.009
0.0001
0.0001

0.014

0.026

0.10

We used a Spearman rank correlation analysis
to answer question 4 (Do total fish and fish group
abundances and species diversity respond differ-
ently to environmental variables and macroin-
vertebrate abundances across years?). We used this
analysis because plots of yearly averages of envi-
ronmental variables and shrimp abundances ver-
sus fish abundances and species diversity were
nonlinear, and repeated-measures analyses offish
abundances with environmental variables as co-
variates were not significant.

Principal components analysis. — We used prin-
cipal components analysis (PCA) to answer ques-
tion 5 (Was the fish assemblage consistent and
comparable to patterns found by Movie et al.
1986?). Moyle et al. (1986) used data from Jan-
uary 1979-June 1983 in their PCA, whereas we
used data from July 1983-January 1992. Data were
summarized by month in order to reveal seasonal
patterns among fish species similar to patterns seen
by Moyle et al. (1986). We used fish abundance

20

18

16

2 14

I 12

§> 10

I 8

6

4

2

nal species

Native species"

1979 1981 1983 1985 1987 1989 1991
Years

FIGURE 2. —Index of abundance of introduced, native,
and seasonal fish groups versus time. Fish group indices
were derived from the 14 most abundant species by
summing the number offish per trawl and then dividing
by the number of species in the group.

per month (lo&>-transformed) of each species in
Table 1 for the analysis.

We graphed chameleon and yellowfin goby
abundances to answer question 6 (How did abun-
dances of these two recent introductions compare
with overall fish abundance?).

Results
Fish Abundance and Distribution

Our repeated-measures analysis indicated that
overall fish abundance and abundances of intro-
duced, native, and seasonal fishes declined during
the study (Table 2; Figure 2). Results were signif-
icant for years (P < 0.0001) and years x fish group
(P < 0.0001). Each fish group declined differently
through time (P = 0.004), and the decline of native
species differed from those of introduced and sea-
sonal species (P < 0.003). A graph of fish group
indices versus time indicated that seasonal species
fluctuated the most, followed by introduced and
then by native species (Figure 2).

Introduced species showed no selection for
slough type, but native species were found more
often in dead-end sloughs and seasonal species
were found more often in larger sloughs (Table 2).
There was no overall habitat effect for introduced
species, but there was an effect through time (fish
group x slough x time interaction, P < 0.014).
Introduced species became proportionally less
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502 MENG ET AL.

TABLE 3.—Spearman rank correlations between fish abundances (overall fish abundance, species diversity, fish
group abundances) and environmental variables including abundance of macroinvertebrates. Temperature and
Sccchi depth are not included because they were not significant in all cases. Outflow is the sum of estuarine inflow
from rivers, streams, precipitation, and cropland drainage minus water diverted by state and federal water projects.
Values with asterisks are significant at P < 0.05. Data are yearly averages from January 1979 through January
1992.

Environmental
variable

Salinity (^)
Outflow
tfeomysis mercedes
Crangon franciscorum
Palaenwn macrodactvlus
Fish abundance
Species diversity

Fish
abundance

-0.62*
0.80*
0.71*
0.46
0.66*

Number of
species

-0.55*
0.64*
0.69*
0.43
0.78*
0.86*

Introduced
fish

-0.49
0.67*
0.78*
0.17
0.51
0.83*
0.69*

Native
fish

-0.46
0.57*
0.50
0.53*
0.67*
0.79*
0.88*

Seasonal
fish

-0.55*
0.39
0.32
0.24
0.19
0.56*
0.50

Years
0.69*

-0.70*
-0.79*

0.32
-0.71*
-0.90*
-0.93*

abundant in larger sloughs and more abundant in
dead-end sloughs. The most consistent trend seen
in the contrasts for the repeated measures was the
decline of native fishes in dead-end sloughs (Table
2).

The presence of a fish group (introduced, native,
or seasonal species) in dead-end or larger sloughs
accounted for the difference between slough types

TABLE 4.—Spearman rank correlations between fish
abundance (monthly numbers) and environmental vari-
ables (monthly averages). Flow is a composite variable
of freshwater outflow, salinity, and Secchi depth derived
from a principal components analysis of environmental
variables. Data are from July 1983-January 1992. Fish
species are grouped by results of principal components
analysis according to similarities in seasonal and habitat
requirements. Values with asterisks significant at P <
0.05. Letters in parentheses following species indicate
introduced (I), native (N), and seasonal (S) fish groups.

Species

Sacramento sucker (N)
Splittail. young (N)
Prickly sculpin (N)
Common carp (I)
Chameleon goby (I)
Pacific staghorn sculpin (S)
Longtin smelt (S)
Threespine stickleback (N)
Striped bass, young (I)
Yellowfin goby (I)
Delta smelt (S)
Tule perch (N)
Splittail, adults (N)
Striped bass, adults (I)
Starry flounder (S)
Threadfin shad (S)

Temper-
ature
(°0
0.02

-0.08
0.02
0.25*
0.17

-0.03
-0.31*
-0.35*

0.49*
0.43*

-0.35*
0.14

-0.10
0.08

0.17
-0.44*

Row.
salinity,

and Secchi
depth

0.48*
0.36*
0.24*
0.09

-0.57*

0.03
0.23*
0.35*

-0.21*
-0.24*

0.08

-0.31*
0.04

-0.12

-0.13
0.37*

(fish group x slough interaction, P = 0.005) and
was significant through years (fish group x slough
x year interaction. P = 0.001). There was no dif-
ference between dead-end and larger sloughs, ei-
ther as grouping factors (/' = 0.75) or through years
(P = 0.27).

Environmental Variables
Environmental variables and abundance of

macroinvertebrates affected fish abundances and
species diversity in many cases (Table 3). Fish
abundances, species diversity and brackish-water
invertebrates declined with time and were corre-
lated with increases in salinity and decreases in
outflow (Table 3). Seasonal fish abundances were
not correlated with macroinvertebrate numbers,
but resident fish abundances were. Numbers of
brackish-water shrimps, N. mercedis and P. ma-
crodactylus. were positively correlated with fish
abundance and species diversity, whereas the more
marine shrimp, C. franciscorum, did not decline
over time and was associated with abundance of
native species.

Fish Assemblage and Introduced Species
We used a Spearman rank correlation between

two summary environmental variables (produced
by a principal components analysis) and each spe-
cies to aid in the interpretation of the PCA (Table
4). The first environmental component was a
composite of monthly averages of salinity, Secchi
depth, and freshwater outflow, and it explained
42% of the variance. The second component was
temperature, which explained 30% of the vari-
ance. We used loadings from the first component
to weight salinity, Secchi depth, and outflow to
produce the composite variable "flow, salinity, and
Secchi depth" (Table 4).

Principal components analysis identified mixed
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TABLE 5. —Loadings offish species on five components produced by a principal components analysis of numbers
offish per month. An asterisk with a loading indicates a significant correlation with the component.

Component
Species or statistic

Sacramento sucker
Splittail, young
Prickly sculpin
Common carp
Chameleon goby
Pacific staghorn sculpin
Longfin smell
Threespinc stickleback
Striped bass, young
Yellowfin goby
Delta smelt
Tule perch
Splittail. adults
Striped bass, adults
Starry flounder
Thread fin shad

1

0.80*
0.68*
0.59*
0.48*

-0.82*
-0.04

0.22
0.34
0.20

-0.04
-0.08
-0.15

0.21
0.01
0.11
0.45*

2

Loadings
0.19

-0.39*
0.08
0.25

-0.12
0.83*
0.66*
0.48*

-0.58*
-0.08
-0.05
-0.17

0.01
0.48*

-0.12
-0.13

3

0.08
-0.14

0.35
0.30

-0.01
0.04
0.0 1

-0.35
0.45*
0.79*

-0.73*
0.16

-0.09
0.18

-0.16
-0.16

4

0.20
0.09
0.23
0.15
0.10

-0.09
0.12
0.07
0.16
0.09

-0.02
0.81*
0.68*
0.53*
0.10
0.11

5

-0.10
0.08
0.32
0.35
0.20
0.14

-0.33
0.02
0.20
0.12
0.20
0.10

-0.06
0.13
0.66*

-0.64*

Eigenvalue or explained variance
Eigenvalue
Cumulative proportion of vari-

ance explained

2.86

0.18

2.26

0.32

1.83

0.43

1.62

0.53

1.38

0.62

groups of native and introduced species, appar-
ently structured by seasonal or freshwater needs
(Tables 4. 5). About 62% of the variance was ex-
plained by five principal components. The first
component described species (Sacramento sucker,
splittail young, prickly sculpin, common carp, and
threadfin shad) that were most abundant when the
marsh was dominated by freshwater; this group
was negatively correlated with chameleon goby.
The second component described species that were
most abundant in early spring (Pacific staghorn
sculpin, longfin smelt, and threespine stickleback);
this group was negatively correlated with splittail
young and striped bass young. Yellowfin goby and
striped bass young, introduced species most com-
mon in summer, made up the third group and
were negatively correlated with delta smelt. Tule
perch, splittail adults, and striped bass adults, a
group captured year around and in sharp decline
since 1983, loaded heavily on the fourth compo-
nent. Starry flounder was negatively correlated with
threadfin shad on the fifth component; these sea-
sonal species are abundant in summer and winter,
respectively.

Chameleon goby and yellowfin goby exhibited
large fluctuations in numbers (Figure 3). The first
yellowfin goby was caught in Suisun Marsh in 1967
(Brittan et al. 1970); in 1980-1982 it was the third
most abundant fish in our catches. We caught our
first chameleon goby in 1985, but we did not catch

large numbers until 1988; by 1989 chameleon goby
was the most abundant fish in our catch. This
pattern contrasted with overall fish abundance,
which showed a steady decline over the years (Fig-
ure 3).

Discussion
The decline in fish abundance in Suisun Marsh

can be attributed to interacting factors. From 1986
to 1992, California experienced a severe drought.
The effects of the drought were amplified by in-
creases in freshwater exports from state and fed-
eral water project facilities in the upper estuary.
Since the previous drought of 1976-1977, the av-
erage proportion of estuarine inflow diverted by
water projects has increased from an average of
30% to one of 50% and proportions diverted were
even higher during the most recent drought (Moyle
et al. 1992). In 1988, the amount of estuarine in-
flow diverted exceeded the amount flowing out to
sea (Moyle et al. 1992). High pumping rates dur-
ing the 1976-1977 drought resulted in major fish
losses (Moyle et al. 1992). The most recent drought,
however, lasted 6 years and can be expected to
have a more prolonged effect on Suisun Marsh
fishes. Moreover, high salinities due to low out-
flows have decreased the reproductive success of
native species and allowed several exotic species
to gain a foothold in the more saline habitat (Her-
boldetal . 1992).
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504 MENG ET AL.

1979 1981 1983 1985 1987 1989 1991
Years

FIGURE 3.-Abundances of chameleon goby (CG). yellowfin goby (YFG), and total fish, 1979-1992. Numbers
arc average numbers of fish per trawl.

Changes in abundance of fish groups indicated
that seasonal species fluctuated most, followed by
introduced and native species. Because species in
the seasonal fish group rely on freshwater for
spawning, year-class abundance of these species
varies markedly in relation to amount of fresh-
water outflow (Stevens and Miller 1983; Moyle el
al. 1992). Furthermore, three species in this group,
delta smelt, longfin smelt, and threadfin shad, live
only 1-2 years, so spikes in abundance are not
dampened by subsequent year-classes. Abun-
dance of introduced species was also quite vari-
able, reflecting dramatic deceases in striped bass
and increases in chameleon and yellowfin gobies.
Native fish showed the lowest degree of variability
among the fish groups. These species are well
adapted to the wet and dry cycles of California.
Splittail and Sacramento sucker are long-lived,
highly fecund, and able to defer spawning until
conditions are favorable (Moyle 1976). Tule perch
is a brackish-water species that bears live, well-
developed young (Moyle 1976).

The distribution of introduced, native, and sea-
sonal fish groups shown by the repeated measures
supports the fish groupings of Moyle et al. (1986)
and verifies our choice of these groups for our
analysis. Moyle et al. (1986) grouped Suisun Marsh
fishes on the basis of habitat preference after ex-
amining PCA results. In our repeated measures
and the analysis of Moyle et al. (1986), native
species were associated more often in dead-end
sloughs and seasonal fish in larger sloughs; intro-
duced species showed no habitat preference. Harsh
environmental conditions (the drought) and intro-

duced species (which were able to invade during
the drought) have altered habitat preferences of
the groups somewhat. Introduced species are now
proportionally less abundant in larger sloughs and
more abundant in dead-end sloughs. The increase
in chameleon gobies, which are found more often
in dead-end sloughs, may partly account for this
result.

Environmental changes and changes in macro-
invertebrate abundances affected fish abundance
in the marsh. Increasing salinities and decreasing
outflows arc associated with decreasing fish abun-
dances and species diversity and declines in brack-
ish-water invertebrates. The more marine shrimp,
C. franciscorum. did not decline in the marsh, al-
though it declined overall in the estuary (Herbold
ct al. 1992). Increasing salinities in the marsh al-
lowed C. franciscorum. which is normally found
downstream, to become very abundant in the
marsh. Abundance of C. franciscorum was asso-
ciated with native fish abundance, whereas intro-
duced fishes were associated with the brackish-
water A', mercedis. Herbold (1987) found that
introduced and native species in the marsh relied
heavily on A', mercedis as food, but that native
species had the ability to switch to other prey types
in times of /V. mercedis scarcity. He postulated
that evolution had better equipped native species
to cope with seasonal food shortages.

The differences between the present study and
that of Moyle et al. (1986) are partly due to the
way the data were summarized and length of the
studies. The 1986 results were summarized by
month, whereas the current repeated-measures re-
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suits and correlations were summarized by year.
The 1986 study examined a finer (and shorter)
scale of phenomena. Correlations between fish
abundance and environmental variables were
based on seasonal effects: abundant young-of-year
fish appeared in late spring and summer and shift-
ed the correlation of fish abundance towards
months that are correlated with higher tempera-
tures, increased salinities, and decreased outflow.
Moreover, the previous 5-year study was too short
to discern long-term trends in fish abundance.
Connell and Sousa (1983) have argued that the
minimum time period for studies on community
persistence should encompass the replacement of
all adults.

The pattern we found in the structure of the fish
assemblage (Table 5) differed somewhat from that
found by Moyle et al. (1986). Moyle et al. (1986)
found an underlying structure to the fish com-
munity with groups of (1) native resident species
found mostly in dead-end sloughs (splittail, tule
perch, and Sacramento sucker), (2) introduced
species found throughout the marsh but captured
most often in the larger sloughs (striped bass, yel-
lowfin goby, and common carp), and (3) two ben-
thic species (prickly and Pacific staghorn sculpins).
Moyle et al. (1986) also described groups of spring-
summer seasonal species (Pacific staghorn sculpin
and starry flounder) and winter seasonals (delta
smelt, longfin smelt, and threadfin shad). The main
differences between that analysis and ours are due
to environmental effects that produced some shift-
ing among groups.

Occurrence of fish species in different groups
than previously reflects changing environmental
factors. The PCA reflects effects of decreasing out-
flow due to drought and increasing proportional
diversions of freshwater from the estuary. In the
earlier study, longfin smelt and delta smelt were
found together as seasonals in winter, when out-
flows were high. In the current study, longfin smelt
were most common in March and April. Longfin
smelt formerly appeared in the marsh as adults in
winter as they migrated upstream to spawn, but
now they are found as larvae or juveniles in the
spring. Before 1983, freshwater outflows were high
in winter and spring (Moyle et al. 1992). As fresh-
water outflows decreased, longfin smell move-
ments changed. Adult longfin smelt no longer mi-
grated through the marsh and juveniles were
transported into the marsh, rather than being
washed downstream to lower Suisun Bay by high
spring outflows. Delta smelt almost disappeared
from the marsh during the drought, and the PCA

placed them in a group of their own, opposite two
very abundant introduced species, yellowfin goby
and striped bass young.

Results of the repeated-measures analysis in-
dicate that the introduced, native, and seasonal
fish groups of Moyle et al. (1986) are fairly pre-
dictable and consistent through time. In many
cases, the PCA produced similar results, but shifts
among groups suggest that these groupings can be
affected by extreme environmental conditions,
such as a 6-year drought. The shifts of species to
different groups are apparently driven by changes
in freshwater outflow, as discussed for longfin
smelt. Prickly sculpin previously peaked in the
summer with Pacific staghorn sculpin, but as the
marsh became more saline, it appeared with a
group that is characteristic of freshwater condi-
tions. Changing environmental conditions can also
affect predictability and consistency of the fish as-
semblage by creating conditions beneficial to in-
vading species. The increasing proportion of in-
troduced species found in dead-end sloughs may
affect native species and alter predictability of the
fish assemblage.

Chameleon and yellowfin gobies were intro-
duced to the San Francisco Bay estuary around
the same time in the late 1950s (Brittan et al.
1970; Carlton 1979), but they showed very differ-
ent patterns of invasion. Yellowfin goby increased
explosively throughout the estuary in the late 1960s
and early 1970s (Brittan et al. 1970). Both gobies
are native to Asia, where the yellowfin goby is
found in fresh, brackish, and marine waters and
the chameleon goby in brackish and marine wa-
ters (Haaker 1979). We hypothesize that increas-
ing levels of salinity, decreasing outflows, and
drought have interacted with the flushing flows of
1986 (Moyle et al. 1992) to create conditions in
the marsh that allowed the chameleon goby to
invade. Recently, chameleon goby numbers have
plummeted, possibly due in part to predation by
yellowfin gobies. Chameleon gobies spawn 3-4
months after yellowfin gobies (Wang 1986; our
unpublished data). Because yellowfin goby include
fish in their diets (Wang 1986), chameleon goby
eggs and larvae are likely to be vulnerable to pre-
dation by yellowfin goby juveniles and adults. In
any case, the chameleon goby, like the yellowfin
goby before it, has shown a dramatic spike in
abundance (Figure 3) typical of introduced species
invading disturbed habitats (Herbold and Moyle
1986; Moyle 1986).

The decreasing abundance of Suisun Marsh
fishes parallels fish losses in the estuary and is
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associated with increases in salinity and decreases
in outflow due to drought and increasing water
diversions (Stevens 1977; Stevensand Miller 1983;
Stevensetal. 1985; Moyleetal. 1992). When large
proportions of estuarine inflow are diverted, ef-
fects of droughts are amplified, spawning habitat
decreases, flow patterns important to migratory
fishes are modified, and food webs are altered
(Herbold et al. 1992). Changes in the pattern of
freshwater outflow alter habitat and create bene-
ficial conditions for invading species. Introduced
species colonize rapidly under favorable condi-
tions and may disrupt the structure of fish com-
munities by competing with or preying on native
fishes (Herbold and Moyle 1986; Moyle 1986).
The chameleon goby is the most recent introduc-
tion to gain a foothold in the Suisun Marsh due
to altered environmental conditions. Populations
of the Asiatic clam Potarnocorbula amurensis have
exploded in a similar manner and have severely
reduced planktonic foods in the estuary (Nichols
etal . 1990).

Populations of recently introduced species are
inherently unstable, and the combined effects of
introduced species and human-caused environ-
mental changes may cause rapid, unpredictable
changes in fish assemblages (Herbold and Moyle
1986; Moyle 1986). The fish assemblage of Suisun
Marsh has lost some its consistency, but if normal
precipitation returns and the proportion of water
diverted from the estuary is reduced, Suisun Marsh
fishes may regain their previous abundance and
predictability. An aggressive campaign to prevent
further introductions of new estuarine species is
also needed.
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