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Estuarine wetlands support nekton at a variety of scales: 
Requires a “whole system” approach
 HABITAT OPPORTUNITY

o Internal structure
 Connectivity
 Flooding regime

o Wetland-open water ecotone
o Landscape

 HABITAT CAPACITY
o Autochthonous production and food web pathways
o Allochthonous input and processing
o Export to adjacent ecosystems
o Trophic relay

 POPULATION STRUCTURE/LIFE HISTORY DIVERSITY
o Internal area and complexity 
o Connectivity to different life history stanzas

 FISH PERFORMANCE
o Habitat rate limiting conditions (prey, temperature, dissolved oxygen)
o External, pre-emptive conditions (disease)

“The message is clear: Ecosystems are 
closely bound to one another, be they 

pelagic and intertidal zones, farms and the 
sea, forest and river, or ocean and desert.”

Polis et al. 1997
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Kneib 1997

“Estuary as a 
whole is 
characterized 
by gradients in 
available 
organic 
matter, a 
boundary-less 
state, rather 
than sharp 
transitions 
from one food 
source to the 
next.” 
(Weinstein et al. 
Restoration 
Ecology 2013)
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BREACH I
• CALFED Category III
• funded through Metropolitan 

District of Southern California
• 1997-2001
• Delta focus
• 10 sites
• interdisciplinary

BREACH II
• CALFED ERP
• funded through US Bureau of 

Reclamation
• 1999-2004, including 1-year 

extension for synthesis with 
BREACH I

• North Bay focus
• 13 sites
• continued interdisciplinary

IRWM
• California Bay-Delta Authority
• 2003-2006
• 7 sites (4 overlapping)
• interdisciplinary

BREACH III
• Evolution of CALFED ERP
• Funded through USFWS
• 2008-2013
• Liberty Island
• continued interdisciplinary
• Iicorporates integrative landscape 

modeling
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Over-Arching BREACH I-II and 
IRWM Questions

Compare the structure and ecological processes of 
breached-levee restoration sites to natural 
“reference” sites to determine whether:
 breached-levee restoration sites progress at an 

“ecologically acceptable” rate of marsh development?
 we can identify marsh attributes that promote rapid 

recovery and early ecological function?
 controls on marsh development rate vary with regional 

differences across the Bay/Delta?
 interim stages in marsh recovery provide viable ecological 

functions? and, 
 interim stages are directly (habitat) or indirectly (food web) 

beneficial or detrimental to species of concern?
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Liberty Island

Bull Island

Coon Island

IRWM

BREACH III, Restored
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Tidal Range and Salinity
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 marsh residents — may recruit from Bay-Delta plankton but generally complete 
most of life cycle in or adjacent to marsh; feed almost exclusively on marsh prey

− prickly sculpin
− bluegill
− tule perch
− Pacific staghorn sculpin 
− yellowfin goby
− shimofuri goby
− threespine stickleback

 nursery residents — occupy marsh only during ontogenetic stanza, which is 
otherwise in our beyond broader Bay-Delta system; may seek to reside weeks-
months; feed predominantly on specific marsh prey

− Chinook salmon
− Sacramento splittail

 transient planktivores — cosmopolitan Bay-Delta species that are primary 
zooplankton feeders that enter marsh opportunistically

− inland silversides
− northern anchovy
− Pacific herring
− topsmelt

 predators — large predatory fishes that volitionally forage in marsh
− largemouth bass
− striped bass

Fish Life History & Ecology as Indicator of Marsh Status
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Figure 2.  Seasonal abundance of top 11 species 
captured during the study period.  Species in the legend 
marked in red are non-indigenous and those in black 
are native.
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Figure 3.  Abundance of top 11 species at each of the 8 sites. 
Species in the legend marked in red are non-indigenous and 
those in black are native.

Seasonal abundance 
of top 11 species 
captured during the 
BREACH II studies, by 
sampling month (top) 
and site (bottom).
Species in the legend 
marked in red are non-
indigenous species 
and those in black are 
native species.
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Figure 6.  Relationship between abundances of fishes and marsh ranking by 
age.  Black = native; Red = non-indigenous.

Relationships between Fish 
Density and Marsh Age

(black = native; red = non-indigenous)

While abundance of fishes did not vary in 
any clear or predictable way with respect 
to marsh age, either for the eight sites 
considered together or for each cluster 
considered separately(prior figures), some 
interesting patterns emerged when 
considering individual species: 
 abundances of bay goby, threespine 

stickleback and western mosquitofish
appear to be positively correlated with 
site age

 topsmelt and rainwater killifish appear 
negatively correlated with site age

 native fishes appeared to be more 
abundant than non-indigenous 
fishes at restored sites, but did not 
differ significantly at reference sites
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IRWM Fish Assemblage Analysis (Gewant & Bollens 2012)

 non-native inland silverside, western mosquitofish, yellowfin
goby, and rainwater killifish dominated, and 13 other species 
represented equally by natives and non-natives, residents and 
transients

 large seasonal differences in composition and abundance of 
fishes—lowest abundances in winter and spring and highest 
abundances in summer and fall

 Important factors influencing fish assemblage composition included 
season, fish species’ status (native vs. non-native), feeding 
preference (pelagic vs. demersal), and marsh utilization (resident 
vs. transient)

 proximity to freshwater and marine influences, which largely control 
salinity and temperature variation, explained 26% of the variation in 
fish composition; channel geomorphology explained 22%

 recommend edge habitat (addressing fish foraging success) and 
the extent of tidal connectivity (which allows access for fishes), in 
addition to location along the estuarine gradient, be considered in 
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Beach Seine Species        
(non native) N % of Total 

Sample

Inland silverside 33432 87.64
American shad 2113 5.54
Threadfin shad 875 2.29
Striped bass 664 1.74
Mosquitofish 255 0.67
Yellowfin goby 202 0.53
Logperch 192 0.50
Shimofuri goby 186 0.49
Centrarchids 161 0.42
Fathead Minnow 27 0.07
Wakasagi 18 0.05
Carp 16 0.04
Channel Catfish 4 0.01
Red Shiner 1 0.00
Spotted Bass 1 0.00

38147

Beach Seine Species 
(native) N % of Total 

Sample

California splittail 3286 76.61
Tule perch 488 11.38
Sacramento sucker 170 3.96
Chinook salmon 117 2.73
Sacramento pikeminnow 97 2.26
Prickley sculpin 66 1.54
Delta smelt 49 1.14
Pacific staghorn sculpin 2 0.05
Starry flounder 1 0.02
Hitch 9 0.21
Sacramento blackfish 1 0.02
Threespine stickleback 2 0.05

4288

BREACH III: USFWS Beach Seine Catches in Liberty Island
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Transient Planktivores: Pacific herring, silversides, top smelt 
BREACH II PLANKTIVORE DIET VARIATION
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Teleostei juvenile

Daphnia sp.

Corycaeus sp.

Mysidacae juvenile

Oligochaeta

Hemiptera

Delphacidae

Paracalanus sp.

Ointhona sp.

Grandidierella japonica

Corophium alienense juvenile

Corophium alienense

Nippoleucon hinumensis

Coullana canadensis

Neomysis kadiakensis

Pseudodiaptomus marinus

Eurytemora sp. juvenile

Eurytemora affinis

Acartia sp.

Tortanus dextrilobatus

Limnoithona sp.

Limnoithona tetraspina

Diaptomidae

Cyclopoida
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Striped Bass--Pond 2a (restoring)

Osteichthys

Formicidae

Insecta larvae

Empididae larvae

Chironomidae larvae

Araneae

Ostracoda

Caridea

Sinelobus stanfordi

Synidotea laevidorsalis

Gnorimosphaeroma insulare

Traskorchestia traskiana

Grandidierella japonica

Eogammarus confervicolus

Corophium sp.

Corophium spinicorne

Corophium alienense

Ampelisca abdita

Nippoleucon hinumensis

Neomysis kadiakensis

Eurytemora affinis

Bivalvia siphons

Neanthes succinea

Hydroida

Oligochaeta

April
2001

June
2001

September
2001

April
2001

Predators: Striped Bass, April 2001 – February 2002
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IRWM Fish Diet Results
MDS ordination of inland 
silverside, western 
mosquitofish, and yellowfin
goby gravimetric diet data 
(based on Bray-Curtis 
distance after square-root 
transformation). Vectors 
describe invertebrate prey 
taxons with the following 
Pearson correlations: A. 
>0.3, B. > 0.3, C. >0.3, D. > 
0.2, E. >0.35, F. > 0.5.



BREACHIII: Seasonal Diet Composition at 
Liberty Island
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Whitley & Bollens, in review
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Shift to Phytoplankton-Driven Food Web System

Canuel et al. (1995):
-“Phytoplankton sources of POM are 
important throughout the entire SFB 
system . . .”
-“Analysis of biomarker compounds in
P. amurensis indicates that phytoplankton  
supply a large fraction of the assimilatable
carbon to clams . . .”

Jassby et al. (2003):
“Phytoplankton fuels Delta food 
web”
“Phytoplankton is the dominant 
food source . . .”

Jassby et al. 2003
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Delta Intertidal Wetlands (circa 1850) Net Above-Ground Primary Production:
1300 km2 (A) x 800 g m-2 yr-1 (B) x 106 m2 km-2 = 10.4x1011 g x 0.4(C) Carbon 
Content  416,000 MT (915 million lbs) ORGANIC CARBON 
ANNUALLY AVAILABLE FOR EXPORT FROM DELTA

(A) Atwater and Belknap (1980) estimated area of Delta marshes circa 1850
(B) Atwater et al. (1979) estimated average net above-ground production
(C) Keefe (1972) estimated carbon content of dry organic matter for wetland vegetation

From: The Bay Institute. 1998. From the Sierra to the Sea: The Ecological History of 
the San Francisco Bay-Delta Watershed 

Various routes to support Bay-Delta food webs: (1) regular 
tidal-fluvial flux of particulate detritus; (2) dissolved organic 
carbon; (3) pulsed inputs of allochthonous material; or, (4) in 
tissues of emigrating transient organisms.
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Fundamental Question: 
What is the source of 
organic matter assimilated 
by various types of 
consumers utilizing 
restoring marshes vs. 
reference marshes?
allochthonous vs. autochthonous

Compare food web sources

Allochthonous                  Autochthonous

Young        MARSH AGE         Mature

Landscape Scale
River Region
Site

Temporal Scale
Date
Marsh Status

Organism Scale
Feeding Guild
Invertebrate vs. Fish
Species
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C3 Emergent

Salicornia
virginica

Scirpus 
maritimus

Typha
spp.

Scirpus
acutus

Juncus
balticus

C4 Emergent

Spartina
foliosa

Bay Phytoplankton

Brackish Phytoplankton

Benthic 
Diatoms

Filamentous 
Green
Algae

Algae

Grindelia
stricta

Woody Vegetation

Allochthonous SourcesAutochthonous Sources

Isotopically Recognizable Sources of Organic Matter Sources 
to March Consumers in Lower Delta and San Francisco Bay

http://www.sci.sdsu.edu/plants/sdpls/plants/jpgs/Salicornia_virginica3.jpg
http://images.google.com/imgres?imgurl=http://www.elnativogrowers.com/images/Photos/scimar_flower.JPG&imgrefurl=http://www.elnativogrowers.com/Photographs_page/scimar.htm&h=638&w=478&sz=134&tbnid=zUHAk-ZovmhW8M:&tbnh=135&tbnw=101&hl=en&start=39&prev=/images?q=scirpus+maritimus&start=20&svnum=10&hl=en&lr=&sa=N
http://www.botany.wisc.edu/garden/db/plantimages/Typha_sp_sm.JPG
http://images.google.com/imgres?imgurl=http://www.tarleton.edu/~range/Ram Pictures/0496B salt rush inflore.jpg&imgrefurl=http://www.tarleton.edu/~range/Grasslands/Miscellaneous/miscgrasslands.html&h=783&w=507&sz=26&tbnid=Ota6h1vVVoCOBM:&tbnh=141&tbnw=91&hl=en&start=36&prev=/images?q=juncus+balticus&start=20&svnum=10&hl=en&lr=&sa=N
http://flickr.com/photos/35964890@N00/12188217/
http://www.fisherycrisis.com/chondrus/fig11.jpg
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Marsh 
Autochthonous

Bay
River 

 

δ13C

δ1
5 N

ISOTOPE SIGNATURE MIXING MODEL % CONTRIBUTION

Scales of Comparison
Landscape

River Region
Site

Temporal
Date
Marsh Status

Organism
Feeding Guild
Invertebrate vs. Fish
Species

1.MDS: 
Allochthonous vs.
Autochthonous

2. ANOSIM

Sleuthing the (Food Web) Sources
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Region Primary Producer δ3C δ15N δ34S

Napa Bay phytoplankton -22.60 9.53 20.20

Brackish phytoplankton -28.14 8.44 18.60

Benthic diatoms -19.39 7.42 -1.18

Filamentous algae -24.19 9.69 9.73

Grindelia stricta -26.64 3.89 17.60

C3 emergent plants -26.11 7.33 12.98

Spartina foliosa -13.54 8.51 17.25

Petaluma Bay phytoplankton -22.60 9.53 20.20

Brackish phytoplankton -28.14 8.44 18.60

Benthic diatoms -19.39 7.42 -1.18

Filamentous algae -24.19 9.69 9.73

C3 emergent plants -24.95 9.06 15.04

Spartina foliosa -13.18 10.30 18.50

BREACH II and IRWM Multiple Stable Isotope Analyses
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Average percent contribution to Menidia beryllina  diets by site
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 Inland silversides and rainwater 
killifish that utilize both 
reference and restoring 
marshes in the mesohaline 
reaches of the Bay-Delta 
assimilate organic matter that is 
generated in these 
wetlands, rather than a 
significant proportion 
contributed by Bay 
phytoplankton.

 Even the youngest marshes 
provided organic matter to the 
food web from emergent marsh 
plants.

 Significant differences in the 
consumer isotopic signatures 
and estimated organic matter 
sources among sites suggest 
that food web linkages may be 
very short and direct, reflecting 
more local sources than 
external sources. * C3 Complex inc. Salicornia virginica, Schoenoplectus maritimus, Typha sp., 
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IRWM: Scales of Organic Matter Sources Contributions
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BREACH III: Approach
Multiple stable isotope (δ13C, δ15N, δ34S) sampling of prominent 
organic matter sources* and representative (available) 
consumer organisms:
 Primary producers and detritus sources:

o Group 1:
• POM from within the sites
• POM from outside of the sites
• filamentous green algae
• benthic diatoms

o Group 2: Schoenoplectus (Scirpus) acutis, S. 
californicus, Typha latifolia, Ludwigia
peploides, Phragmites australis, Ceratophyllum
demersum, Eichhornia crassipes, Egeria densa, and 
Cabomba caroliniana.

o Group 3: Salix spp. tree and shrub, Juncus
balthica, Myriophyllum spicatum, and Alnus rubra.                                                  
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Approach
Multiple stable isotope (δ13C, δ15N, δ34S) sampling of prominent 
organic matter sources and representative (available) consumer 
organisms:
 Primary consumers:

o Americorophium spp.

o Chironomidae spp. larvae

o Corbicula fluminea

o Hypomesus transpacificus
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Isotope biplots of δ13C, δ15N, δ34S from BREACHIII primary 
producers (red elipses), consumers (green), and sediment (blue) 
samples. Points without ellipses indicate species with only one 
sample collected.

Isotopic Overlap of Primary Producer/Detritus 
Sources and Consumers
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Consumer Sources Prey
Group 

1
Group 

2
Filamentous 
Green Algae

Benthic 
Diatoms

Liberty 
Island POM

External 
POM

Americorophium 
spp.

Chironomidae 
spp. larvae

Corbicula 
fluminea

Americorophium
spp. 6.3 8.4 15.3 5.3 36.3 21.4
Chironomidae 
spp. larvae 6.0 9.0 14.0 10.0 33.0 26.0
Corbicula 
fluminea 1.7 1.8 48.9 <1 3.4 41.1

1.8 <1 <1 4.1 <1 4.6 1.2 3.2 80.6
?



?

?

?

Do fish grow & survive?

HABITAT OPPORTUNITY
Can fish get there?

HABITAT CAPACITY
Is the habitat of sufficient quality?

FISH PERFORMANCE
Do fish grow and survive?

POPULATION STRUCTURE / LIFE 
HISTORY DIVERSITY
Do fish fully use available estuarine habitat?
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Despite differences in diet composition and prey biomass of inland silversides 
and yellowfin gobies in the two restoring marshes and reference marsh in the 
IRWM Napa cluster, Cohen and Bollens (2008) found no significant 
differences in growth rates between restoring and reference 
sites, concluding that “adequate prey abundance and prey species 
composition is available for these fish species in both our restored and 
natural study sites.”



Site Breach Type Revegetation Functional
Equivalency
Trajectories

Complications Source

Elk River,
Pacific NW

USA

Planned, passive
single breach; no

levee removal

Rapid natural by low
marsh spp.

Yes, although still in
low marsh phase

compared to ref. site;
not equivalent

Muted tidal
exchange until
erosion of main

channel in
foremarsh

Thom et al.
(in prep.)

Gog-Le-Hi-Te,
Pacific NW

USA

Designed, single,
excavated marsh

surface and
channels

Die-back of planted
sedge; marginal

natural by Thypa,
other spp.

Apparently (no ref.);
rapid for avifauna,
moderate for soil
organic matter,

benthos and fish

Excavation
apparently too low
for planted sedge

Simenstad
and Thom

(1996)

Spencer
Island,

Pacific NW
USA

Planned, passive, 3
breaches

Gradual die-back of
Phalaris and

recruitment of low
marsh spp.

Yes, slow increase in
estuarine marsh veg.,

fish prey and diets
comparable to

reference

Some minor
invasion by non-
indigenous plants

Tanner et al.
(in prep.)

Salmon River
estuary,

Pacific NW
USA

Planned, passive in
3 separate marshes
over 27 yr; single,

levee removal

Rapid natural within 3
years by low marsh

spp; later appearance
of high marsh spp.

Yes; slow in low marsh
phase in most
marshes; not

equivalent even for
oldest (22 yr) site

Remaining borrow
ditches diminish

tidal exchange with
marsh?

Frenkel and
Morlan

(1990); Gray
et al (in
prep.)

Kunz Marsh,
Coos River

estuary,
Pacific NW

USA

Designed,
experimental; 4
separate 0.6-ha

different  elevation
treatments

Natural, most rapid in
high elevation

treatments

Yes, more accelerated
for high elevation

marshes

Cross drainage at
back of several

marshes
complicated

treatment effects

Cornu and
Sadro (in

prep.)

Long Island
Sound, NE

USA

Nine separate
restoration sites,

involving breaching
and excavation

Rapid to slow
changes from non-

indigenous
(Pharagmites) to

native angiosperms
as a function of tidal

flooding

Yes, for reveg.,  also
equivalent (or greater)

to ref. for  some
invertebrates, fish and

birds within 15 yr

Less than full
restoration of tidal

action slows
recovery rate

Warren et al.
(in prep.);
Fell et al.

(1991)

Outcome from Breached-Levee Restorations
Tidal Marshes and Native Fishes in the Delta: Will Restoration Make a Difference?
June 11, 2013; UC Davis



Salmon River estuary 
(Otis, coastal Oregon)

NASA: SeaWiFS



DIKED EARLY 1960s

RESTORED 1996

RESTORED 1987

Three estuarine marsh restoration sites (1978, 1987, 
1996) in Salmon River estuary, coastal Oregon, allow 
space-for-time substitution assessment of change in 
fish utilization coincident with marsh community 
redevelopment.

RESTORED 1978

REFERENCE (never diked)
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Salmon River Estuary, Oregon: 2005 Aerial Color courtesy of USFS
June 11, 2013; UC Davis
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2007 LiDAR Image courtesy USFS (NGVD vertical datum)

Salmon River Estuary, Oregon
Comprehensive OSU, NOAA, ODFW, UW study sites, 1978-2008

June 11, 2013; UC Davis



2007 LiDAR Image courtesy USFS (NGVD vertical datum)

Elevations of Restoring Marshes 2007: 30 years after first marsh restoration
Salmon River Estuary, Oregon

June 11, 2013; UC Davis
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Modeled growth potential of juvenile 
Chinook in restoring marshes often 
exceeds Reference marsh

 However, Reference marsh is most 
stable

 ‘87 Restoring marsh is most similar 
to Reference in terms of stability of 
growth potential

(Gray et al. 2002)

Bioenergetic Modeled Potential Specific Growth Rates of 
Juvenile Chinook Salmon in Salmon River Estuary

• Tidal Marshes and Native Fishes in the Delta: Will Restoration Make a Difference?
June 11, 2013; UC Davis



Catch per unit effort of juvenile coho salmon in 1975-77 and 2011 in the Upper, Mid-
, and Lower Salmon River estuary (Fig. 11 from Jones et al. in revision)

CPUE for juvenile Chinook salmon at beach-seining sties in the Upper-, Mid- and Lower Salmon 
River estuary during 2000-2002 and 1975-1977 (Fig. 4 from Bottom et al. 2005)

Tidal Marshes and Native Fishes in the Delta: Will Restoration Make a Difference?
June 11, 2013; UC Davis

Restoration of Emergent Marshes Expanded Occurrence and 
Distribution of Juvenile Chinook and Coho Salmon in Salmon 
River Estuary Compared to Before Levees were Breached:   
Likely Increasing Resilience of Population through Portfolio Effect
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 Prey resources of fish occupying marshes are typically benthic or 
epibenthic, even contributing significantly to planktivores

 SAV contributes unique (phytal) prey in southern/central Delta, but 
significant only for some non-indigenous fishes (SAV-fish feedback)

 Some species of interest, e.g., Chinook salmon and Sacramento 
splittail, derive significant portion of diet (~1/2) from marsh 
production

 No real marsh age trends evident; marsh opportunity and capacity 
for fishes very rapidly equivalent to reference sites

 Organic matter supporting “representative” consumers is extensively 
from marsh emergent vegetation production, except in northern 
Delta (where benthic algae may dominate?)

 Seasonal differences in food web sources, especially along tributary 
estuary gradients, are perhaps much stronger?

 To effectively address Bay-Delta fish needs, marsh restoration 
needs to incorporate landscape context, cross-habitat linkages and 
energy fluxes and subsidies across ecosystem boundaries

Take-Home Messages?



Thanks to all BREACH and  
IRWM colleagues!

And, of course, CALFED/Delta Science 
Council/Bay/Delta Stewardship Council 
support, our volunteers, support 
personnel, advisors and reviewers,  and 
fellow Bay-Delta science colleagues

Tidal Marshes and Native Fishes in the Delta: Will Restoration Make a Difference?
June 11, 2013; UC Davis



…failure to account for connectivity among system
components may have unintended consequences for estuarine
habitat restoration (e.g., neglecting contributions of marsh-
derived trophic subsidies to productivity in the open estuary
may lead to reductions in the recruitment success of numerous
marine transients.”

Weinstein et al. 2013 Restoration Ecology
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