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Abstract

Evaluation of tidal marsh restoration success is typically based on the recovery
of habitat size and target species. However, food-web structure may provide
valuable insight into ecosystem functioning trajectories. Here, we studied
restored tidal marshes of different ages (new, young, old; spanning 1-150 years)
in comparison with nearby reference sites along the San Francisco Estuary.
We asked: (1) How does restoration help recover energy pathways that support
fishes? (2) Do fishes rely more on algal versus detrital pathways in restored
sites?; and (3) How does food-web structure vary as a function of species origin
and life history? To answer these questions, we sampled fish (n = 806) and
basal resources (emergent vegetation and phytoplankton; n = 109) seasonally
over two hydrologically contrasting years. Using stable isotopes (5'°C, 8"°N,
and 8*'S), we calculated fish isotopic niche volumes, food chain lengths, and
the relative importance of algal versus detrital energy pathways. We found that
food chains in restored sites were 8% shorter than in their paired reference
sites. Additionally, the young and old restored sites had 37% smaller niche vol-
umes than their references, but the opposite was true for the new restored site
(11% larger), illustrating the characteristic trophic surge of early succession.
Fishes found in restored sites relied significantly less on detrital energy (7%
less) than fishes found in reference sites, and resident fishes showed 12%
higher reliance on the detrital pathway than transient species. Finally, most of
the native niche volume overlapped with that of introduced fish, which was in
turn 38% larger, and a similar pattern was observed when comparing resident
to transient fish. Our findings demonstrate that food-web structure does not
immediately recover with tidal marsh restoration, even if fish assemblages are
species-rich; and show that transient trophic surges may complicate restora-
tion success assessments of newly restored marshes. We contend that incorpo-
rating recovery of energy pathways as an indicator of performance may help
strengthen monitoring and design of wetland ecosystem restoration projects.
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INTRODUCTION declining due to habitat alteration and food limitation

Wetlands are critically important habitats that provide
nearly 40% of the Earth’s annual ecosystem services
while covering less than 2% of its surface (Junk
et al., 2013). These services include protection from sea-
level rise and flooding, water quality enhancement, car-
bon sequestration, and fisheries production (Gilby
et al., 2021; Vitousek et al, 1997, Zedler &
Kercher, 2005). Despite their importance, more than half
of the wetlands that existed in the early 1900s have been
lost to human activity (Mitch & Gosselink, 2007). The
passing of the Clean Water Act in 1977 marked a histori-
cal inflection point in wetland conservation in the
United States. Between 1990 and 2010, more than 70 bil-
lion dollars were spent attempting to restore three mil-
lion hectares of wetlands (marshes, bogs, and swamps) in
North America (Copeland, 2010). More recently and on
the global scale, the United Nations has declared 2021-
2030 as the Decade on Ecosystem Restoration to amelio-
rate the impacts of climate change, land use change, and
the loss of wildlife habitat, biodiversity, and other ecosys-
tem services (UN General Assembly 73rd Session, 2019).
This renewed focus is expected to lead to an increase in
the restoration of tidal marshes and associated ecosystem
services such as fishery production. However, research to
better understand and inform how to effectively recover
tidal marsh ecosystems in terms of functioning ecosys-
tems, and not just size, is still in its early stages.

In the San Francisco Bay-Delta (“Bay-Delta”), Califor-
nia, USA, widespread diking, draining, and dredging
transformed the landscape from a tidal marsh-dominated
ecosystem to an open-water dominated ecosystem by the
mid-1900s (Nichols et al., 1986; Whipple et al., 2012),
resulting in an estimated 77% loss in wetland habitats (pri-
marily tidal marshes), 94% loss in net primary productivity,
and 89% loss in carbon flow to herbivores (Cloern
et al.,, 2021). Accompanying these ecosystem losses is the
highest documented rate of biological invasions in any
estuary in the world (Cohen & Carlton, 1998). However,
over the last two decades, hundreds of square kilometers of
reclaimed tidal marshes have been tidally restored via levee
breaches, and numerous multiagency restoration projects
are underway or planned, with the goal of restoring
over 120 km? of marshland by 2050 (California
EcoRestore, 2020). A primary objective of these projects is
to recover native fishes, many of which are threatened and

(Herbold et al., 2014). Recent advances in understanding
food-web dynamics come from stable isotope studies that
quantify the relative contribution of energy pathways to
primary and secondary consumers (Howe &
Simenstad, 2011; Schroeter et al., 2015; Young et al., 2021).
These approaches show that tidal marshes can support
diverse food webs, owing to complex channel networks
with mixed residence times (Enright et al., 2013; Stumpner
et al., 2021) and a combination of “brown” and “green”
energy pathways (i.e., fueled by decomposing terrestrial
plant matter and phytoplankton, respectively; Colombano
et al., 2021; Brown et al., 2024). While food-web-focused
approaches in evaluating restoration outcomes can be
promising, they are still precursory in restoration ecology
(Loch et al., 2020; Palmer et al., 2016).

Restoration age often predicts successional stage
(Moreno-Mateos et al., 2012) and provides a rationale for
comparing sites that were restored at different points in
time in the past as an indicator of a restoration trajectory
(i.e., chronosequence). However, the geographic and envi-
ronmental contexts of a restoration site also play impor-
tant roles. For example, a global meta-analysis of
response ratios between restored and reference tidal
marshes showed that biodiversity recovered at relatively
faster rates in sites with higher levels of hydrologic con-
nectivity (e.g., tidal and riverine systems), warmer cli-
mates (e.g., temperate and subtropical environments),
and larger tidal marsh habitats (Moreno-Mateos
et al, 2012). In the Bay-Delta, a stable isotope
study showed that restored marshes ranging from
11 to 73 years old had recovered emergent vegetation
communities capable of supporting a diverse array of
invertebrates and fishes via the brown pathway, however
the specific organic matter sources shifted with location
along the salinity gradient (Howe & Simenstad, 2011).
Studies combining newly restored marshes (<10 years
old) with older ones, paired with relevant, local refer-
ences, could help understand how the reliance of fishes
on algal versus detrital pathways may change as succes-
sion advances. Evidence from other systems suggests that
mobile taxa (e.g., invertebrates and birds) tend to
reestablish quickly, but carbon and nitrogen cycling, and
organic matter accumulation, recover slowly (Meli
et al., 2014; Moreno-Mateos et al., 2012; Ruhi, Fairchild,
et al., 2016). Similarly, energy pathways may also recover
at different rates: phytoplankton communities may
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reestablish immediately after tidal hydrology is restored,
but vascular plants supporting detrital pathways may
take longer (Ballantine & Schneider, 2009; Howe &
Simenstad, 2015). We hypothesize that when the strength
of the detrital pathway is not yet fully recovered in a
restored marsh, its capacity to support primary and sec-
ondary consumers may remain limited to those using the
algal pathway, in turn reducing food availability for
piscivorous fishes (see Figure 1A).

A wide range of life history and foraging strategies are
common among estuarine fishes due to the dynamic
nature of the environment, which shifts rapidly at diel to
interannual scales (Rountree & Able, 2007). Many primary
consumers can exploit resources from both the brown and
algal energy pathways (e.g., by collecting detritus deposited
on the benthos, or by filtering particles from the water col-
umn; Kreeger & Newell, 2000). Additionally, some resident
fishes live in the marsh for their entire life, while others do
so during certain life stages (e.g., as juveniles) or opportu-
nistically, moving into marshes on a tidal or daily basis in
search of food and cover (Kneib, 1997, Rountree &
Able, 2007). Finally, introduced species, commonly gener-
alists, often exploit a wide diversity and abundance of prey
relative to their more specialist, native counterparts
(Matern et al., 2002). Because all trophic levels in the Bay-
Delta system have been heavily invaded, most predator-
prey relationships are novel from an evolutionary stand-
point (Matern & Brown, 2005). This high diversity in forag-
ing strategies and life histories likely provides stability to
the fish assemblage (Colombano et al., 2022) but also chal-
lenges any assessment of food-web structure, given the
high degree of omnivory and temporal variability.

Our study sought to assess whether tidal marsh resto-
ration leads to the recovery of diverse energy pathways
that support estuarine fishes. We evaluated restoration
sites of different ages (new, young, old; spanning 1-
150 years) along the Bay-Delta’s estuarine salinity gradi-
ent (seaward, middle, and landward). Building on previ-
ous work (Grimaldo et al, 2009; Howe &
Simenstad, 2015; Wozniak et al, 2006; Young
et al., 2021), we tracked energy flows among key compo-
nents of the aquatic food web using the stable isotopes
3'13C (to assess the carbon source), 8'°N (to determine
trophic position), and &**S (to track marine influence),
and we characterized individual fish populations as well
as the whole community (Layman et al., 2012).

We first asked, how does food-web structure differ
between restored and reference tidal marshes? We tested
this question by calculating food chain length (FCL) and
isotopic niche volume for fish communities collected at
restored and reference sites. Theory posits that disturbance
frequency, nutrient limitation, and habitat size reduction
can all shorten food chains (Post, 2002). While breaching

levees may immediately restore tidal hydrology and
increase phytoplankton production, stores of particulate
and fine organic matter are slow to build and may limit
detrital pathways after the initial influx of decaying terres-
trial plants and associated productivity, or “trophic surge”
(Baer, 2016; Ballantine & Schneider, 2009; Howe &
Simenstad, 2015). Thus, we hypothesized that young resto-
ration sites would support fish communities that are struc-
turally simpler, that is, with lower trophic positions and
with less diverse (or “compressed”) isotopic niches relative
to reference marshes (Figure 1A,B). Second, we asked, to
what extent do fishes rely on algal versus detrital pathways,
and does restoration shift reliance? We tested this question
by running Bayesian mixing models with terrestrial vegeta-
tion and phytoplankton as sources. We hypothesized that
fishes in restored sites may largely rely on the “green” or
algal pathway, as detrital pathways are slower to establish
(Ballantine & Schneider, 2009; Howe & Simenstad, 2015).
We believe this pattern could be due to a well-recognized
lag in the recovery of biogeochemical functioning after tidal
marsh ecosystem restoration (Moreno-Mateos et al., 2012).
Third, what role do the associated origins (i.e., introduced
vs. native) and life histories of fishes (i.e., resident
vs. transient) play in potentially shifting food-web structure,
for example, by changing community membership and
“sequestering” energy? We tested this question by compar-
ing these groups’ niche volumes, and their resulting niche
overlaps. We hypothesized that the introduced fish assem-
blage would have a larger and more unique isolated niche
volume than the native assemblage (Figure 1B), due to the
region’s long history of invasions (Cohen & Carlton, 1998)
and the fact that introduced species are often generalist
feeders or occupy unique niches (Comte et al., 2016;
Schroeter et al., 2015; Young et al., 2017). Additionally, resi-
dent species that typically reside in marshes may rely on
terrestrially derived organic matter that is available year-
round (Davis et al., 2024; Young et al., 2021). Answering
these questions could help calibrate expectations for how
native fishes may benefit from tidal marsh restoration
efforts via the recovery of trophic pathways, in the San
Francisco Bay-Delta and beyond.

METHODS
Study system and sample design

The San Francisco Bay-Delta is the largest drowned river
valley estuary on the west coast of North America. It is
located at the confluence of the Sacramento and San
Joaquin rivers—the two major watersheds draining
California’s Sierra Nevada. As a result of the Mediterra-
nean climate consisting of cool, wet winters and hot, dry
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FIGURE 1 Hypothesized energy pathways in a reference versus a restored marsh food web and associated stable isotope analysis
metrics. (A) Conceptual diagram representing the main energy pathways in a tidal marsh food web, in reference (continuously
hydrologically connected) versus restored conditions (hydrologically fragmented and then reconnected). (B) Associated metrics of vertical
structure and total trophic niche size. Food chain length (FCL) is measured as the number of trophic levels between a top predator and the
basal resources that support their prey (both on the algal and detrital sides). Niche volume is measured as the isotopic volume encompassing
all 8°C, "°N, and §**S samples, while niche overlap represents the intersecting volume between two niches.
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summers, interannual variation in estuarine salinity
occurs based on prevailing freshwater flow patterns that
shift on seasonal and multiyear cycles (Dettinger
et al., 2016). Sampling sites spanned a highly dynamic
oligohaline-mesohaline region located seaward of the
river confluence, where salinity may vary from 0 to
15 ppt within marshes (Jassby et al., 1995; see Table 1 for
site-specific salinity ranges).

Prior to European colonization, the Bay-Delta was an
extensive mosaic of tidal marshes and channels; however,
widespread land use change resulted in over a 70% loss of
primarily marsh habitat (Cloern et al., 2021) and a transi-
tion to mainly open-water habitat (Nichols et al., 1986).
The remaining marshes are a patchwork of ancient, cen-
tennial, and restored marshes with different management
histories and configurations. Focal sites in this study
include Tule Red Tidal Restoration Project (hereafter
Tule Red; restored) and its reference (Ryer Island);
Wheeler Island Conservation Area (hereafter Wheeler
Island; restored) and its reference (Chipps Island); and
the southwest portion of Sherman Island (Sherman
Island; restored) and its reference (Browns Island). Each

site was classified based on its history of hydrologic con-
nectivity. Reference marshes are those that were never
cut off from their tidal flow, while restored marshes were
once disconnected from tidal flow but then reconnected
via levee breaching, either intentionally (Tule Red) or
unintentionally (Wheeler Island and Sherman Island).
Chipps Island and Wheeler Island are tidal marshes with
mixed habitat use and history, but include significant
parcels that are classified as reference or restored, respec-
tively; sampling was limited to those areas.

Study sites spanned over two orders of magnitude in
time since restoration (from 1 to 150 years): Tule Red’s
levee was intentionally breached in 2019, after careful
planning and design (“new restoration”), Wheeler Island
was breached in 2008 after levee failure (“young restora-
tion”), and Sherman Island experienced a series of levee
failures starting in 1870 (“old restoration”; Table 1). Our
design paired each restored site with a nearby reference
site to control for food-web structure differences that
could be driven by the geographic and salinity gradient
(seaward, middle, landward position) rather than by dif-
ferences in age (Figure 2). At each site, we sampled three

TABLE 1 Study site characteristics including age (of restored sites), location along the estuarine gradient, parcel size, restoration

history, average salinities, and landscape context of marsh sites.

Variable Tule Red Ryer Island Wheeler Island Chipps Island  Sherman Island Browns Island
Status and age  Restored, New Reference of Restored, Young Reference of Restored, Old Reference of
of restored site  (2019) New (2008) Young (1870) Old
Estuarine Seaward Seaward Middle Middle Landward Landward
location
Size (km?) 1.70 347 0.50* 3.45° 5.67 2.41
Restoration Intentional Levee failure Levee failure
history levee breach
after channel
excavation/
revegetation
Salinity (psu),  7.25 (3.70-13.61) 7.45(3.47-13.28) 4.38 (1.19-9.73) 3.01 (0.93-7.11)  1.56 (0.29-4.79) 2.15 (1.15-5.67)
mean
(min-max)
Average WY  6.16 (3.70-9.48)  5.81 (3.47-8.40)  2.70 (1.19-5.80) 1.75(0.93-2.34)  0.69 (0.29-1.54) 1.61 (1.15-1.82)
(2020)
Dry WY 8.33(5.83-13.61) 9.10 (4.82-13.28)  6.06 (3.03-9.73) 427 (2.04-7.11)  2.44 (1.01-4.79) 3.42 (2.03-5.67)
(2021)
Landscape Embedded in Marsh island Embedded in large ~ Marsh island Marsh island Marsh island
context large marsh surrounded by marsh complex and  surrounded by surrounded by surrounded by
complex and shallow open connected to shallow open shallow to deep shallow to deep
connected to water/shoal shallow open water/shoal open water open water
shallow open habitat water/shoal habitat. habitat habitat; located at  habitat; located

water/shoal
habitat

Other land uses
occur on property

the confluence of  at the
two major rivers confluence of

two major rivers

Abbreviation: WY, water year.

#Sites with mixed habitat use and history, including the parcels that we sampled, classified as reference or restored.
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FIGURE 2 Study area. Study area in the San Francisco Bay-Delta (California, USA). Study sites include three restored tidal marshes
(yellow) and three paired reference sites (orange) located between Grizzly Bay (seaward) and the Sacramento-San Joaquin confluence
(landward). Tule Red and Ryer Island are the New restoration pair, Wheeler Island and Chipps Island are the Young restoration pair, and
Sherman Island and Browns Island are the Old restoration pair. Map credit: Amber Manfree.

locations in both the exterior marsh edge and interior
channels to capture microhabitat-level variation within
and between sites during the winter (February-March)
and summer visits (May-July). We sampled in 2020, an
average water year, and again in 2021, an anomalously
dry year when salinity levels were 2.2-fold higher on
average (Table 1).

Field sample collection

We studied food webs by focusing on the upper trophic
level (fish) and the basal resource level (phytoplankton
and emergent vegetation) that support their prey. For all
groups, we collected parallel samples to aid in taxonomic
characterization and to gather enough biomass for stable
isotope analyses. We targeted phytoplankton using 50 pm
net-tows for 5 min, sieved through a 100-pm filter to
remove any zooplankton, then filtered through a pre-
combusted Whatman GF/F filter. This process was
repeated in the interior and exterior of each site during
an ebbing tide. We recognize that these samples contain,
in addition to phytoplankton microalgae, small amounts
of suspended particulate organic matter (SPOM) that
could have multiple origins. For simplicity, we deemed
this component to represent the algal pathway through-
out our analyses. On average, ambient chlorophyll

a concentration values in the system were 1.5-2.5-fold
higher in the summer than in the winter samplings
(Appendix S1: Table S1). With regard to emergent vegeta-
tion, we manually collected Schoenoplectus sp. and Typha
sp. from three independent sampling locations in the
interior and exterior of each site (if present).

Regarding fish collection, we combined minnow traps
and 10-min otter trawls in the exterior and interior chan-
nels of each site, applying equal effort for tows and minnow
traps across sites. We then identified and measured each
fish, and we stored them at —20°C until further analyses.
Our fish sampling was effective at targeting a wide range of
small-to-medium-sized fish (approximately 10-400 mm in
fork length; Table 2). After all fish were collected, counted,
and measured, we devised a strategy to select species for
stable analyses first, and then individuals for the selected
species. Regarding species selection, we sought to include
as many species and trophic strategies as possible, prioritiz-
ing those that were consistently present across sites, and
with high replication (Appendix S1: Table S2). To select
individual fish for stable isotope analysis, we used a deci-
sion tree aimed at maximizing coverage across seasons,
habitats, and body size ranges. Specifically, if there were
15 individuals or fewer of a species at a given site and year,
all 15 individuals were processed for stable isotope analyses.
If there were over 15 individuals at a given site and year,
we first grouped those individuals based on sampling
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TABLE 2

Mean and SD of fork lengths (FL, in millimeters) by species, and associated numbers (N) of individual fish that were used in

stable isotope analysis, caught in the 2020 (average water year) and 2021 (dry water year) winter and summer sampling seasons.

Mean =+ SD fork length (N individuals)

Species (Scientific name) Winter 2020 Summer 2020 Winter 2021 Summer 2021
Resident
Golden shiner® (Notemigonus crysoleucas) 90 + 29 (13) 112 + 30 (17) 100 + 23 (9) 115 + 38 (2)
Menidia sp. silverside® (Menidia sp.) 64 +9(11) 80 + 7(7) 61 +17 (14) 62 + 20 (34)
Prickly sculpin (Cottus asper) 65+ 10 (4) 73 + 18 (35) 76 + 18 (35) 66 + 19 (33)
Threespine stickleback (Gasterosteus aculeatus) 39 +9(29) 41 +11(4) 42 +6(3)
Tridentiger sp. goby® (Tridentiger sp.) 76 + 17 (4) 68 + 16 (12) 66 + 19 (24) 62 + 14 (30)
Tule perch (Hysterocarpus traskii) 122 + 32 (18) 64 + 40 (38) 133+ 6(7) 51 +20(21)
Yellowfin goby® (Acanthogobius flavimanus) 132 +39(9) 77 + 25 (25) 142 + 44 (15) 77 + 21 (58)
Transient
American shad® (Alosa sapidissima) 89 + 11 (22) 123 + 12 (13) 100 + 0 (2) 89 + 37 (46)
Clupeidae® (Clupeidae) 34 + 4 (31)
Longfin smelt (Spirinchus thaleichthys) 31 + 3(28)
Northern anchovy (Engraulis mordax) 77 + 4 (22)
Sacramento splittail (Pogonichthys macrolepidotus) 128 + 13 (30) 176 + 40 (18)
Striped bass® (Morone saxatilis) 122 + 19 (21) 120 + 56 (14) 90 + 64 (25)
Threadfin shad® (Dorosoma petenense) 87 + 7 (23)

Note: Species are grouped by life history (resident or transient).
“Non-native status.

season (winter vs. summer), then habitat (interior
vs. exterior), and finally by size class. Each of these group-
ings is hereafter referred to as a “stratum.” We then gave
identification numbers to the individual fish and selected
them randomly within each stratum until we reached
15 “replicates” for the stratum. After selection, we checked
via logistic regression that variation in size among individ-
uals of that species did not influence the probability of a
given individual being selected. We found no significant
effect of size on selection probability in any species
except for threespine stickleback (Gasterosteus aculeatus)
(Appendix S1: Table S3).

Laboratory sample processing

We processed a total of 915 samples for §'°C, §"°N, and
5*'S isotope analysis, encompassing fish (n = 806), phyto-
plankton (n =37), and emergent vegetation (n = 72;
Appendix S1: Figure S1, Table S4). For fish, we thawed and
dissected the left posterior dorsal muscle tissue of all fish
collected. For all other samples, we thawed and rinsed
them with deionized water to remove contaminants. We
dried all samples at 50°C for a minimum of 72 h or until
constant weight was reached, then ground samples into a
homogeneous powder via a ball mill grinder or a mortar

and pestle. We then weighed all homogenized powders via
a 6-place microbalance (Mettler Toledo XPE206DR), loaded
the appropriate amount of sample (1.5-1.8 mg for animal
tissue and 2.0-2.4 mg for basal resources) into tin capsules,
and placed them onto 96-well culture plates. Samples were
analyzed at the Center for Stable Isotope Biogeochemistry
(CSIB) on the UC Berkeley campus (Berkeley, CA). At
CSIB, 5"°C, "N, and &>*S isotopic values and percentages
were determined by continuous flow (CF) triple isotope
analysis using a mass spectrometer (CHNOS elemental
analyzer interfaced to an IsoPrimel00 [Isoprime Ltd]). A
total of 62 samples (>7% of the pool) were randomly
selected to assess instrument precision; for these samples,
we ran three analytical replicates (“subsamples™) for each.
We found these subsamples to be within 0.07%. (for C),
0.06%o (for N), and 0.21%o (for S) of each other (average
deviations), in line with the reported precision of the instru-
ment (+0.10%o, +0.20%o, and +0.40%o, respectively).

Data analysis
Restoration effects on FCL and niche volume

To test whether restored sites have shorter food chains,
we calculated FCL using the Maximum Trophic Position
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convention (Equation 1), calculated as the trophic posi-
tion of the species with the highest average 5'°N for each
site, relative to its baseline (Post et al., 2000; Vander
Zanden & Fetzer, 2007; Walters & Post, 2008):

Maximum Trophic Position
(8N top predator) — (8"’ N baseline) i (1)
3.4 '

8'°N values for top predators (within the size class
targeted by our fishing gear) represent each individual
fish from the species with the highest average 8'°N per
site and year (Post et al., 2000) (Appendix S1: Table S5).
To calculate '°N of the baseline, we first averaged 8'°N
of emergent vegetation (detritus) and phytoplankton
(algae) for each site and year. We then calculated a
weighted average of those values for each focal fish spe-
cies based on their percent use of detrital versus algal
sources, as calculated via the MixSIAR models (see Resto-
ration effects on the importance of detrital versus algal
pathways, below). This procedure allowed controlling for
potential biases that would occur if different fish species
showed different degrees of detrital versus algal reliance,
and if these resources differed systematically in their
8"°N values. We used t-tests to calculate whether FCL dif-
fered between sites of each tidal marsh pair.

We then calculated the isotopic niche volume for each
fish community, across sites and over time (seasons and
years). Isotopic niche volume represents the total, three-
dimensional space encompassing all §°C, §"°N, and &*S
isotope values of fish in the local food web—thus, it captures
the diversity of trophic pathways present in a local food web.
Lipid normalization was deemed unnecessary as the average
bulk C:N ratio for our fish was 3.2, lower than the com-
monly accepted threshold of 3.5, above which normalization
is recommended (Logan et al., 2008; Skinner et al., 2016).
Isotope niches of fish communities were calculated by mea-
suring the “standard ellipse volume” around the 813C, 8N,
and 8*S data of each marsh’s fish community, using the
“nicheROVER” package in R (Lysy et al., 2014; Rossman
et al., 2016). These isotopic niche volumes were then com-
pared across pairs of sites across all visits.

Notably, both variation in species richness
(i.e., species-poor vs. species-rich communities) and vari-
ation in abundance (i.e., large vs. small populations in
each species) can influence the amount of variation
in isotopic values, and thus variation in isotopic niche
volume (Appendix S1: Figure S1). To determine whether
observed patterns were more driven by differences in
abundance or in species richness within the fish commu-
nity, we implemented a resampling algorithm that
allowed controlling for abundance (i.e., all marsh pairs
had the same number of total individuals in the

community) or richness (i.e., all marsh pairs had the
same species list represented). By comparing resampled
model outputs, we then inferred whether differences in
isotopic niche volume would still be observed if all com-
munities were equally abundant (same total N), or
equally rich. While any process involving the selection of
a species pool from the community can bias results
(Martinez, 1991), our sets of 1000 iterations likely
accounted for potential effects of random selection.
Finally, we compared niche volumes within paired sites
via Cohen’s D, to measure restoration effect sizes. A large
effect size (Cohen’s D > |0.80|) indicates the “signal” or
mean difference between sites is much greater than the
variability or “noise” (Cohen, 1988). In turn, medium
(]0.50| < Cohen’s D < 0.80|) and small effect sizes
(]0.20| < Cohen’s D < |0.50]) indicate smaller signal or
difference between sites, likely outweighed by noise in
the data (Cohen, 1988).

Restoration effects on the importance of detrital
versus algal pathways

To quantify the reliance of fish on detrital versus algal
energy pathways, and compare reliance between restored
and reference sites, we focused on two basal resource
endpoints: emergent vegetation to characterize the detri-
tal pathway, and phytoplankton to characterize the algal
pathway (see Field sample collection). We ran Bayesian
mixing models to estimate reliance on each pathway (and
associated uncertainty) via the “MixSIAR” package in R
(Stock et al., 2022). MixSIAR uses inputs of biological
tracers, such as stable isotope data, and quantifies the
reliance of a consumer on different prey sources.
The model requires the input of trophic discrimination
factors (TDFs; the difference between the isotopic value
of the tissue of a consumer and its diet). We used the
TDFs of 2.1 + 6.6%. for 8°C and 3.1 + 7.5%. for 8'°N
(from the Canseco et al., 2022 meta-analysis), and 1.27
+ 1.31%o for 8**S (from the Raoult et al., 2024 meta-anal-
ysis). Given all our focal fish were planktivore or omni-
vore at the collected size classes and given the absence of
species-specific TDFs for our species, we used the same
trophic discrimination factors across multiple taxa when
running the MixSIAR models (Canseco et al., 2022;
McCutchan et al., 2003; Raoult et al., 2024). However, we
assessed the influence of TDFs via a sensitivity analysis,
where in addition to the selected TDFs, we used the most
extreme values found in the literature which included
5**S (Appendix S1: Figure S2). For the lowest TDF values
we used 0.6 + 1.3%0 for 8'°C, 2.5 + 1.7%0 for 8"°N, and
—0.53 + 0.3%o for 8>*S (Canseco et al., 2022; McCutchan
et al, 2003). For the highest TDF values we used
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3 + 1.2%0 for 8"°C, 4.6 + 1.9%0 for 8"°N, and 4 + 0.22%.
for 84S (Barnes & Jennings, 2007; Canseco et al., 2022).

To compare how individual species’ reliance on detri-
tal material differs if they are found in reference or
restored sites (Davis et al., 2024), the model was run using
8C, 8N, and &S data of each fish species with
corresponding data on phytoplankton (algal pathway) and
emergent vegetation (detrital pathway) as sources. We
included all fish used in the community analysis except
for fish found in two or fewer marsh sites and fish in larval
or fry life stages. Non-senesced emergent vegetation tissue
was used as a proxy to represent the brown pathway as it
can be assumed the isotopic composition of the live form
of the tissue would closely mirror the detrital form of the
tissue (Cloern et al., 2002; Young et al., 2021). No priors
were included in the model, and the output was plotted as
the mean proportion of the diet explained by each source.
Finally, we ran a paired t-test and Cohen’s D test for effect
size to see whether detrital reliance differed significantly
between native and introduced species.

Effects of fish origins and life histories

To examine the influence of introduced and transient con-
sumers on food-web structure, we calculated isotopic niche
volume and niche volume overlap for the collected fish
assemblages, following the same method described above.
Niche volume overlap represents the probability that an
individual represented within species’ A niche volume is
found within species’ B niche volume, thus reflecting simi-
larities in resource use and potential resource competition
(James et al., 2020). Niche volume (%.°) and percent over-
lap (%) were calculated by year and across years. We then
assessed differences in these metrics between introduced
and native fishes, and between resident and transient
fishes, using Cohen’s D effect sizes. All data were analyzed
in R version 4.2.2 (R Core Team, 2023).

RESULTS

Restoration effects on FCL and niche
volume

Food chains in restored sites were shorter than in reference
sites, in agreement with our hypothesis that restoration
sites would support structurally simpler fish communities.
This pattern was true for the new and old restored sites
when pooling data across years (Figure 3A) and when
looking into year-specific patterns in many cases
(Figure 3B), with half of them being statistically significant.
We observed substantial variation in the identity of the top

predator setting FCL across sites and over time. For exam-
ple, in the new restored site, the native transient Sacra-
mento splittail (Pogonichthys macrolepidotus) had the
highest average trophic position in the wet year, 2020, but
Northern anchovy (Engraulis mordax), a native marine
transient, held that position in dry 2021 (Appendix SI:
Table S5). Non-native fishes, both transient and resident,
often displayed the highest average 8"°N in restored and
reference sites alike: the striped bass (Morone saxatilis),
transient, and the Tridentiger sp. goby, resident, each set
FCL in 25% of the cases (Appendix S1: Table S5).

Overall, fishes in the young and old restored sites had
significantly compressed niche volumes (37% smaller on
average) than their references—a pattern that was
hypothesized and held true in both pooled and individual
years (Cohen’s D > |0.80|; Figure 4). However, the new
restored site showed the opposite trend (11% larger
niches), emerging from a significantly larger niche than
its reference in 2020 (Cohen’s D = 0.82) and a slightly
smaller niche in 2021 (Cohen’s D = —0.59; Figure 4A,B).
When controlling for abundance, patterns remained con-
sistent with those described above for all sites, with large
effect sizes (Cohen’s D > |0.80|) (Figure 4C,D). However,
resampling to control for variation in species richness
removed these differences, partially or totally, in all pairs
(Figure 4E,F). This observation suggests that variation in
community richness between restored and reference
sites, not variation in abundance, drove the observed dif-
ferences in niche volumes.

Restoration effects on the importance of
detrital versus algal pathways

We observed that detrital reliance was high overall
(grand mean: 70.9% + 33.4%), but also highly variable
across fish species and sites (Figure 5). Notably, fishes
found in restored sites relied 7.4% less on the detrital
pathway than species found in reference sites (paired
t-test; to = 3.43, p = 0.006). We found no significant dif-
ferences in detrital reliance between native and intro-
duced species after controlling for site-level effects (t5 =
—0.935, p=0.391). However, resident species relied
12.2% more on the detrital pathway than transient spe-
cies after also controlling for site-level effects (t5 = 3.059,
p = 0.028; Figure 5; Appendix S1: Table S6).

Effects of fish origins and life histories
We assessed whether native and introduced fishes

showed overlap or partitioning of their trophic niches.
Introduced species displayed significantly larger niche
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Food-chain length. Distribution of food-chain lengths, based on the trophic position of individuals of the species with the

highest average 5*°N per site and sampling season, relative to its local baseline. Species-specific, local baselines were calculated based on the

8'°N of emergent vegetation (for the detrital pathway) and phytoplankton (for the algal pathway), and the reliance on each pathway as
estimated via MixSIAR models. WY = water year. Sites pooled by year include the two species with the highest average 5'°N in 2020 and
2021. Asterisks denote significant differences from t-test between paired sites; ns denotes no significant differences. Boxplot lines denote
median and interquartile range (IQR), whiskers denote the largest and smallest value outside the IQR but still within the 95% CI, and open

circles denote outliers.

volumes than native species (Cohen’s D = —7.87;
Figure 6A). An average of 82.6% of the introduced spe-
cies’ niche volume overlapped with that of the native spe-
cies, while an average of 96.7% of the native species’
niche volume overlapped with that of the introduced spe-
cies (Cohen’s D = 8.36; Figure 6B,C). These patterns
were consistent across years, both for niche volume
(Cohen’s D = —6.68 in 2020 and —6.86 in 2021) and for
niche overlap (Cohen’s D = 7.84 in 2020 and 7.30 in
2021) (see Appendix S1: Figure S3A,B). These results sup-
port our hypothesis that the introduced assemblage
would have a larger niche that substantially overlaps
with the native one.

Finally, we looked at whether life history (resident
vs. transient) had an influence on niche volume and
overlap. Overall, transient species had larger niche vol-
umes than resident species (Cohen’s D = 3.86,
Figure 6D). However, patterns differed between years,
with resident species displaying larger niches in 2020 and
vice versa in 2021 (Cohen’s D = —0.83; Appendix S1:
Figure S3D). An average of 85% of the transient assem-
blage’s niche volume overlapped with that of the resident
one, whereas an average of 93.9% of the resident’s niche
volume overlapped with that of the transient one
(Cohen’s D = —5.17; Figure 6E,F). These results support
the hypothesis that transient species may have a larger
prey base due to different feeding patterns within and/or
outside tidal marsh habitat.

DISCUSSION

A major goal of ongoing and planned tidal marsh resto-
ration projects is to recover native fish populations,
many of which have been declining over the last half
century across US estuaries (Cloern & Jassby, 2012;
Fournier et al., 2024; Sommer et al., 2007). Although
tidal marsh restorations can produce similar, if not ele-
vated, levels of invertebrate prey (Hartman et al., 2019;
Woo et al., 2018), it remains largely unknown whether
tidal marsh restoration leads to the recovery of robust
and diverse aquatic food webs that support native
fishes (Moreno-Mateos et al., 2012; Vander Zanden
et al., 2016). To address this knowledge gap, our study
leveraged sites spanning restoration ages, sampling
them seasonally in two hydrologically contrasting
years (average vs. dry water year). We found that food
chains in all restored sites were (~8%) shorter than
their paired reference site. Additionally, the young and
old restored sites had smaller niche volumes than their
references (37% on average), but the new restored site
had an 11% larger niche volume than its reference site,
suggesting that early succession may still be influenc-
ing the energy flows at the newest restoration site.
When assessing the relative importance of the “detri-
tal” (brown) versus “algal” (green) pathways, fishes
strongly relied on detrital energy overall, with reliance
being particularly strong in fishes found in reference

85U8017 SUOWWOD BA 11D 8|edl|dde au Aq paueA0b 8Je SajoNfe YO ‘88N JO s8N oy A%eiqiT 8ul|UO AB|1MW UO (SUO1IpUO-PpUe-SWLB) L0 A8| 1M AReiq 1 pul|uO//SARY) SUORIPUOD PUe SWLB | 8U) 885 *[520z/0T/5z] Uo AriqiTauliuo 48| ‘0TTOL dea/z00T OT/I0p/wioo A8 | imAreiquljuo's feuino fess//sdny woiy papeojumod ‘. ‘GZ0Z ‘Z85S666T



ECOLOGICAL APPLICATIONS 11 of 19
A New restoration Young restoration Old restoration B New restoration Young restoration Old restoration
(seaward) (middle) (landward) 1000 (seaward) (middle) (landward)
QE —-— 1.02 -5.29 0—1.80 7504 0.82 -2.12 -3.12 —
= 2 5001 % % E R
SRS
] o 250 _L =2
E 5004
S 1000
S 5 750 -0.59 -6.75 0—0.87 O
% 250 E Reference 500 ; E 5‘2
=z E Restored 250 —p —9— _'_ = 5
R);er Tule'Red Chi'pps Whe'eler BI’O{NI‘IS SheFman R);er Tule'Red Chi'pps Whéeler Bro(/vns Sher'man
C New restoration Young restoration Old restoration D New restoration Young restoration Old restoration
(seaward) (middle) (landward) 7500 (seaward) (middle) (landward)
oL -2.59 -5.73 -7.61 7504 1.75 -1.64 -5.26 >
S 750 N <
= 500 -T- —— 8‘%
o
“E’ 2501 3 —_— T <
500 ——
2 $ - 1000
> — ) 7504 -3.20 -11.35 -1.74 e
D 250 i S2
= 500 ]
] e 23
p= 2501 — =
R);er Tulel Red Chilpps Whéeler BrO\Ian Shel:man Ry;er Tulel Red Chilpps Whéeler Bro;/vns Shel:man
E New restoration Young restoration Old restoration New restoration Young restoration Old restoration
(seaward) (middle) (landward) (seaward) (middle) (landward)
o 5001 _0.17 -0.75 -0.50 5] 038, =123 -4.22
) 300 BE
R 4 7 oQa
< w0 ' mi T B3 o 53
£ 300- 1001 E - - | =
3
S 200+ ° 500
= &0 4001 -0.62 -0.38 -0.28 o
[0} 4 ™)
£ 100 388 ] Ss
S 23
z = 1004 o E =
s - . , . . . 04 —9— == = == > :
Ryer Tule Red Chipps  Wheeler Browns Sherman Ryer  Tule Red Chipps  Wheeler Browns Sherman
FIGURE 4 Isotopic niche volume. (A, B) The isotopic niche volume represents the total, three-dimensional volume encompassing all

813C, 8'°N, and 5>*s isotope values of consumers in the local food webs of reference (orange) and restored (yellow) tidal marshes.
Recalculated niche volumes that control for (C, D) abundance and (E, F) species richness allowed examining the influence of variation in
community abundance (i.e., sampled number of individuals) or community richness (i.e., sampled numbers of species). Water years are 2020

(hydrologically average) and 2021 (dry). Cohen’s D effect sizes are represented as small (light blue), medium (dark blue), or large (green).
See Methods for more details. Boxplot lines denote median and interquartile range (IQR), whiskers denote largest and smallest value outside

the IQR but still within the 95% CI, and open circles denote outliers.

sites (as opposed to restored sites), and among resident
species (as opposed to transient ones). Native fish occu-
pied a smaller niche volume compared to introduced
fish, with most of their niche within the introduced
niche. Finally, transient fish occupied a larger niche
volume compared to resident fish with less niche over-
lap. Our results indicate that food-web structure does
not immediately recover with tidal marsh restoration,
despite short-term “trophic surges” after breaching,
even if fish assemblages are species-rich. Our results
also demonstrate that food-web studies can offer a
valuable approach to assess tidal marsh function across
different stages of restoration (as suggested in Loch
et al., 2020), addressing a critical need given wide-
spread loss of estuarine habitat and the regional and

global efforts to restore wetland functions (Cloern
et al., 2021; Moreno-Mateos et al., 2012).

Restoration effects on FCL and niche
volume

Overall, measured food chains were shorter in restored
sites, as hypothesized, with different species dictating the
FCL at each site, and differences fluctuating among site
pairs and years. The reference sites in the young and old
pairs had the same top predators (striped bass in 2020
and Tridentiger sp. goby in 2021), contrasting with the
new restoration pair, which had silversides (Menidia sp.)
and Sacramento splittail (2020), and Northern anchovy
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FIGURE 5 Species-specific detrital reliance between reference and restored sites. Percent detrital reliance (i.e., on the “brown”
pathway) was estimated based on the isotopic signals of all individuals of each species. Species were grouped by life history, resident fishes
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Numbers reflect Cohen’s D effect sizes, all of which were small (light blue). Asterisks denote non-native species. Boxplot lines denote
median and interquartile range (IQR), whiskers denote largest and smallest value outside the IQR but still within the 95% CI, and open

circles denote outliers.

(2021), as top predators. While it is possible that the high
8'°N of the Northern anchovy, a transient species that
enters the estuary in late spring and early summer
(Ervin, 2021), could reflect marine resources, we note
that 8N values did not change significantly over
6 weeks (i.e., between individuals collected on 06/17
(n = 12) and those collected on 07/30/21 (n =10);
Zo1 = —0.345, p =0.73). This observation leads us to
believe that these fish may have already been at equilib-
rium with the new (estuarine) resources when we col-
lected them in June-July. Finally, from our FCL results
we also found that the new restored site, Tule Red, was
the only site that supported native top predators
(Sacramento splittail in 2020, Northern anchovy in 2021)
in both years, species that tolerate high salinity levels.
This observation suggests that salinity may be not only a
driver of benthic and planktonic community dynamics in
the Bay-Delta (Chang et al., 2018; Cloern et al., 2017) but
also a major control of food-web structure—explaining
fluctuations in FCL over time and space.

FCL has important implications for food-web stability
(trophic cascades), pollutant bioaccumulation, and car-
bon exchange between freshwater ecosystems and the
atmosphere (Post et al., 2000; Sabo et al., 2010; Schindler

et al., 1997). We hypothesized that niche volume, a mea-
surement of trophic compression, would be smaller
(or less diverse) in restored sites than in reference sites.
We found generally compressed niche volumes in
restored relative to reference sites (Figure 4A), but these
differences vanished when controlling for variation in
community richness (Figure 4D,F). Contrary to our
hypothesis, we found that in 2020, the new restoration
site had a larger (less compressed) niche volume than its
reference site, but this trend was reversed in 2021
(Figure 4B). This finding suggests that initial flooding
temporarily promoted longer and more diverse food
chains and fish communities with expanded isotopic
niches, a pattern consistent with the “trophic surge
hypothesis” (Monaghan et al., 2020; Turgeon et al., 2016).
Specifically, levee breaching allowed the restoration of
tidal hydrology, suddenly connecting pelagic and terres-
trial nutrient sources and increasing production and
organic matter exports. This observation supports the
notion that carefully designed restoration plans, with
excavated channel networks and marsh revegetation,
could accelerate restoration trajectories relative to resto-
ration sites with extensive ditching (Larkin et al., 2009;
Oosterlee et al., 2018; Williamshen et al., 2021).

85U8017 SUOWWOD BA 11D 8|edl|dde au Aq paueA0b 8Je SajoNfe YO ‘88N JO s8N oy A%eiqiT 8ul|UO AB|1MW UO (SUO1IpUO-PpUe-SWLB) L0 A8| 1M AReiq 1 pul|uO//SARY) SUORIPUOD PUe SWLB | 8U) 885 *[520z/0T/5z] Uo AriqiTauliuo 48| ‘0TTOL dea/z00T OT/I0p/wioo A8 | imAreiquljuo's feuino fess//sdny woiy papeojumod ‘. ‘GZ0Z ‘Z85S666T



ECOLOGICAL APPLICATIONS

| 13 0f 19

A

C

5 000 e Introduced (83% overlap)
o 8004 o
£ o © o
= 600
S - o
T 4007 [ o P “
[&]
> 200 ; :
B Introduced Native ® ® @ ®
=
=10 ® P
= 8.36 _‘_ [
§ 0.9- [ ®
) @ ®
0 0.8+ \ /
<_c§ 0.7 \. )
g Introdluced Natlive Native (97% overlap)
© w/ Native w/ Introduced
(32}
D %5 1000 F
o 00 3.86 8
= J
g
3 6001 _%— i
> e
g 400 - f \
2 200 . . ® ®
E Resident Transient P
9 ©
10 o
:.?:) -5.17
& 091 o
° ® ®
O 0.8-
g \_ Y,
g 07 Resident Transient >
> esiden ransien g 3
O w/ Transient w/ Resident Resident (94% overlap)

FIGURE 6 Niche volume and overlap by fish origin and life history. Niche volume (A, D), niche overlap (B, E), and diagram illustrating
both results (C, F) comparing introduced versus native fish species, and resident versus transient species. This analysis pooled data across
sampling years and sites. Numbers reflect Cohen’s D effect sizes, all of which were large (green). Boxplot lines denote median and interquartile
range (IQR), whiskers denote largest and smallest value outside the IQR but still within the 95% CI, and open circles denote outliers.

Restoration effects on the importance of
detrital versus algal pathways

By the mid-20th century, extensive diking and draining of
vegetated tidal marshes in the Bay-Delta disconnected
large parcels of land from the estuary and led to an esti-
mated 94% loss in detritus production and energy transfer
to herbivores (Cloern et al., 2021). Tidal marsh recovery
can boost the detrital pathway of an aquatic ecosystem by
supplying decaying terrestrial matter year-round (Howe &
Simenstad, 2011), buffering consumers from seasonal
declines in phytoplankton (Young et al., 2021). The

observation that fish in restored sites relied less on the
detrital pathway than in reference sites is consistent with
our hypothesis that detrital pathways may be relatively
slower to return (Figure 1). The relatively slow recovery of
biogeochemical cycling often observed in restoring wet-
lands (Moreno-Mateos et al., 2012) also underscores the
importance of tracking food-web trajectories with repeated
sampling events—particularly in the Bay-Delta and other
highly modified estuaries (Howe & Simenstad, 2011;
Schroeter et al., 2015; Young et al., 2021). Additionally,
transient species showed slightly lower detrital reliance
than resident species overall (about 12%). In fact, all fishes
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except the transient threadfin shad (Dorosoma petenense)
and Sacramento splittail showed high reliance (>60%) on
the detrital pathway, in agreement with previous work
(Young et al., 2021). Thus, while transient fish may source
prey from both inside and outside the marsh, resident fish
may strongly benefit from restoration-driven increases in
the detrital food base—particularly over long timescales.

Influence of fish origins and life histories

As a result of the Bay-Delta’s long history of invasion, ref-
erence and restored tidal marshes are threatened by the
establishment and spread of introduced species (Boyer
et al.,, 2023; Cohen & Carlton, 1998; Ruiz et al., 2011).
These invasions have already caused profound changes in
food-web structure and dynamics. For example, the intro-
ductions of the invasive filter-feeding overbite clam
(Potamocorbula amurensis) and Asian clam (Corbicula
fluminea) are associated with a marked reduction in phy-
toplankton biomass and associated consumer abundance
(e.g., mysid shrimp) after the late 1980s (Feyrer
et al., 2003). This trophic cascade is often touted as a major
driver of the pelagic organism decline (POD) that started
around the year 2000 and involved population declines of
Delta smelt (Hypomesus transpacificus), longfin smelt
(Spirinchus thaleichthys), striped bass, and threadfin shad
(Cloern et al., 2017, Sommer et al., 2007), the latter three
of which are included in this study. Our study found the
native species’ niche is much smaller and is encompassed
within the introduced species’ niche. For instance, the
introduced striped bass is often regarded as a functional
analogue to native piscivorous fishes such as Sacramento
pikeminnow (Ptychocheilus grandis; Stompe et al., 2020),
and if striped bass are excluded, an entire trophic level of
top predators may be missing. The larger and overlapping
niche occupied by introduced species indicates that intro-
duced species consume a wider range of food sources
(Figure 6C). The high number of introduced invertebrates
(and expanded prey base) in tidal marshes (Schroeter
et al., 2015) may also support introduced fishes with high
trophic plasticity (Comte et al., 2017). Our findings suggest
that introduced species may be occupying niches that are
unused by native species, likely through a combination of
direct replacement of native species (i.e., formerly occu-
pied niches) and in-filling of unused niche space.

The abundance and richness of invasive species, and
the effects these exert on food webs, may change as a
function of hydroclimatic fluctuations, as seen in other
estuaries (Akin & Winemiller, 2006; Possamai
et al., 2021). For example, when looking at all fish caught
in the average water year 2020 for our study, approxi-
mately 38% of the individuals were introduced and 61%

were native (1% were unidentified fry). However, in the
dry year 2021, this trend reversed and ~63% of the fish
caught were introduced. Similar patterns in hydroclimate
control over negative covariation between native and
introduced fishes have been reported from the Bay-Delta
(Chang et al., 2018; Colombano et al., 2022), and it is a
known phenomenon from riverine fish communities
exposed to hydrologic extremes (Comte et al., 2021; Ruhi
et al., 2015; Ruhi, Olden, & Sabo, 2016). Understanding
the consequences of these relationships at the food-web
level is important for predicting restoration outcomes
under increasingly variable climates (Knowles &
Cronkite-Ratcliff, 2018).

Because life history can greatly influence the extent
and timing of reliance on different prey and basal
resources (Kneib, 1997; Rountree & Able, 2007), we also
sought to determine whether transient and resident fishes
differed in their niche volumes and whether their volumes
overlapped. The higher niche volume for transient species,
when pooled across years, may be explained by a higher
diversity of food sources consumed within tidal marsh
habitats or consumed across habitats (e.g., when moving
between tidal marsh and open water), which could allow
them to take advantage of a wider range of food sources
(e.g., both marine zooplankton and marsh benthic inverte-
brates). However, in any specific year, transient species
had a lower niche volume than resident species
(Appendix S1: Figure S3), a pattern that is likely explained
by the high turnover in community composition observed
for transient species between the average water year
(e.g., longfin smelt, striped bass, threadfin shad, Sacra-
mento splittail in 2020) and the dry water year
(e.g., Northern anchovy in 2021). Indeed, the resident fish
assemblage was compositionally similar between years—
only one of the 12 species present in 2020 was not detected
in 2021, and all species that were present in 2021 were also
present in 2020 (a pattern consistent with long-term obser-
vations from Suisun Marsh; Colombano et al., 2020). In
contrast, we observed substantial turnover in the transient
assemblage, illustrated by the fact that four of the nine
species present in the dry year 2021 had not appeared in
2020. These results suggest that transient fishes can take
advantage of different resources interannually
(Rountree & Able, 2007) and that droughts influence vari-
ation in fish origin, composition, and trophic overlap—the
latter decreasing in dry years due to increased representa-
tion of transient, marine species.

Limitations and future directions

In the context of tidal marsh restoration research, our
study is unique in terms of approach and replication, as
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it integrates about a thousand samples for three stable
isotopes, collected seasonally for two years in tidal
marshes spanning three orders of magnitude in age since
restoration. However, it was not without limitations.
First, our summer sampling season (May to July) likely
captures a transition window from spring environmental
conditions (cooler temperatures, heavier rainfall) to drier
summer conditions. Second, because a few of the species
studied undergo ontogenetic shifts (e.g., striped bass,
threadfin shad, American shad, and Sacramento
splittail), potentially confounding effects of body size
could exist (Table 2). When assessing this effect, a
posteriori, we found no significant variation in fish
lengths (after controlling for species identity) between
restored and reference sites (GLM, F;,g; = 3.552,
p > 0.05). This result suggests that variation in size would
not have systematically biased inferences on the effects of
restoration on fish isotopic signals. Nevertheless, general
associations between size and trophic position (§'°N) are
to be expected (Woodward et al., 2005). Third, by cover-
ing a large spatial scale, limitations arose in our ability to
collect every component of each local food web, forcing
us to focus on end members (resources) that were com-
mon across sites and overlooking those that may have
been important at some but not all sites (Appendix S1:
Figure S1). For instance, since we did not use gear
targeting larger individuals, such as gill nets, we likely
undersampled large piscivorous fish such as adult striped
bass and Sacramento pikeminnow (Nobriga &
Feyrer, 2007; Steinke et al., 2019; Young et al., 2022; Zeug
et al., 2017), which could have led to underestimation of
FCLs and niche volumes. Further studies that target the
largest fish size classes could alter or refine our findings.
Fourth, our system is strongly dominated by omnivory
(i.e., feeding across multiple trophic levels). Fish feeding
on both invertebrates and plants, or more generally, on
multiple different trophic levels below them, can reduce
variation in trophic position and thus measurements of
FCL and trophic niche volume. Fifth, we used live plant
tissue in our MixSIAR models instead of fine particulate
organic matter (FPOM) to represent the detrital pathway,
as FPOM signals overlapped with those of phytoplank-
ton. While this is a common practice in the Bay-Delta
and elsewhere (Howe & Simenstad, 2011; Schroeter
et al., 2015; Young et al., 2021), the fractionation pro-
cesses that occur with decomposition are likely not being
adequately considered when using live tissue. Sixth,
uncertainty in trophic discrimination factors required for
the Bayesian mixing models can greatly influence results.
Our sensitivity analysis examining how changing TDFs
would change inferences on detrital reliance confirmed
that such influence can be strong but also revealed that
some general patterns would remain—including the

consistently lowest detrital reliance of the new restoration
pair (Appendix S1: Figure S2). In this manuscript, we uti-
lized TDFs from Canseco et al., 2022 (§'*C and §'°N) and
Raoult et al., 2024 (8**S). These values were calculated by
combining TDFs from multiple species of fish and were
very similar to the widely used TDFs suggested by
McCutchan et al. (2003) for §**C and 8'°N. Finally, while
isotopes are an indicator of diet, limitations such as over-
lap in signals of potential prey can influence niche vol-
ume and detrital reliance estimates. Here, by moving
from two (8"*C and 8"°N) to three stable isotopes (includ-
ing 8°'S) we increased variation and the conclusive
capacity of our results (Raoult et al., 2024; Appendix S1:
Figure S1). Future research that ground-truths results
with gut content analysis would help refine inferences
based on stable isotope data alone.

Concluding remarks

Our findings illustrate that even if careful restoration
design offers a path toward desirable restoration out-
comes, food-web structure may not be immediately
recovered with tidal marsh restoration. With more than
30,000 acres of habitat slated for restoration across the
San Francisco Estuary (California EcoRestore, 2020),
understanding how tidal marsh restoration may lead to
food-web recovery is of key importance. The level of inva-
sion and alteration of the San Francisco Bay-Delta is
severe but not unique, and our results can inform restora-
tion projects in other human-dominated settings
(Cohen & Carlton, 1998; Gilby et al., 2021). Our study
underscores the importance of understanding how
energy pathways change with ecosystem restoration
efforts (Palmer & Ruhi, 2019) and shows that incorporat-
ing the recovery of energy pathways as an indicator of
restoration success would help refine the design and
monitoring of wetland restoration projects.
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