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ABSTRACT: We examined how wetland restoration status influenced habitat quality for fishes by
comparing otolith-calculated growth rates and diets of 2 abundant non-native fish species, the locally
transient planktivorous Mississippi silverside Menidia audens and the resident demersal-feeding yellowfin goby Acanthogobius flavimanus, in 2 wetlands undergoing restoration (‘restoring’ wetlands)
and 1 natural wetland (Napa River, San Francisco Estuary, California, USA; 38° 10’ N; 122° 18’ W).
Native species with similar trophic requirements were too few in abundance to serve as study organisms. Differences in fish diet and growth based on restoration status were expected for the more resident goby species, but not for the transient silversides. Fish were collected in June 2004 and 2005
from a 10 yr old restoring marsh, a 50 yr old restoring marsh and a natural marsh, using a modified
fyke net. Diet of silversides was primarily composed of copepods, cumaceans, and flying insects,
while yellowfin goby diets were composed of annelids, cumaceans, and amphipods. Prey species biomass in the stomachs of yellowfin gobies was significantly different between marshes, but these differences were not dependent on restoration status. No significant differences in Mississippi silverside
growth rates were detected, and yellowfin goby growth rates varied somewhat between marshes and
years, but were not significantly different between restored versus reference sites. Based on these
findings, we suggest that adequate prey abundance and prey species composition is available for
these fish species in both our restored and natural study sites. It also appears that some restoring
breached wetlands can quickly (within 10 yr) provide equivalent habitat to natural areas, at least for
generalist, non-native fishes; however, consideration of underlying mechanisms of restoration will be
important in designing wetlands that specifically favor native fish populations.
KEY WORDS: Acanthogobius flavimanus · Menidia audens · Wetland restoration · Non-native
species · Fish ecology · Tidal marsh
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INTRODUCTION
Evaluating restoration success is a major goal of wetland restoration and management (Kentula 2000,
Thom 2000, Zedler & Callaway 2000, Thayer & Kentula
2005). In heavily urbanized coastal regions such as the
San Francisco Estuary (SFE), restoration outcomes are
expected to satisfy human-related values (i.e. scenic
viewsheds, sportfishing, water-based recreation) as
well as demonstrate the same level of ecosystem func-

tionality (Ehrenfeld 2000) as natural areas. Consequently, researchers and managers have developed
numerous methods of monitoring and evaluating wetlands to assess restoration success (Flower 2001, Neckles et al. 2002). Often floristic composition and coverage is the primary measure of restoration success,
although other specifically biologic metrics, such as
species lists or comparisons of population size between
non-native versus native species, are increasingly used
to inform both ecological and societal management de-
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cisions in highly altered ecosystems. Fish growth and
condition are seldom criteria for evaluating restoration
success despite the fact that the recovery of local fish
populations is a common restoration target.
Effective restoration efforts require an understanding
of not only the abundance of fishes in the restored habitats, but also of the quality of the habitat and its relationship to the growth and health of the species. It is
necessary to consider important trophic and food web
interactions, such as those between fish and prey (i.e.
zooplankton) in shallow and wetland restoration (Perrow et al. 1999). Studies have shown that many salt
marsh organisms benefit from trophic subsidies of organic matter originating in adjacent upland and open
water habitats (Weinstein et al. 2005). These trophic
subsidies may vary in importance to fish and other nekton as additional autochthonous food resources become
available to consumers during wetland colonization
(Simenstad & Thom 1996, Jassby & Cloern 2000). Data
from breached wetlands undergoing restoration
(henceforth ‘restoring’ wetlands) in the SacramentoSan Joaquin Delta (upper SFE) suggest that the early
stages of restoration provide opportunity and habitat
that often supports prey resources for more opportunistic, and often non-native fishes (Simenstad et al. 1999).
Although these marshes may be quickly utilized by
some fish species, other research on the Delta notes
that measuring time since restoration of a wetland is not
necessarily a predictive indicator of successful restoration to reference marsh conditions (Grimaldo 2005).
Anthropogenic environmental change in the SFE has
enabled the successful colonization of introduced fish
and invertebrate species, thereby compromising the
community structure and resilience of native species
(Meng & Moyle 1994). Several recently introduced fish
species, including the yellowfin goby Acanthogobius
flavimanus and Mississippi silverside Menidia audens
are common in both restored and reference tidal marsh
habitats (Hieb & Greiner 2001, S. Bollens unpubl.
data). Because the goal of wetland restoration in the
SFE is to restore natural marsh function, enhancing the
populations of native fishes is a crucial characteristic of
a successful restoration (Brown 2003). Therefore, more
evaluation is needed of both native and non-native fish
responses to current restoration efforts.
Ongoing monitoring in SFE wetlands has revealed
that the highly abundant non-native yellowfin gobies
and Mississippi silversides are common prey items for
sport fishes and marsh birds (Moyle 2002). However,
these non-native fishes will have wetland food web
interactions — such as competition for food resources
or consumption of other species’ larvae — that may be
detrimental to native fishes such as the threatened
delta smelt Hypomesus transpacificus (Moyle 2002).
Recent research demonstrates that restored tidal fresh-

water marshes in the SFE are quickly colonized by
large numbers of non-native fishes (Grimaldo et al.
2004), but little research has been conducted in SFE
brackish and saltwater systems to discern whether
these fishes are as successful in restoring wetlands, in
terms of diet and growth, compared to non-altered
wetlands. Non-native fishes are not the optimal study
organisms for evaluating whether a restoring wetland
has returned to its former functionality within an estuarine system, however, studies on these organisms
provide information on one of the likely endpoints of
restoration in highly altered and urbanized systems.
Nekton utilization of natural, altered, and restored
wetlands is well studied in many estuarine areas, particularly the Atlantic coast of North America (Kneib
1997), and increasingly in saltwater and freshwater
areas of many other estuarine systems (Le Quesne
2000, Connolly 2005, Rozas et al. 2005, Reed et al.
2006). Many studies have found that in restored wetlands nekton abundance and species diversity is lower,
and that the habitat provides fewer benefits compared
to natural, unmanaged wetlands (e.g. Hampel et al.
2003, Thom et al. 2004, Rozas et al. 2005). However,
some studies suggest that restoring wetlands (Teo &
Able 2003), or even sites invaded by non-indigenous
vegetation (Phragmites sp.) (Meyer et al. 2001, Hanson
et al. 2002), provide nekton habitat that is equivalent to
natural marshes.
The present study sought to determine whether
restored wetlands provide significantly better habitat,
in terms of diet and growth, for non-native fishes than
non-altered wetlands. More specifically, we used
growth rates, as calculated from daily otolith increments, and diet analysis of 2 non-native invasive fish
species (yellowfin gobies and Mississippi silversides)
to assess the relative habitat quality of restoring and
reference wetlands in the Napa River system of the
SFE. Our study had initially intended to include native
species as well, but our sampling yielded too few specimens of native fish to allow for this.
The fish assemblage in the SFE has undergone dramatic changes during the last 150 yr, including the
addition of many invasive non-native species, such as
the fish species used in this study. Since their introduction into the San Francisco Bay and Delta there has
been considerable discussion and confusion in determining whether non-native silversides were Menidia
audens, the Mississippi silverside, or M. beryllina, the
inland silverside (Moyle 2002). As a result of recent
research into the morphometric differences of both
M. audens and M. beryllina (Suttkus et al. 2005) and
discussions among local fisheries experts, the nonnative silverside population of the SFE has been determined to be M. audens, the Mississippi silverside
(J. L. Grenier and K. Heib pers. comm.).
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Although targeting different prey communities, both
the Mississippi silverside and the yellowfin goby are
considered to be generalist feeders, a trait that may be
important in determining invasion success in a new
estuarine habitat (Ruiz et al. 2000). The Mississippi silverside is a planktonic and surface feeder whereas the
yellowfin goby is a demersal feeder (Moyle 2002).
Adults and older juveniles of both species are considered to be primarily marsh residents. Mississippi silversides are the more transient of the 2 species, vacating individual marsh channels during low tide,
whereas post-settlement juvenile gobies (Miyazaki
1940) are primarily benthic and can tolerate much
lower tidal water depth in individual channels.
We expected that there would be differences in the
diet and growth rate of these fishes between restored
and reference wetlands because of differences in prey
availability and composition between restoring and
reference marshes. Although other investigators have
found fish (Fundulus sp.) in some restoring marshes to
have greater access to nutritive animal protein (polychaetes) than in comparable natural marshes (Moy &
Levin 1991), other studies have determined that plankton and flying insects are some of the first prey sources
to become available in restoring breeched levee wetlands (Merkley et al. 2005), while nutritive and accessible benthic faunal communities develop over time
(Matthews & Minello 1994). Therefore, the specific
null hypotheses that we tested in this study were that
there was no difference in diet and growth rates of
both non-native transient planktonic-feeding Mississippi silversides and the non-native resident demersalfeeding yellowfin goby in restored versus reference
wetlands.
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drained for agricultural use. Bull Island is a 43.8 ha
restoring marsh that was formerly leveed and drained
for a variety of land uses, including agriculture, and
later breached in 1955. Pond 2A is a 215.6 ha restoring
marsh and former evaporation salt pond that was
breached in 1995.
Salinity levels in the studied wetlands are dependent
on tidal influence, precipitation and runoff. The SFE,
and consequently San Pablo Bay and the lower Napa
River, has mixed, semi-diurnal tides. Concurrent measurements of hydrography and physical processes in
Coon Island, Bull Island, and Pond 2A have found a
general trend of increasing salinities in the wetlands towards the south as the influence of the freshwater Napa
River declines and the influence of the saline San Pablo
Bay increases. Therefore, the most northern site, Bull
Island, is generally the least saline and the southernmost site, Pond 2A, is generally the most saline, with
Coon Island at an intermediate salinity (Siegel et al.
2005). This trend is reinforced seasonally as freshwater
flow from the Napa River declines in the summer.
The vegetation community of the lower Napa River
wetlands is predominantly composed of Salicornia virginica, Typha angustifolia and Scirpus maritimus.
Coon Island and Bull Island have comparable species

MATERIALS AND METHODS
Study sites. The Napa River is a tributary estuary that flows into San Pablo
Bay in the northern part of the SFE.
Three wetland sites, Coon Island
(38° 11’ 36’’ N; 122°19’09’’W), Bull Island (38°13’ 03’’N; 122° 18’ 17’’ W) and
Pond 2A (38° 09’ 09’’ N; 122° 19’ 10’’ W)
(Fig. 1), were sampled within this system. Coon Island is a 162.4 ha ancient
salt marsh (marsh formation during
thousands of years of pre-European settlement) with some portions considered
centennial marsh (marsh formation
over the last 150 yr due to mining sediment accumulation). This marsh has experienced some anthropogenic impact
over time, but was never diked and

Fig. 1. Study area in the Napa River System within the San Francisco Estuary.
Approximate placement of fyke nets in sampling channels (d)
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occurrences, although the diversity distribution of
plant species in Bull Island is patchier than in Coon
Island, likely reflecting antecedent conditions. Pond
2A has approximately half the plant species of Coon
Island and Bull Island and contains species, including
Salicornia europaea and Cotula coronopifola, that are
commonly found in newly restored sites (Parker et al.
2005). Additionally, Pond 2A has the lowest elevation
and Coon Island has the highest elevation, a factor
that — along with others, such as inundation — affects
plant distribution and possibly faunal use of the wetland (Parker et al. 2005).
Salinity, temperature, and channel edge. Temperature and salinity for each channel system and sampling
period were measured using a YSI™ (Model 85) at the
surface and bottom of each channel at the time and
location the fyke net was placed at slack water following the flood tide. Channel edge length (m) was measured by using orthogonal satellite photographs and
ArcView GIS software (v. 8.0).
Fish sampling. Fish sampling occurred during the
nighttime spring tide at each of the 3 sites in June 2004
and June 2005. We sampled 3 channels in each marsh,
with 1 marsh sampled per day on each of 3 consecutive
days (18 to 20 June 2004 and 22 to 25 June 2005).
Fishes were sampled with modified nylon mesh fyke
nets, as described in detail by Visintainer et al. (2006).
Briefly, the fyke nets were composed of a mouth, body
and cod end in the form of a live trap with 3.2 mm
mesh. Adjustable wings with 6.4 mm mesh were attached to the mouth of the net and extended to the
sides of the channel and onto the marsh plain. Nets
were placed at the mouth of each channel approximately 10 m upstream from the marsh–open water interface and perpendicular to the shore. All nets were
set during the post-flood slack tide and recovered at
the post-ebb slack tide, and fishes were periodically
(approximately every 60 min) removed from the cod
end throughout the tidal cycle. All channels used in
this study completely dewatered during each sampling
period.
Fish collected from the 3 channels at each site were
combined to produce a single aggregated sample from
that site and date. Juvenile Mississippi silversides
(15 to 40 mm fork length [FL]) and yellowfin gobies
(20 to 70 mm total length [TL]) were sorted from each
aggregated sample and a random subsample of 50 fish
was weighed and measured in the field. Fish were
weighed (wet weight [wet wt]) to the nearest 0.01 g
and measured (FL for Mississippi silversides and TL for
yellowfin gobies) to the nearest mm. These fish were
then anesthetized with MS-222 (tricaine methanesulfonate, Sigma), immediately preserved in 95% ethanol, and brought back to the laboratory for diet and
otolith analysis.

Fish diet analysis. We examined the stomach contents of Mississippi silversides, and yellowfin gobies. In
2004, using a small subsample of fish from the first collection, we performed a prey species-effort analysis to
determine the minimum sample size of stomachs
needed for analysis of each predator species. This was
accomplished by establishing the number of individual
fish at which cumulative prey species and average
stomach content weight reached an asymptote. Based
on visual inspection of the prey species-effort curve, we
determined these minimum sample sizes to be 10 fish
site–1 yr–1 for Mississippi silversides and 15 fish site–1
yr–1 for yellowfin gobies (data available upon request).
We selected a random subsample of fish from each
sample for diet analysis. The fore-stomach of each fish
was removed and the contents extracted, blotted dry
and weighed (wet wt) to the nearest 1 µg. Percent
stomach fullness was assessed and assigned a relative
index of fullness (0 = empty, 1 = 25% full, 2 = 50% full,
3 = 75% full, 4 = 100% full). In addition, digestion of
stomach contents was assessed and assigned a relative
index (0 = no digestion, 1 = 25% digested, 2 = 50%
digested, 3 = 75% digested, 4 = 100% digested). Prey
items from each stomach were identified to the lowest
taxonomic category (i.e. species) whenever possible
and enumerated using a Leica MZ-6 stereomicroscope
(6.3× to 40× magnification). Each prey taxon was
weighed to the nearest 1 µg. Stomach content weight
was normalized by dividing by the individual fish
weight to determine the normalized stomach content
weight (g g–1). Unequal sample sizes occasionally
resulted from low catches on some sample dates.
Otolith analysis. Previous work has validated the
daily nature of otolith increment deposition in Menidia
beryllina and another Menidia species (Barkman 1978,
Gleason & Bengtson 1996). To our knowledge, no
otolith validation work has been reported on yellowfin
gobies, although work on numerous other species of
gobies, both temperate and tropical, has shown that
many Gobiids have daily otolith increments (Iglesias et
al. 1997, Hernaman et al. 2000, MacInnis & Corkum
2000). We attempted validation work on yellowfin gobies in June 2005 but were unable to maintain wildcaught specimens in the laboratory long enough for
analysis. However, based on the studies above, we
proceed on the assumption that the yellowfin goby
deposits daily otolith increments.
We removed the pair of sagittal otoliths from each fish
and attached them to microscope slides with clear fingernail polish. Otoliths were polished with 2400 and
3200 grit micromesh sandpaper and microscopy immersion oil to facilitate increment counts and interpretation. Otolith examination followed standard techniques (Secor et al. 1991) and increments on the
sagittae were counted using an Olympus light micro-

Cohen & Bollens: Diet and growth of Mississippi silversides and yellowfin gobies

245

RESULTS
scope at 400× and 1000× magnification using a polarized filter between the light source and the stage. Daily
Salinity, temperature and channel edge
increments were counted on Mississippi silverside
otoliths along their longest radius from the core to the
Salinity was significantly different between restored
outer edge. Daily increments on yellowfin goby otoliths
and reference wetlands during each sampling period
were counted from the core to a large accessory pri(2-way ANOVA, F = 123.64, df = 2, p < 0.001), and was
mordium that was present on all collected otoliths, and
also significantly different between the 2004 and 2005
then from the origin on that primordium to the edge of
sampling periods (2-way ANOVA, F = 32623.12, df = 1,
the otolith. This accessory primordium may indicate a
p < 0.001). The highest salinity for both years was mealife history change, such as settlement into the wetland
sured at Pond 2A (18.2 in 2004 and 7.4 in 2005), and the
from an open-water environment, as it does in some
lowest was at Bull Island (16.7 in 2004 and 6.6 in 2005).
other demersal fish such as Cottids (Blizard 2000).
For all sites, salinity in 2004 was approximately 10
All otoliths were read by the same person (S.E.C.).
higher than in 2005 (Table 1). There was a significant
Before increment counts began, all abnormally shaped
difference in water temperature between wetland sites
otoliths and unequally sized sagittae were discarded
(2-way ANOVA, F = 10.46, df = 2, p = 0.002) and
(< 2% of all samples). We made 2 independent readbetween sampling years (2-way ANOVA, F = 37.47,
ings of each otolith and used criteria similar to those of
df = 1, p < 0.001), with the highest temperature (19.1°C
Searcy & Sponaugle (2000) to determine which readin 2004 and 19.8°C in 2005) occurring at Coon Island
ing was most appropriate to be used in further analy(reference site) (Table 1). There was also a significant
sis. The mean of the 2 readings was calculated if the
interaction between wetland and sampling year for
daily increment counts differed by <10% from each
both salinity (2-way ANOVA, F = 17.37, df = 2, p <
other. If the daily increment counts differed by >10%,
0.001) and temperature (2-way ANOVA, F = 5.81, df =
the otolith was read again, for a third time. If the third
2, p = 0.017). Channel edge was significantly different
count fell within 10% of one of the previous 2 measurebetween sites (1-way ANOVA, F = 6.03, df = 2, p =
ments, the mean of this count and the closest of the
0.12) with the least amount of channel edge, 193.6 m,
previous 2 counts was calculated. If the difference
at Bull Island (Table 1).
between increment counts remained >10% after
In addition to Mississippi silversides and yellowfin
3 counts, the otolith was excluded from analysis (~5%
gobies, 8 to 12 different species of fishes were colof total samples).
lected during our sampling. For all sites and dates,
Statistical analyses. Salinity, temperature and chanMississippi silversides and yellowfin gobies were very
nel edge data for all sites and dates were compared
abundant and together comprised 90 to 95% of all
using descriptive statistics and 1-way and 2-way
fishes sampled. Unfortunately, we did not consistently
ANOVAs (SPSS v. 11.5).
collect a large enough sample of any native fish from
Stomach content data were analyzed for normality
all 3 wetland sites to be able to test for differences in
and heterogeneity of variances, and in some cases
diet and growth rate of native fish between restored
were logarithmic or inverse transformed to better fit
and reference wetlands.
assumptions of normality. We used a 1-way ANOVA to
test for differences in stomach fullness indices, content
digestion indices, number of prey items per fish, and
Stomach content analysis
normalized stomach content weights using wetland
site as our factor (Zar 1999). A posteriori tests (BonferDiet composition
roni and Tukey’s HSD) were used to examine differences in means between specific wetland sites.
Mississippi silversides. Insect parts and Nippoleucon
Otolith length-at-age data were determined to be
hinumensis (cumacean) were the primary prey by bionormally distributed for all samples (SPSS v. 11.5).
We used these measurements of relative age and length to calculate
Table 1. Mean salinity, temperature and channel edge length of sample sites in
growth rates using linear regression
June 2004 and June 2005
(BIOM Stat). ANCOVA (BIOM Stat)
was used to test our null hypothesis
Site
Edge length (m)
2004
2005
Salinity Temp (°C)
Salinity Temp (°C)
that there was no difference in growth
rates for Mississippi silversides or yelPond 2A
780.4
18.2
18.8
7.4
19.0
lowfin gobies between restored and
Bull Island
193.6
16.7
18.4
6.6
19.5
reference wetlands (Sokal & Rohlf
Coon Island
413.3
17.2
19.1
7.1
19.8
1995).
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mass of Mississippi silversides collected from Pond 2A
in 2004. N. hinumensis and insect parts comprised
97% of the total prey biomass in fish from Bull Island.
Total prey biomass from Coon Island was divided
almost evenly in thirds between N. hinumensis, insect
parts, and unknown organisms (Fig. 2). More taxa
were identified in gut contents from 2005 than in those
from 2004; these aditional prey items were primarily
crustaceans. In 2005, N. hinumensis and insects, along
with Eurytemora sp., were common prey items in Pond
2A. Diet from Bull Island was predominantly (65%)
composed of the calanoid copepod, Eurytemora sp.,
with dietary contributions from insects, amphipods and
tanaids. Insects and the tanaid Sinelobus stanfordi
were important components of prey biomass in Coon
Island channels (Fig. 2).
Yellowfin gobies. In general, the diet of yellowfin
gobies included more prey taxa (n = 17) than Mississippi silversides (n = 9). Amphipods, polychaetes,
oligochaetes, harpacticoid copepods, cumaceans and
tanaids were some of the prey found in stomachs
examined from Pond 2A in 2004 (Fig. 3), but no one
prey taxon comprised > 39% of total prey biomass. A
large proportion of stomach contents collected from
Bull Island was composed of benthic polychaete

worms, including 33% Neanthes limnicola. In addition
to a mix of aquatic amphipods, copepods, and cumaceans, fish collected from Coon Island in 2004 had
ingested a large proportion (20% of biomass) of a terrestrial amphipod, Talitridae (Fig. 3). Diet of yellowfin
gobies in 2005 contained many of the same prey taxa
that were consumed in 2004. Stomach contents of yellowfin gobies from Pond 2A were dominated by Nippoleucon hinumensis (50%) and Sinelobus stanfordi
(32%), while stomach contents from Bull Island
remained similar to those from 2004 with a large contribution of benthic worms. Stomach contents from
Coon Island were similar to those collected in 2004 and
had a large percentage by biomass of terrestrial Talitridae amphipods (35%) (Fig. 3).

Fig. 2. Menidia audens. Stomach contents composition by
weight (% of total biomass) for (A) June 2004 and (B) June
2005 by wetland site (Pond 2A, Bull Island, Coon Island)

Fig. 3. Acanthogobius flavimanus. Stomach contents composition by weight (% of total biomass) for (A) June 2004 and (B)
June 2005 by wetland site (Pond 2A, Bull Island, Coon Island)

Normalized stomach content weight
Normalized stomach content weight for Mississippi
silversides ranged from a mean of 1.2 × 10– 3 (g g–1)
from Pond 2A in 2004 to 7.0 × 10– 3 (g g–1) in 2005.
These Mississippi silverside normalized stomach content weights were not significantly different between
restored and reference wetlands in either 2004
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Mississippi Silverside

No. of prey items

(ANOVA, F = 0.2, df = 21, p = 0.822) or
2005 (ANOVA, F = 0.96, df = 38, p =
0.392) (Fig. 4). Yellowfin goby normalized stomach content weight ranged
from a mean of 10– 3 (g g–1) for gobies
from Pond 2A in 2005 to 8.7 × 10– 3 (g g–1)
for gobies from Bull Island in 2005. Wetland site did significantly influence normalized stomach content weight for yellowfin gobies in both 2004 (ANOVA, F =
6.4, df = 66, p = 0.003) and 2005
(ANOVA, F = 9.53, df = 52, p < 0.001),
but not in a consistent pattern related to
restoration status. Pond 2A, a restored
site, had a significantly lower mean normalized stomach content weight for
2004 and 2005 than either Bull Island,
the other restored site, or Coon Island,
the reference site. When the means
were compared we found that the greatest normalized stomach content weight
of yellowfin gobies was found in Bull
Island, followed by Coon Island, and
then Pond 2A (Fig. 4).
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Fig. 5. Menidia audens and Acanthogobius flavimanus. Mean number of individual prey from stomach contents of Mississippi silversides and yellowfin
gobies in June 2004 and June 2005. *Significant. Error bars: + SE

Stomach content (g g–1)

Island) and a maximum mean of 20.3 items (Bull Island).
Wetland site influenced the number of prey per fish, but
Number of individual prey per fish
was only significant in 2005 (Fig. 5). Number of prey items
per fish was not significantly different for Mississippi silNumber of prey items per Mississippi silverside was
versides in 2004 (ANOVA, F = 2.26, df = 21, p = 0.13), but
greater in 2005 with a minimum mean of 3.9 items (Coon
was significant in 2005 (ANOVA, F = 4.79, df = 34, p =
0.015). Mean number of prey items in fish
from Bull Island, a restored site, was significantly higher than the mean number
Mississippi silverside
Yellowfin goby
in Coon Island, a reference site. The mean
0.008
0.01
p = 0.003
2004
0.009
2004
number of prey items per fish was also
0.007
0.008
0.006
lower in Coon Island than at the Pond 2A
0.007
0.005
0.006
(restored site). Number of prey items per
0.004
0.005
individual fish also was not significantly
0.004
0.003 n = 12
n=6
n=4
*
0.003
different for yellowfin gobies in different
0.002
0.002
0.001
marshes collected during 2004 (ANOVA,
0.001
0
0
F = 0.18, df = 46, p = 0.24), but was signifPond 2A Bull Is. Coon Is.
Pond 2A Bull Is
Coon
icantly different among marshes for those
n = 23 n = 22 n = 22
collected in 2005 (ANOVA, F = 8.36, df =
0.01
0.008
47, p = 0.001). For yellowfin gobies, the
p < 0.001
2005
0.009
0.007
mean number of prey items was signifi0.008
2005
0.006
0.007
cantly greater in Coon Island (30.1 items),
0.005
0.006
the reference site, than in restoring sites,
0.005
0.004
0.004
Pond 2A (2.5 items), and Bull Island
0.003
0.003
0.002
*
(24.7 items) (Fig. 5).
0.002
0.001
0

0.001
0

Pond 2A Bull Is
n = 18 n = 10

Coon
n = 11

Pond 2A Bull Is. Coon Is.
n = 18 n = 18 n = 17

Fig. 4. Menidia audens and Acanthogobius flavimanus. Mean normalized stomach content weight (g) of Mississippi silversides and yellowfin gobies in June
2004 and June 2005. *Significant. Error bars: + SE

Number of prey taxa per fish
The mean number of prey taxa per
fish was not significantly different for
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most sites in 2004 and 2005 (Fig. 6). Only among Mississippi silversides sampled in 2004 was there a significant difference between wetland sites (ANOVA, F =
5.47, df = 2, p = 0.015), being less at Pond 2A (1 taxon
fish–1) than at the other restored site, Bull Island (1.5
taxa fish–1), but not significantly different than that at
Coon Island (1 taxon fish–1), the reference site. In 2005,
silversides at Bull Island also had the greatest mean
number of prey taxa (2.4 taxa fish–1), but this was not
significantly different than at the other sites (Pond 2A,
1.94 taxa fish–1 and Coon Island, 1.82 taxa fish–1)
(ANOVA, F = 1.03, df = 2, p = 0.37). Yellowfin gobies in
Pond 2A had the lowest mean number of prey taxa per
fish for both 2004 (1.5 taxa fish–1) and 2005 (1.6 taxa
fish–1), but the results were not significantly different
from other sites for either year. In 2004, yellowfin gobies in Bull Island had the greatest mean number of
prey taxa per fish (2.18 taxa fish–1), while in 2005 the
greatest number was found in gobies from Coon Is.
(2.4 taxa fish–1) (Fig. 6).

yellowfin gobies were similar in both 2004 and 2005
and ranged from a mean of 1.4 (between 25 to 50%
full) for fish from Pond 2A in 2005 to a mean of 1.9
(almost 50% full) for fish from Bull Island in 2005.
Stomach fullness indices were not significantly different for Mississippi silversides in 2004 (ANOVA, F =
2.71, df = 21, p = 0.092) or 2005 (ANOVA, F = 0.50, df =
38, p = 0.61). Similarly, stomach fullness indices were
not significantly different for yellowfin gobies in 2004
(ANOVA, F = 0.62, df = 66, p = 0.54) or 2005 (ANOVA,
F = 1.62, df = 52, p = 0.21).

Gut contents digestion index

Consistent with stomach fullness scores, wetland site
and restoration status did not appear to influence the
digestion index (not shown) of either Mississippi silversides or yellowfin gobies. Gut contents digestion
indices for Mississippi silversides were similar in both
2004 and 2005 and ranged from a mean of 2.7 (almost
75% digested) for fish from Pond 2A in 2004 to a mean
Stomach fullness index
of 3.5 (between 75 to 100% digested) for fish from
Coon Island in 2004. Digestion indices for yellowfin
Wetland site and restoration status did not influence
gobies were also similar for both 2004 and 2005 with a
the stomach fullness of either Mississippi silversides or
range of 2.5 (between 50 to 75% digested) for gobies
yellowfin gobies. Stomach fullness indices for Missisfrom Bull Island in 2005 and 3.1 (75% digested) for
sippi silversides were greater in 2005 than in 2004 and
gobies from Pond 2A in 2005. Gut contents digestion
ranged from a mean of 1 (25% full) for fish from Coon
indices were not significantly different for Mississippi
Island in 2004 to a mean of 2.7 (almost 75% full) for fish
silversides in 2004 (ANOVA, F = 1.37, df = 21, p = 0.28)
from Bull Island in 2005. Stomach fullness indices for
or 2005 (ANOVA, F = 0.036, df = 38, p = 0.97). Gut content digestion indices were also not significantly different for yellowfin gobies
in 2004 (ANOVA, F = 0.45, df = 66, p =
Yellowfin goby
Mississippi silverside
0.64) or 2005 (ANOVA, F = 2.01, df = 52,
3
3
2004
p = 0.14).
2004
n = 22
2.5

2.5

2

2

Prey taxa fish–1

1.5

n=6
n = 12

n=4

1
0

0
Pond 2A
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Bull Is.

Coon Is.

n = 10

n = 18

n = 11

2

1.5

1.5

1

1

0.5

0.5
Pond 2A

Bull Is.

Coon Is.

Mississippi silversides
Pond 2A

3
2.5 2005

2

0

Otolith analysis

1
0.5

3

n = 23

1.5
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2.5

n = 22

0

n = 18
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n = 18

Bull Is.
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Fig. 6. Menidia audens and Acanthogobius flavimanus. Mean number of prey
taxa from stomach contents of Mississippi silversides and yellowfin gobies in
June 2004 and June 2005. *Significant. Error bars: + SE

We used a linear regression to
describe growth for the juvenile Mississippi silversides collected in this study.
Regression slopes (ANCOVA, F = 2.03,
df = 142, p = 0.14) and adjusted mean
growth rates (ANCOVA, F = 0.82, df =
144, p = 0.44) of Mississippi silversides
from all sites and sampling years were
not significantly different, indicating
that regression lines and intercepts are
also not significantly different. Therefore, there was no significant difference
in growth rate between Mississippi sil-
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70
70

versides collected from restored versus reference wetlands. The mean growth rate for Mississippi silversides
from 2004 and 2005 was 0.24 mm d–1 (Fig. 7).

Using ANCOVA, we found that data sets could not
be combined across years for analysis because for
some sites either the slope (Coon Island, F = 9.29, df =
74, p = 0.003) or intercepts (Bull Island, F = 4.29, df =
66, p = 0.042) were significantly different between
years. The mean growth rate of yellowfin gobies in
2004 was greatest at Bull Island (0.61 mm d–1) and least
at Coon Island (0.25 mm d–1). In 2004, both regression
slopes (ANCOVA, F = 4.16, df = 82, p = 0.019) and
intercepts (ANCOVA, F = 6.93, df = 84, p = 0.0016) of
yellowfin gobies were significantly different between
wetland sites, indicating that growth rates were different (Fig. 8, Table 2).
The mean growth rate of yellowfin gobies in 2005
was the greatest at Pond 2A (0.55 mm d–1) and least at
Bull Island (0.40 mm d–1). In 2005, regression slopes
(ANCOVA, F = 2.52, df = 140, p = 0.084) were not significantly different, but intercepts (ANCOVA, F =
8.439, df = 142, p = 0.0003) were significantly different
for yellowfin gobies sampled from all sites (Fig. 9,
Table 2).
DISCUSSION
Our results indicate that the restored wetlands on
the Napa River provide habitat and resources for yellowfin gobies and Mississippi silversides that are com-

Fishlength
length(mm)
(mm)
Fish

Yellowfin gobies

Pond
Pond2A
2A(restoring
(restoringsince
since1995)
1995)
Bull
BullIs.
Is.(restoring
(restoringsince
since1955)
1955)
Coon
CoonIs.
Is.(reference)
(reference)

65
65
60
60
55
55
50
50
45
45
40
40
35
35
30
30
25
25
40
40

50
50

60
60

70
70

80
80

90
90

100
100

110
110

Relative
Relative age
age (d)
(d)
Fig. 8. Acanthogobius flavimanus. Regression lines describing growth rate of yellowfin gobies from both restoring and
reference wetland sites in June 2004. Regression slopes and
intercepts of individual sites were found to be significantly
different. Regression equations and r2 values are listed in
Table 2

Table 2. Acanthogobius flavimanus. Standard length (adjusted mean ± SD) regression equations and r2 values for yellowfin gobies in June 2004 and June 2005
Standard length
(mm)

Regression

r2

2004
Pond 2A
Bull Island
Coon Island

48.6 ± 0.63
53.1±1.09
48.8 ± 0.64

y = 0.43x + 15.9
y = 0.61x + 4.4
y = 0.25x + 29.2

0.361
0.542
0.466

2005
Pond 2A
Bull Island
Coon Island

46.9 ± 0.56
50.3 ± 0.70
49.2 ± 0.48

y = 0.55x + 4.66
y = 0.4x + 18.6
y = 0.44x + 14.4

0.799
0.490
0.758

Year and
site

45
Pond 2A (restoring since 1995)
Bull Is. (restoring since 1955)
Coon Is. (reference)

70
Pond 2A (restoring since 1995)
Bull Is. (restoring since 1955)
Coon Is. (reference)

65
60

35

Fish length (mm)

Fish length (mm)

40

30
25
20

55
50
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40
35
30
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50

60

70

80

90

100

110

120

Relative age (d)
Fig. 7. Menidia audens. Regression line describing growth
rate (age versus length) of Mississippi silversides from both
restoring and reference wetland sites in June 2004 and
June 2005. Regression slopes and intercepts of individual
sites and sampling years were not significantly different. The
pooled regression equation is fish length (mm) = 0.24 relative
age (d) + 9.09; r2 = 0.787, p < 0.001

25
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60

70

80

90

100

110

Relative age (d)
Fig. 9. Acanthogobius flavimanus. Regression lines describing growth rate of yellowfin gobies from both restoring and
reference wetland sites in June 2005. Regression slopes of individual sites were not significantly different, but intercepts
of individual sites were significantly different. Regression
equations and r2 values are listed in Table 2
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parable to habitat in a natural wetland in the same
river system. Although these non-native fishes may not
be the optimal organisms to assess restoration of the
former functionality of these wetlands, this study provides analysis of one outcome of restoration in a highly
impacted, urbanized estuary. While some differences
in diet and prey biomass were observed, overall no
significant patterns were found that would suggest different utilization of restored versus references sites by
gobies and silversides. Similarly, otolith-calculated
growth rates of yellowfin gobies varied somewhat
between marshes and years but were not significantly
different in restored wetlands versus reference wetlands. Even less difference was found in growth rates
of Mississippi silversides, which did not significantly
vary between either year or wetland type.
Diet composition of Mississippi silversides in this
study was somewhat different than that found in previous studies of these fish in both their native habitats
(Stickney & McGeachin 1978) and elsewhere in San
Francisco Bay (Simenstad et al. 1999, Grimaldo et al.
2004, Visintainer et al. 2006). Our expectation for the
highly motile, transient Mississippi silverside was that
the diet of these fish would be primarily plankton with
some input from terrestrial neustonic insects. We found
that with the exception of the planktonic copepod,
Eurytemora sp., Mississippi silversides consumed
mainly epibenthic (copepods and tanaids) or neustonic
(insects) prey. Although our results contain some of the
same prey taxa reported in other studies of Mississippi
silversides collected during summer (e.g. planktonic
copepods at night and insects during the day) (Stickney & McGeachin 1978, Moyle 2002), our study
showed a greater input of potentially autochthonous
prey than previous studies. Yellowfin goby diet composition in our study was more consistent with that found
in previous studies in their natural range (Kanou et al.
2004) and in San Francisco Estuary (Simenstad et al.
1999, Grimaldo et al. 2004, Visintainer et al. 2006). Yellowfin goby diets were more varied and higher in taxa
richness than Mississippi silverside diets and contained predominantly benthic or epibenthic prey,
including gammarid amphipods, cumaceans, tanaids
and polychaete worms.
Diets of both Mississippi silversides and yellowfin
gobies in this study included prey species generally
considered to be terrestrial (adult forms of flying insects, Talitridae amphipods), indicating that these fish
have access to submerged and emergent vegetation on
the channel edge and marsh plain during high tide, or
that these prey are available on the surface of the
water. Studies examining nekton use in restored and
natural marshes (Minello et al. 1994, Peterson & Turner
1994, West & Zedler 2000) have established that fish
with tidal access to the channel edge and marsh plain

are more numerous and have fuller stomachs and contain more additional prey types than those fish with
restricted access to these habitats. Nekton utilization
research in a South African estuary corroborated these
findings and showed that fish feeding in intertidal
creeks was a critical link in the transfer of production
from vegetated marsh surfaces to subtidal habitats (Le
Quesne 2000).
There were some significant differences in yellowfin
goby prey biomass between marshes (fish from Pond
2A had significantly lower biomass for both 2004 and
2005), but these differences lacked a coherent pattern
and were not correlated with restoration status of the
marsh. Yellowfin gobies collected from Bull Island, the
older of the restored sites, had greater prey biomass
(normalized stomach content weight) than the other
sites. Fish collected from Pond 2A, the younger restored site, had significantly lower prey biomass than
fish from both Bull Island and the reference wetland,
Coon Island. Other studies that have compared fish
diet in both restored and natural wetlands (Miller &
Simenstad 1997, Llanso et al. 1998) suggest that different infaunal prey found in restored versus reference
wetlands might not restrict the habitat utilization of a
generalist feeder. Mississippi silversides and yellowfin
gobies are both considered as generalist feeders, a
characteristic that may be a component of success in
occupying a new estuarine habitat (Ruiz et al. 2000),
and that would therefore be expected to aid fish in
exploiting new food resources in restoring habitats.
The large variety of prey and average stomach fullness
(~50% full) found in this study suggests that both
restored and reference wetland sites provide a ready
source of acceptable prey for these generalist fishes.
We found no significant difference in otolith-calculated growth rate of Mississippi silversides among any
of the marshes, and no consistent difference in otolithcalculated growth rate of yellowfin gobies between
restored and natural wetlands. The lack of significant
difference between any Mississippi silverside growth
rates, whether compared between years, sites or restoration status, suggests that these wetland habitats
provide similar conditions for non-native fish growth,
or that these transient fish are able to move between
marshes in the same system. Fish use of intertidal
rivulets and creekbanks as corridors within marshes
has been well established (Rozas et al. 1988, Weinstein
et al. 2005). It is possible that the natural marsh in this
study, Coon Island, is accessible to fish from one of the
restored sites, Pond 2A, through other altered wetland
areas during the high tide. However, the other restoration site, Bull Island, is separated from these 2 sites by
the leveed main channel of the Napa River, making it
less likely that there is an exchange of free-swimming
juvenile fish between this and other marshes. Numer-
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ous estuarine and salt marsh studies have shown that
both juveniles and adults of several wetland species
display strong site fidelity to local intertidal marsh
creeks (Potthoff & Allen 2003, Teo & Able 2003, Skinner et al. 2005). Concurrent investigation of the wetland food web at our study sites using stable isotopes
also suggests that both yellowfin gobies and Mississippi silversides display some measure of site fidelity
and that fish diet bases at Bull Island were significantly
different than those at Coon Island and Pond 2A
(Howe & Simenstad 2005).
The pattern of differences in growth rates of yellowfin gobies are difficult to characterize. Analysis of
fish collected in 2004 indicated significant differences
in both adjusted means and growth rates of fish from
different sites, while analysis of fish collected in 2005
indicated that only differences in adjusted means were
significant. We also observed interannual variation in
the slopes of our growth rate regressions. Growth rates
in 2004 were highest in the 2 restored sites while in
2005 the restored site with the highest 2004 growth
rate was the lowest and the reference site had intermediate growth rates. Although yellowfin goby larvae are
pelagic in brackish water, later juveniles settle into
localized areas, swimming only short distances until
they must move within the estuary to brackish water
for breeding (Moyle 2002). The life history characteristics of these fish make it likely that the differences we
observed in their diet and growth are a result of residence after settlement within a wetland site rather
than a result of the fish moving between sites to utilize
resources from other wetlands. Despite some variation
between sites and years, yellowfin gobies appear to
grow equally well in restored and natural wetlands in
the Napa River system.
During the summer season there is salinity gradient
in the Napa River, such that Bull Island has the lowest
salinity, followed by Coon Island, and with Pond 2A
having the highest salinity of all 3 sites. While we did
not measure for salinity in this study, we feel that the
biological sampling did not show an obvious response
to the gradient salinity. If there was a noticeable salinity effect, we would expect that visual analysis of the
graphs of either the diet or otolith data would show a
trend of site arrangement by salinity gradient. This
effect was not demonstrated by any of the diet data
and is of potential concern in only one of 3 analyses of
otolith data. In both the diet and otolith analysis there
was no obvious trend that demonstrated an effect of
salinity that would explain the diet and growth rate
results of Mississippi silversides and yellowfin gobies
in this study.
Our findings suggest that restored marshes in Napa
River are equivalent to natural non-altered wetlands in
terms of Mississippi silverside and yellowfin goby diet
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and growth. This is likely due to the adequate prey
resources available to both resident and transient
fishes within a wetland area rather than to extensive
exchange of juveniles and adults between wetlands. In
their isotopic analyses, Howe & Simenstad (2005)
found that allochthonous phytoplankton contributes a
comparatively very small amount to the food web of
these fishes, while material derived from wetland
plants provides a larger contribution. Vegetation at the
reference site, Coon Island, and one restored site, Bull
Island, are similar, with some slight vegetation differences primarily due to wetland elevation, while there
are somewhat more vegetative differences at Pond 2A,
the restored site with the lower elevation (Parker et al.
2005). At all 3 of these sites the dominant vegetation is
Scirpus maritimus, although Coon Island also has a codominant of Salicornia virginica, especially on the
marsh plain. Coon Island, the natural reference wetland, also had the most vegetation diversity, the best
defined assemblages, and the highest elevation of all
the sites in this study. Bull Island and Pond 2A are both
lower in elevation, and the youngest (most recent)
restoring marsh (Pond 2A) has the least species diversity and elevation indicating that it is still actively
maturing as a marsh (Williams & Orr 2002, Parker et al.
2005). These small differences in developing wetland
vegetation may account for the diversity of prey available to these generalist fish. These results are similar
to some other recent breeched-levee restoration projects (Nemerson & Able 2005) in which prey quantity
and availability seemed to be adequate in all wetland
sites. Even considering the significantly lower prey
biomass in our most recently restored site (Pond 2A),
the differences we detected in diet do not seem to promote greater growth of fish in specific wetlands.
Development trajectories are a way to describe the
increasing complexity and species richness found in
restoring wetlands over time. Simenstad & Thom
(1996) found that total invertebrate species richness as
well as the diversity of associated fishes increased during the first 7 years of a restoring wetland. In a longer,
25 yr assessment of a North Carolina salt marsh, Craft
et al. (1999) found that above-ground biomass of vegetation reached equivalency with the reference site
within 10 yr, while the benthic community took longer
(between 15 to 25 yr) to reach an equivalent level.
Other studies conducted in Southern California restoring wetlands have suggested that it may take as many
as 40 yr for restored wetlands to be functionally equivalent to natural marshes (Zedler & Callaway 1999,
Callaway 2005). Several other studies have shown that
some limited components, such as equal utilization by
nekton (Roman et al. 2002) and similar food resources,
can develop in a much shorter time in already vegetated restoring wetlands, even before changes in dom-
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inant vegetation occur (James-Pirri et al. 2001). The
similar diet and growth of both resident and transient
fish in our study suggest that while some restoration
may continue, these restoring sites in the Napa River
system at their current stages of restoration (10 yr and
50 yr) provide similar habitat quality for yellowfin gobies and silversides as a fully mature wetland. However,
as other researchers have cautioned (Moy & Levin
1991), wetlands should not be considered to be replaceable resources in the short term.
Our results have important implications for restoration in many estuarine systems. A number of recent
papers have questioned the goals of wetland restoration in urbanized estuaries (Simenstad et al. 2005,
2006) and whether created marshes are adequately
achieving their habitat goals (Zedler & Callaway
1999, Callaway 2005, Hilderbrand et al. 2005). In this
study, we have shown that for the metrics of growth
and diet, restored wetlands can relatively quickly (10
yr) provide habitat equivalent to natural areas for 2
extremely common, generalist and non-native fishes.
While non-native fishes are not the optimal study
organisms for evaluating whether a restoring wetland
has returned to its former trophic functionality, studies
on these organisms provide information on one of the
likely endpoints of restoration in highly altered and
urbanized systems. There is no doubt that the species
in this study and many other non-natives have
become incorporated into the ecosystem of the San
Francisco Estuary (Matern et al. 2002) and are widely
represented in both restoring and natural wetlands
throughout the system. Although we have not determined whether the success, in terms of diet and
growth, of these non-native species in restoring wetlands is precluding the optimal use of these sites by
native species, it is worth evaluating the results of this
study in the context of the numerous goals and outcomes desired of a restoration project. If a goal of
restoration is to create wetland habitat that increases
functionality while providing less than optimal habitat
to non-native species, so as to hopefully inhibit their
populations, then the breach-levee wetlands that
have developed at Bull Island and Pond 2A have not
entirely succeeded. It is possible that these 2 restoring
wetlands will continue on a development trajectory
that will result in similar elevation and vegetation
assemblages to the natural wetland, Coon Island.
However, as evidenced by growth rates and diet
analysis, the resulting mature habitat will continue to
provide adequate resources to these widespread invasive fish species, rather than limiting their range and
impact on the overall ecosystem. Future research
should determine food web interactions and habitat
utilization by native and non-native estuarine fishes to
aid in designing restoration that considers habitat

overlap and co-occurrence of native and non-native
species, with the ultimate goal of creating conditions
that optimize habitat quality for native species.
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