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A B S T R A C T   

Riverine ecosystems in their natural state are complex mosaics of habitats whose conditions vary across space 
and time as landscape features filter prevailing hydrologic forcing. Yet, through anthropogenic alteration many 
large river systems have become simplified through the construction of levees and dams that reduce lateral 
connectivity and flow variability. The extent to which shifts in habitat mosaics create conditions that support 
different trophic responses that manifest in differences in fish growth across the landscape remains largely un-
tested. This is primarily due to limitations in linking habitat features, dynamic physical processes, and trophic 
transfer of energy to higher taxa at the landscape scale. Here, we conducted large-scale enclosure experiments 
across varying habitats on a fluvial floodplain as a model system to measure factors that influence habitat- 
specific growth rates in multiple Chinook Salmon (Oncorhynchus tshawytscha) stocks important to fisheries and 
of conservation concern. Using an ecosystem approach, we reveal that landscape context, water residence time, 
and habitat type (agricultural, wetland, river channel) result in different hot-spots of primary and secondary food 
production. This variation in the aquatic foodscape resulted in significant variation in salmon growth rates and 
ultimate size and morphology across the landscape. Floodplain habitats generally exhibited higher water resi-
dence times as highlighted by higher specific conductance, salinity, and chlorophyll-a values. Pelagic inverte-
brate abundance was 10 to 100 times more abundant in the off-channel habitats compared to the river channels. 
The average daily growth rates of the juvenile Chinook Salmon ranged from 0.15 mm day− 1 and 0.01 g day− 1 in 
the riverine habitat to 0.55 mm day− 1 and 0.07 g day− 1 in the off-channel habitat. These data were used to build 
mixed effects models that showed the influence of chlorophyll-a concentration, water temperature and pelagic 
invertebrate composition on fish growth across locations throughout the experiment. As landscapes become 
increasingly simplified there is increased risk of losing the mosaic of habitats necessary to achieve enhanced fish 
growth and phenotypically diverse and sustainable salmon populations. This in-situ experimental and modeling 
approach can be applied to other systems to develop ecosystem indicators such as habitat-specific fish growth 
rates to manage landscapes and processes to support resilient fish populations.   

1. Introduction 

One of the greatest challenges in restoration ecology is linking spe-
cific restoration actions to demographic responses in higher trophic 
organisms. Globally, riverine ecosystems are under severe threat from 
human activities and a warming climate (Ward et al., 1999), and are the 
focus of significant restoration efforts due to the ecological services they 

provide (Sabater et al., 2018; Dudgeon, 2019). However, the effective-
ness of many restoration actions remains highly variable, due to the 
inability to first identify the mechanisms involved in the response of the 
river’s biota to changes in habitat features and physical processes (Kail 
et al., 2015; Friberg et al., 2016). In particular, the extent to which the 
simplification of a river’s habitat mosaic affects the food web structure 
and ultimately fish growth and survival across the landscape remains 
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largely untested. Therefore, identifying process-based indicators that 
can rapidly track changes in freshwater environmental conditions could 
help quantify how habitat modifications affect the river’s ecological 
processes and help design management actions that will best restore 
ecosystems functions. Fish growth is a valuable ecological indicator to 
assess habitat quality because it integrates several abiotic and biotic 
factors such as water quality and abundance and quality of prey. 
Monitoring fish growth across multiple river habitats, including flood-
plains which have been shown to play a significant role in fish recruit-
ment (Humphries et al., 1999; Górski et al., 2011; Scharbert and 
Borcherding, 2013), could then provide critical information on how to 
manage river landscapes to support resilient fish populations and 
ecosystems. 

Measuring habitat-specific fish growth rates at landscape scales and 
identifying the environmental factors promoting high growth can be 
difficult, particularly for migratory species using highly dynamic land-
scapes. While fish size in different habitats can be assessed by capturing 
and measuring fish in targeted locations, apparent differences in size 
could be attributed to differences in factors other than habitat quality 
such as fish ages, size selective mortality, density dependence, or other 
confounding factors (Staggs and Otis, 1996; Jodun et al., 2002). To track 
changes in fish sizes over time (individual growth rates) in different 
habitats often requires extensive mark and recapture efforts that can be 
particularly challenging to implement in large areas with low recapture 
probabilities. Fish growth rate estimates are thus often derived from 
laboratory experiments in controlled settings that do not account for the 
habitat complexity (e.g., substrate diversity, multi-trophic interactions) 
that fish might experience in their natural environment. This approach 
strongly limits the predictive capability of those estimates under natural 
conditions. In contrast, experimental fish enclosures deployed across the 
landscape provide a unique opportunity to track fish growth rates 
through space and time and to directly link those growth rates to local 
and regional environmental conditions (Jeffres et al., 2008; 2020). 

California’s Sacramento-San Joaquin River watershed (USA) serves 
as a model system for understanding how fish growth indicators could 
help resource managers optimize their investments in habitat restora-
tion of a highly modified riverine landscape. More than 95% of flood-
plains and wetlands in the California Central Valley (CCV), that were 
once accessible to native fish, have been lost due to human development 
(Whipple et al., 2012). Further, the remaining riverine habitats have 
been simplified through the construction of levees that have channelized 
the rivers and disconnected them from adjacent floodplains. This 
disconnection has negatively altered the food web and contributed to 
the decline of many fish species (Sommer et al., 1997; Feyrer et al., 
2006; Opperman et al., 2017), especially anadromous species like Chi-
nook Salmon (Oncorhynchus tshawytscha). The majority of the remaining 
floodplains that are accessible to juvenile Chinook Salmon now exist in 
the form of flood bypasses. Those bypasses are large flood control in-
frastructures constructed to mitigate flood risk to developed areas in the 
CCV (Kelley, 1989; Sommer et al., 2001). The nutrient-rich soils in the 
bypasses have been converted to a mosaic of agricultural plots and 
managed wetlands with Sacramento River water spilling into the by-
passes, during high flows, through passive weir structures (Whipple 
et al., 2012; Goertler et al., 2018). The diversity in physical habitat 
features and the seasonal flooding dynamic make flood bypasses an ideal 
system to quantify the extent to which habitat mosaics contribute to the 
development of multiple trophic responses that manifest in differences 
in fish growth. 

This study was centered on the Sutter Bypass, a crucial piece of the 
Central Valley Project relieving pressure on the levees of the Sacramento 
and Feather Rivers ([CVFMPP] Central Valley Flood Management 
Planning Program, 2010), and an important rearing habitat for threat-
ened CCV Chinook Salmon populations (McReynolds et al., 2006; 
Johnson & Lindley, 2016). Here, we established an experimental and 
modeling framework to quantify factors and processes that influence 
juvenile salmon growth at local, regional, and landscape-scales. Based 

on previous studies of juvenile salmon growth in the CCV (Sommer et al., 
2001; Jeffres et al., 2008; Katz et al., 2017; Jeffres et al., 2020; Holmes 
et al., 2021) we hypothesized that the various habitat types found across 
the landscape support different food webs which ultimately lead to 
different juvenile salmon growth patterns. We measured the spatial and 
temporal dynamics of juvenile Chinook Salmon growth using experi-
mental enclosures stratified among representative habitat types. We 
concurrently collected system hydrology, water quality, chlorophyll-a 
concentration, and ambient pelagic invertebrate abundance and 
composition. Using those data, we sought to 1) characterize habitat 
productivity, foodscape, and juvenile salmon growth differences across 
habitat types, and 2) identify drivers of salmon growth across the 
landscape. Additionally, wild juvenile Chinook Salmon were sampled, 
and a diet analysis of both enclosure and wild juvenile salmon was 
conducted to determine whether enclosure salmon diet was represen-
tative to that of free-swimming salmon. This spatio-temporal analysis 
allowed us to garner critical information for evaluating how flood 
bypass management, such as increased local flooding or floodplain-to- 
river water transfer, might positively influence process-based in-
dicators such as fish growth, and ultimately improve salmon population- 
level dynamics (Hendrix et al., 2017; Cordoleani et al., 2020; Peterson 
and Duarte, 2020) 

2. Materials and methods 

2.1. Study system 

The Sacramento River is the largest river and watershed of Califor-
nia, USA, and drains the northern half of the CCV (Buer et al., 1989). The 
headwaters are located just south of Mount Shasta in the southern 
Cascade Range, and the river enters the Sacramento-San Joaquin Delta 
south of the city of Sacramento. The lower Sacramento River is heavily 
channelized and leveed, and flood bypasses have replaced a portion of 
the historical floodplains, receiving surplus river water during high 
winter and spring flow events. Parallel to the lower Sacramento River, 
the Butte Sink and Sutter Bypass, encompassing approximately 214 km2, 
are part of the uppermost flood bypass in the Sacramento Valley, and 
constitute a crucial piece of the Central Valley Project relieving pressure 
on the levees of the Sacramento and Feather Rivers ([CVFMPP] Central 
Valley Flood Management Planning Program, 2010). The area from the 
Butte Sink in the north to the confluence of the Sutter Bypass with the 
Feather and Sacramento Rivers near Verona in the south receives water 
from various watersheds (Fig. 1). The lower Butte Creek watershed - a 
Sacramento River tributary of approximately 2,103 km2 which origi-
nates on the western slopes of the Sierra Nevada mountains, in the 
Lassen National Forest - flows into the Butte Sink just north of the Sutter 
Buttes (McReynolds et al., 2006) (Fig. 1). Additionally, the Butte Sink 
and Sutter Bypass receive floodwaters from the Sacramento River at 
Moulton, Colusa, and Tisdale weirs. Flooding generally occurs between 
December and May, when Sacramento River water overtops the three 
passive weirs. The Sutter Bypass’s low-lying topography and weir 
structures allows the bypass to be inundated in most years, including 
some drought years. Flood flows from Sutter Bypass subsequently drain 
into the Sacramento River and Yolo Bypass, a similar large seasonal 
floodplain (Sommer et al., 2001). Apart from flood protection, this re-
gion provides important agricultural and wildlife benefits. In particular, 
the Butte Sink and Sutter Bypass are thought to provide important 
rearing habitat for the threatened Butte Creek spring-run Chinook 
Salmon population, especially in years of extensive winter and spring 
flooding when fish can access the mosaic of flooded agricultural plots 
and managed wetlands (McReynolds et al., 2006; Johnson & Lindley, 
2016). Other populations of Chinook Salmon from the Sacramento 
River, such as the endangered Sacramento River winter-run, and the 
Central Valley fall- and late fall-run which are listed as species of 
concern (Yoshiyama et al., 1998) also use this habitat when access is 
permitted during flooding events. 
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2.2. Study habitats 

To better characterize the mosaic of habitats available to juvenile 
salmon for rearing, 13 locations were selected across 5 regions defined 
as: 1) Butte Sink: North of Colusa weir, 2) Upper Bypass: Colusa weir to 
Tisdale weir, 3) Lower Bypass: Tisdale weir south to Sacramento River, 
4) Sacramento River, and 5) Feather River (Table 1, Fig. 1). Three 
different habitat types were identified; channel, off-channel wetland, 
and off-channel agricultural substrate. The Butte Sink and Sutter Bypass, 
had both wetland and agriculture habitat types, while the Sacramento 
and Feather River were only characterized by one type of habitat 
(channel). Two enclosures were deployed at each site. 

2.3. Experimental enclosure design and salmon growth estimation 

The salmon enclosure experiment was implemented from 2/19/2019 
to 4/3/2019 (i.e., 42 or 43 days per enclosure) to study site-specific 
juvenile Chinook Salmon growth rates during winter months 
(Table 1), which corresponds to their peak rearing time period in the 
CCV (Williams, 2006). Enclosures were utilized to maintain fish within a 
specific habitat for the duration of the study, and provided access to the 
top 0.5 m of the water surface. While enclosure fish could not directly 
access benthic resource, similar salmon growth studies have shown that 
juvenile salmon diets are mostly composed of pelagic organisms or 
benthic organisms which have a pelagic lifestage that could be trans-
ported during high flow events (e.g, drift invertebrates like chironomids; 
Sommer et al., 2001; Jeffres et al., 2008; Corline et al., 2017). Therefore, 
we assumed that, despite movement restrictions, enclosure salmon were 
able to access their preferred food resource (this assumption was further 
tested by comparing enclosure versus wild juvenile salmon diet 
composition, see section 2.4.4). Each site had two 122 cm long × 61 cm 
wide × 61 cm depth floating enclosures constructed with 2.5 cm pvc 
pipe frames enclosed with 0.6 cm plastic mesh material (Fig. 2). This 
enclosure design has been used extensively for similar studies 
throughout the CCV (Jeffres et al., 2008, 2020). The enclosures allowed 
for re-measurement of individually marked fish at a specific location as 
well as allowing for food resources to enter the enclosure that are of a 

Fig. 1. Study area map with the different regions and the fish cage locations. 
The Butte Creek watershed is separated into three regions: 1) Butte Sink: North 
of Colusa weir, 2) Upper Bypass: Colusa weir to Tisdale weir, 3) Lower Bypass: 
Tisdale weir south to Sacramento River. Triangle symbols represent flow gaging 
stations (BTC  
=

Sacramento River at Butte City, BCD = Butte Creek at Durham, and FSB =
Feather River at Boyd’s Landing above Star Bend, VON = Sacramento River 
at Verona). 

Table 1 
Enclosure site locations across the different regions.  

Region Site Habitat type 

Butte Sink BSW1 Wetland 
BSW2 Wetland 
BSC1 Channel 

Upper Bypass UBA1 Agriculture 
UBW1 Wetland 

Lower Bypass LBW1 Wetland 
LBA1 Agriculture 
LBA2 Agriculture 

Sacramento River SRC1 Channel 
SRC2 Channel 
SRC3 Channel 
SRC4 Channel 

Feather River FRC1 Channel  

Fig. 2. Schematic of enclosure used for the salmon growth study. Orange cyl-
inders represent floats to maintain the enclosure near the surface and the 
mottled brown “L” represents the closure structure where fish can be put in and 
removed from the enclosure. 
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suitable size for juvenile salmon. Each enclosure was stocked with five 
juvenile fall-run Chinook Salmon sourced from the Feather River 
Hatchery (Oroville, CA) and individually tagged with a Passive Inte-
grated Transponder (PIT). The enclosure salmon were weighed to the 
nearest 1/100th of a gram (g) with an Ohaus Scout Pro scale and 
measured for fork length (FL) to the nearest millimeter (mm) at a two- 
week interval (week 2: 3/4/2019–3/6/2019, week 4: 3/18/2019–3/ 
21/2019, week 6: 4/1/2019–4/3/2019). The only exception to the two- 
week interval was during week 2 at one of the Butte Sink locations 
(BSW2) which was delayed a week until 3/12/2019 due to limited ac-
cess during a flooding event. When fish weight could not be recorded 
due to difficult field conditions (e.g., inability to tare a scale due to 
unstable sampling platform of a boat and/or high winds), we used the 
juvenile Chinook Salmon weight prediction model developed by Holmes 
and Jeffres (2021), which used morphometrics analysis on images that 
were collected from live fish in the field. Salmon density within enclo-
sures was maintained by adding “placebo” hatchery fish when escape or 
mortality occurred among the marked fish (Table A1). At the end of the 
6 weeks, all remaining fish were euthanized and a subset were analyzed 
for gut contents. 

We used individual fork length (FL) and wet weight measurements 
performed at week 0, 2, 4 and 6 to estimate a site-specific mean daily 
growth rate (expressed in millimeters per day (mm d− 1), and grams per 
day (g d− 1)) during each two-week interval and over the entire 6-week 
study. Mass specific growth rates (SGRi = 100 × ln(end_massi) − ln 
(start_massi)/t) were also estimated for each enclosure fish (i) at each 
two-week interval (where t = days between sampling events), to remove 
the influence of body size on absolute growth. 

2.4. Hydrologic, physical and biological data collection 

2.4.1. System hydrology 
River flow data for the three main inputs; Sacramento River, Feather 

River, and Butte Creek, and for the Butte Sink and Sutter Bypass was 
downloaded from the California Data Exchange Center (CDEC, http:// 
cdec.water.ca.gov/). Sacramento River flow data was collected from 
the Sacramento River at Butte City (BTC) gaging station, Feather River 
flow was obtained at the Boyd’s Landing above Star Bend (FSB) station, 
and Butte Creek flow data was obtained from the Butte Creek at Durham 
(BCD) station (Fig. 1). Moulton (MLW), Colusa (CLW) and Tisdale (TIS) 
weirs overtopping information was also collected from CDEC (http:// 
cdec.water.ca.gov/). 

2.4.2. Water quality sampling 
Water quality sampling was performed from 1/7/2019 to 4/29/ 

2019. Continuous water temperature (◦C) was collected at all sites and 
dissolved oxygen (mg L− 1) was collected at one site in each region 
(except the Butte Sink region which had two), using submersible Onset 
U26 loggers continuously recording at a 15-minute interval and sus-
pended approximately 0.5 m below the water surface. Point water 
quality data was also collected weekly at all sites with a YSI Exo2 multi 
parameter sonde. The parameters collected were: turbidity (NTU), 
electrical conductivity (µg cm− 1), salinity (PSU), pH, chlorophyll-a 
concentration (µg L− 1) and relative blue-green algae concentration (µg 
L− 1). 

2.4.3. Ambient pelagic invertebrate sampling 
Pelagic invertebrate sampling was performed weekly at all sites, 

from 1/7/2019 to 4/29/2019, using a 30 cm diameter 150 µm mesh 
zooplankton net thrown five meters and retrieved through the upper 0.5 
m of the water column four times from the stream bank. To account for 
differences in sampled volume due to variable water velocities, a flow 
meter attached to the zooplankton net was used to estimate the volume 
of water sampled. All samples were preserved in a solution of 95% 
ethanol. The dilution volume, number of splits, and number of aliquots 
removed was recorded and used to obtain total estimates of 

invertebrates which were divided by the total volume of water sampled 
to estimate density. 

Subsampling was necessary due to the high density of invertebrates 
within the samples. Invertebrates were identified with the aid of a dis-
secting microscope at 4x magnification to the lowest taxonomic level 
possible using keys from pertinent ecological literature (Merritt et al., 
2008; Thorp and Covich, 2009; Karanovic, 2012). Copepods were only 
identified to family level. Samples were sorted into two groups of one 
hundred. One group was for the taxonomic group with the highest 
number of individuals counted. A second group was for the total indi-
vidual counts of each of the other taxonomic groups added up such that 
they met or exceeded a hundred in their total numerical count. If a 
hundred count of the single highest taxonomic group was reached, but 
not a hundred of the remaining total individuals, then in the following 
aliquots the highest taxonomic group was not counted. 

2.4.4. Wild fish sampling and salmon diet composition 
To determine how well enclosure salmon diets represent those of 

free-swimming fish, we used either a beach seine or fyke nets to capture 
juvenile salmon at locations along the Sutter Bypass and Butte Sink that 
were in the proximity of enclosure sites (i.e., BSW1, BSW2, UBA1, 
Colusa Weir/SRC1, Tisdale Weir/SRC2, and LBA2; Fig. 1). This sampling 
was conducted when the Sacramento River flowed over flood weirs into 
the Sutter Bypass starting in January and continuing until flood waters 
receded in May. Chinook Salmon were measured for fork length to the 
nearest mm and weighed to the nearest 0.01 g, and a subset of young-of- 
the-year fish were lethally sampled following the guidelines of our sci-
entific collecting permit (CDFW permit SC-13029). 

Stomach contents from euthanized enclosure and wild juvenile 
Chinook Salmon were identified to their lowest possible taxonomic 
group with the aid of a dissecting microscope at 4x magnification. The 
same taxonomic keys from the ambient invertebrate identification were 
used to identify the stomach contents. Because we didn’t have infor-
mation on potential differences in digestion rate across prey taxa we 
made the assumption that what was found in the salmon stomachs 
during the dissection was representative of what they were feeding on in 
the environment. 

2.5. Statistical analyses 

2.5.1. Pelagic invertebrate composition analysis 
We compared pelagic invertebrate composition across the various 

habitat types using a non-metric multidimensional scaling (NMDS) 
analysis (using the vegan package in R; Kruskal, 1964a;b). This approach 
allowed us to visualize how study sites clustered across habitat types and 
how those clusters were correlated to the various invertebrate taxa. 
Pelagic invertebrate taxa were aggregated into higher taxonomic units 
(HTUs; Table A2) for the analysis, to increase statistical power. Pelagic 
invertebrate total densities (organisms m− 3) were standardized prior to 
analysis (using a range standardization in the decostand function in R; 
Legendre and Gallagher, 2001). 

2.5.2. Enclosure vs wild juvenile salmon diet comparison 
We estimated the mean invertebrate HTU’s abundances and the 

proportion of each invertebrate HTU found in both euthanized enclosure 
and wild salmon guts. We performed an analysis of similarities (using 
ANOSIM function in R) on the site-specific invertebrate HTU proportions 
to evaluate whether the diet compositions of enclosure and wild salmon 
sampled in the proximity of an enclosure were statistically similar. 

2.5.3. Salmon growth modelling 
We developed a series of juvenile salmon growth models to explore 

the environmental drivers of enclosure salmon growth. Specifically, we 
used mixed effects models to account for the three nested levels of 
correlation among fish growth estimates that resulted from the experi-
mental framework – 1) 13 enclosure locations, 2) two enclosures per 
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location, 3) three time periods (period 1 = weeks 1 & 2, period 2 =
weeks 3 & 4, period 3 = weeks 5 & 6 of the experiment). Fish mass 
specific growth rates (SGR) estimated for each time period were used as 
the response variable. Fish that escaped or died during the first two 
weeks of the experiment were removed from the analysis, resulting in 
the use of 83 marked fish (see Table A3 for details). To account for time 
dependency structure within individual fish growth rates and for within- 
location correlations among individuals, random intercepts 1|Fish_ID 
and 1|Location were used in each model. Since preliminary results 
showed no significant SGR differences across enclosures for most of the 
locations and time periods (see results from paired t-tests between SGRs 
grouped by location and time period in Table A4), we decided to not 
include a within-enclosure correlation term in our modelling. Finally, 
the following environmental factors were included as fixed variables: 
mean water temperature (meanTemp), water temperature standard 
deviation (sdTemp), mean electrical conductivity (meanEC), mean 
chlorophyll-a concentration (meanCHL), each pelagic invertebrate 
HTU’s density (i.e., Cladocera, Copepoda, Insecta, Ostracoda and Roti-
fera), total invertebrate density (TotInvert; organisms m− 3), and first 
and second NMDS axis scores (NMDS1 and NMDS2). Each variable was 
averaged by sampling period to coincide with the bi-monthly growth 
measurements. Based on preliminary data exploration invertebrate 
densities were log-transformed to improve comparison across locations. 
Moreover, prior to fitting the models to the growth data, all the 
continuous variables were standardized. 

The growth models were developed in R (R Core Team, 2017), and 
model parameters were estimated using the lmer function (from lme4 
package; (Bates et al., 2015). We developed simple models that included 
each environmental variable taken separately (Table 2), as well as more 
complex models that tested the combined influence of various variables, 
through either additive (i.e., var1 + var2) or interactive (i.e., var1 ×
var2) effects. Variables that were highly correlated with each other (i.e., 
Pearson correlation coefficient value > 0.6, Fig. A1) were not included 
in the same model. Akaike’s Information Criterion corrected for small 
sample sizes (AICc; Akaike, 1973; Burnham and Anderson, 2002) was 
used to identify the environmental variables that had a significant effect 
on fish growth. 

3. Results 

3.1. System hydrology and residence time relationship with site 
productivity 

The 2019 water year was wetter than average (“above normal”: 
https://cdec.water.ca.gov/reportapp/javareports?name=WSIHIST) 
with an extraordinary number of cold weather systems during February 
and March which led to a substantial snowpack. There were numerous 
weir overtopping events in the Butte Sink and Sutter Bypass at all three 
weirs (Moulton, Colusa and Tisdale, Fig. 3). Large, rapid tributary 
flooding dominated the early season hydrograph while increased 
reservoir releases from Shasta dam on the Sacramento River sustained 
significant flooding events during March into April. During the sampling 
season the maximum observed flow in the Sacramento River, Feather 
River, and Butte Creek reached 2577, 1086 and 301 m3 s− 1 respectively, 
while minimum flows were as low as 153, 73, and 2 m3 s− 1. 

Overall, water temperature increased throughout the course of the 
experiment, but a more pronounced increase was observed in wetland 
and agriculture off-channel sites (Fig. 3 and Fig. A2). Dissolved oxygen 
levels were generally high with little fluctuation in the river channel 
locations (i.e., Butte Creek, Feather River and Sacramento River). 
Wetland sites showed a larger range of dissolved oxygen, with some 
periods of low dissolved oxygen when flood waters receded and tem-
peratures increased later in the season (Fig. A2). We note that dissolved 
oxygen was not recorded in agriculture sites but likely exhibited the 
same trend than in wetland sites. 

Off-channel conductivity (EC) was similar to channel conductivity 
during high flow events but diverged under lower flows when the wet-
lands and agriculture off-channel sites were contained within the off- 
channel habitat (Fig. 3 and Fig. A3). Conductivity in certain flow and 
habitat conditions can be used to indicate residence time differences in 
the sites with the same water source. Thus, during these containment 
periods, conductivity increased in off-channel sites likely because of 
longer residence time during which evaporation concentrates solutes. 

Chlorophyll-a levels remained at relatively low concentrations in the 
channel sites for the duration of the study (Fig. 3 and Fig. A3). 
Chlorophyll-a concentrations were generally higher in off-channel sites 
except during high flow events when concentrations were similar to the 
channel sites. Chlorophyll-a concentrations were also higher in wetland 
than in agricultural off-channel sites. Blue Green Algae (BGA) followed 

Table 2 
List of simple candidate growth models. The “Biological Assumption” column briefly describes the reason why each environmental variable is considered in this study.  

Models Biological Assumption 

1 + 1|Fish_ID + 1|Location None of the environmental variables considered significantly influence juvenile salmon growth. 
meanCHL + 1|Fish_ID + 1| 

Location 
Chl-a concentration can be used as a proxy for system’s primary productivity which might indirectly influence juvenile salmon growth through its 
role in the development of invertebrate biomass, including juvenile salmon prey. 

meanEC + 1|Fish_ID + 1| 
Location 

Electrical conductivity can be used as a proxy for water residence time which might indirectly influence juvenile salmon growth through its impact 
on primary and secondary production development. 

meanTemp + 1|Fish_ID + 1| 
Location 

Water temperature might indirectly influence juvenile salmon growth through its impact on primary production development and directly 
through its impact on fish physiology. 

sdTemp + 1|Fish_ID + 1|Location Variability in water temperature, observed as the result of a dynamic system hydrology, combines the influence of water temperature and 
residence time changes on juvenile salmon growth. 

logCladocera + 1|Fish_ID + 1| 
Location 

Cladocera density might directly influence juvenile salmon growth 

logInsecta + 1|Fish_ID + 1| 
Location 

Insecta density might directly influence juvenile salmon growth 

logOstracoda + 1|Fish_ID + 1| 
Location 

Ostracoda density might directly influence juvenile salmon growth 

logRotifera + 1|Fish_ID + 1| 
Location 

Rotifera density might directly influence juvenile salmon growth 

logCopepoda + 1|Fish_ID + 1| 
Location 

Copepoda density might directly influence juvenile salmon growth 

logTotInvert + 1|Fish_ID + 1| 
Location 

The total density of pelagic invertebrate might directly influence juvenile salmon growth 

NMDS1 + 1|Fish_ID + 1|Location The composition of the pelagic invertebrate community defined by NMDS1 axis might directly influence juvenile salmon growth 
NMDS2 + 1|Fish_ID + 1|Location The composition of pelagic invertebrate community defined by NMDS2 axis might directly influence juvenile salmon growth  
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the same pattern as chlorophyll-a concentration (Fig. A3). 
Highest log-transformed pelagic invertebrate density was observed 

in wetland off-channel sites in comparison to the agriculture off-channel 
and channel sites for the entire sampling period (Fig. 3). During flooding 
events in the first two weeks of March a slight decrease in invertebrate 
densities was observed in off-channel sites, while the density in channel 
sites slightly increased. As the floodwaters receded in the last two weeks 
of March and water residence time increased in off-channel sites, 
invertebrate abundance largely increased. On the contrary, log- 
transformed invertebrate densities in channel sites only slightly 
increased and remained much lower than in off-channel sites. 

3.2. Habitat-specific pelagic invertebrate resource and salmon diet 
composition 

Overall, off-channel wetland, agriculture and channel sites were all 
defined by high proportions of Rotifera, Cladocera and Copepoda and 

low proportions of Insecta and Ostracoda (Fig. 4A and Fig. A4). Wetland 
sites had the highest densities of Rotifera, Cladocera and Copepoda, 
while channel sites had the lowest densities for all HTUs. Additionally, 
Insecta densities were similar for all habitat types and Ostracoda den-
sities were similar for wetland and agriculture sites. 

Most wetland sites grouped together and were defined by Rotifera, 
Cladocera and Copepoda food resources, except for UBW1 and LBW1 
sites that grouped close to UBA1 agriculture site which was associated 
with Ostracoda HTU. Most Channel sites grouped together and were 
associated with Insecta HTU, except for SRC4 and BSC1 sites which had 
a larger contribution of Ostracoda taxa (Fig. 4B). Pelagic invertebrate 
composition in agriculture sites was intermediate between the wetland 
and channel sites. 

A total of 28 young-of-the-year juvenile Chinook Salmon that were 
lethally sampled at BSW1, BSW2, Colusa Weir/SRC1, and LBA2 sites 
were used for wild versus enclosure diet composition comparison. Three 
or four enclosure fish were used for diet analysis at each site. Addi-
tionally, only wild juveniles that were sampled close to when enclosure 
salmon were euthanized (i.e., from March 20th to April 16th) were used 
for the analysis. Although the total invertebrate abundance was usually 
higher in enclosure salmon guts (Fig. 5), we found that, for all the sites, 
the diet compositions of enclosure and wild juvenile salmon sampled 
close to the enclosure site were not statistically different (BSW1 

Fig. 3. River flow, water temperature, electrical conductivity, chlorophyll a, 
and pelagic invertebrate density stack plot, grouped by habitat type. The bot-
tom graph shows Butte Creek (red), Feather River (blue) and Sacramento River 
(green) hydrograph. The dots show actual data sampled each week and the lines 
show a loess regression. The squares and associated error bars show each var-
iable mean and 1SD values, where variables are averaged over the two weeks 
bracketing each square (i.e., data averaged over Feb 25-Mar 04, Mar 11-Mar 18, 
and Mar 25-Apr 01), to match with growth data used in the mixed effect 
modelling analysis. 

Fig. 4. (A) Boxplot displaying the distribution of ambient pelagic invertebrate 
HTU’s densities averaged over the entire experiment period (i.e., 6 weeks). (B) 
NDMS results of ambient pelagic invertebrate community for the last sam-
pling period. 
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ANOSIM significance = 0.25, BSW2 ANOSIM significance = 0.10, SRC1 
ANOSIM significance = 0.68 and LBA2 ANOSIM significance = 0.10). 
Similar to ambient pelagic invertebrate composition we also observed 
differences in fish diet composition across habitat types. Copepoda and 
Cladocera were the most common taxa found in salmon diets in the 
wetland habitats (BSW1 and BSW2 sites), while Insecta was the most 
common taxa in salmon diets in the channel (SRC1), and salmon diets in 

the agricultural site (LBA2) were intermediate between diet composition 
in the wetland and channel habitats (Fig. 5). 

3.3. Enclosure juvenile salmon growth across habitat types 

Initial salmon fork length (mm) and weight (g) at the time of 
enclosure stocking was 47.7 +/- 3.2 mm SD and 1.20 +/- 0.28 g SD. At 
the end of the six-week experiment, sizes ranged from 53.8 +/- 3.2 mm 
SD and 1.7 +/- 0.40 g SD at SRC3 (Sacramento River site) to 70.7 +/- 
4.2 mm SD and 4.28 +/- 0.74 g SD at BSW2 (Butte Sink site). The 
average daily growth rates ranged from 0.15 mm d− 1 and 0.01 g d− 1 at 
SRC3 to 0.55 mm d− 1 and 0.07 g d− 1 at BSW2 (Fig. 6). Percent changes 
in fork length and weight ranged from 12.5% and 28.9% respectively at 
SRM3 to 47.2% and 255.8% respectively at BSW2. 

Overall, growth rates were higher in both wetland and agriculture 
off-channel sites compared to channel sites. Wetland sites from the 
Upper Sutter Bypass and Butte Sink (i.e., UBW1, BSW1, and BSW2) had 
the highest growth rates measured among all fish (Fig. 6). Interestingly, 
the lowest Sutter Bypass agricultural site (LBA2) and the Sacramento 
River at Tisdale site (SRC2) showed very similar growth rates. Addi-
tionally, the growth rate in Butte Creek channel (BSC1) was higher than 
in the other channel locations (i.e., from the Sacramento and Feather 
rivers), and also higher than at LBA2 site. 

3.4. Environmental factors influencing juvenile salmon growth 

The best AICc model included the interaction between Chlorophyll-a 
concentration, temperature standard deviation and NMDS2 score (AICc 
= 0, weight = 60%; Table 3). The second best model included the same 
variables but with an additive effect (ΔAICc = 2.87, weight = 14%; 
Table 3). The third top model, which included Chlorophyll-a concen-
tration and temperature standard deviation interactions with NMDS1 
score instead of NMDS2, was also found to significantly influence ju-
venile salmon growth (ΔAICc = 3.32, weight = 11%; Table 3). The top- 

Fig. 5. Enclosure versus wild juvenile diet’s mean abundances colored by invertebrate HTU. Gut content comparison was performed for wild young-of-the-year fish 
that were sampled in the proximity of enclosure sites BSW1, BSW2, SRC1 and LBA2, at the end of March and beginning of April. 

Fig. 6. FL (mm/day) and weight (g/day) 6-weeks growth rates biplot, for each 
site location. Circles represent mean values and bars represent standard errors. 
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fitted model predicted 1) an increase in SGR with increased temperature 
standard deviation (i.e., larger temperature variation; sdTemp), 2) a 
decrease in the minimum SGR value but an increase in the range of SGR 
values with an increase in NMDS2 score (i.e., decreased contribution of 
Ostracoda in the pelagic invertebrate community), and 3) either an in-
crease in SGR with increased mean Chlorophyll-a concentration (i.e., 
higher primary productivity; meanCHL) when NMDS2 ≥ -1 and when 
NMDS2 = -2 and sdTemp ≤ 0.76, or a decrease in SGR when NMDS2 =
-2 and sdTemp ≥ 1.3 (Fig. 7, Table A5). 

4. Discussion 

Pacific Salmon are an iconic anadromous species that utilize a 
mosaic of aquatic habitats to optimize growth, survival and reproductive 
success across their life cycle (Healey, 1991). This complex migration 
pattern is one of the things that makes them both exceptionally inter-
esting yet difficult to understand and manage. Each of the variety of life 
stages and habitats has the potential to be a limiting factor for the spe-
cies persistence and sustainability over time. Here, we established an 
experimental and modeling framework to better understand how the use 
of diverse habitat types during the juvenile salmon rearing stage, a small 
but very important period of time in the life of a salmon, can dispro-
portionately contribute to their growth. Overall, we found that flooded 
wetland and agricultural off-channel habitats provided the best condi-
tions for juvenile salmon growth. These results are consistent with 
recent studies showing floodplain and managed wetland elevated levels 
of zooplankton biomass and correspondingly high Chinook Salmon 
growth rates compared to local riverine habitats (Sommer et al., 2001; 
Jeffres et al., 2008; Katz et al., 2017; Jeffres et al., 2020). The off- 
channel mean growth rates found in this study were, however, lower 
than the juvenile salmon growths found in the Yolo Bypass (a similar 
flood bypass in the Central Valley), for both free-swimming and rice 
fields enclosure fish (0.41–0.53 mm/day in the Sutter Bypass versus 
0.55–0.8 mm/day in Sommer et al., 2001; Katz et al., 2017) The channel 
sites’ mean growth rate of 0.25 mm/day was also slightly lower than the 
growth found in a mark-recapture study in the Upper Sacramento River 
(mean growth rate of 0.33 mm/day; Kjelson et al., 1982). We hypoth-
esize that the main differences in growth pertains to differences in the 
amount of natural flooding (this study was conducted during a year with 
extensive natural flooding compared with previous experimental years), 
and that a better understanding of the mechanisms involved in the 

system productivity is key to identify optimal juvenile salmon growth 
conditions across the landscape. 

4.1. Channel versus off-channel ecosystem mechanisms 

The above normal water year in 2019 created hydrological condi-
tions that allowed for a productive and dynamic food web in the Butte 
Sink and Sutter Bypass. Throughout our study period we observed both 
large high flow events as well a recession following the flow events that 
resulted in increased residence time and pelagic invertebrate abundance 
within the off-channel habitats. Dynamic hydrology creates conditions 
that allow for the production as well as the transport of food web pro-
ductivity both within the floodplain as well as export locally derived 
production to downstream locations (Winemiller, 2004; Ahearn et al., 
2006; Furst et al., 2014; Correa and Winemiller, 2018). Heterogeneity of 
habitats and hydrology can result in differing water quality, pelagic 
invertebrate production, and juvenile salmon growth rates (Bellmore 
et al., 2013; Górski et al., 2013; Pander et al., 2018; Jeffres et al., 2020; 
Corline et al., 2021). Despite the diversity of habitats used in our study, 
large flooding events created conditions where in-channel and off- 
channel habitats followed very similar patterns at high flows. Howev-
er, when high flows receded, velocities slowed in the off-channel habi-
tats and residence times increased. This resulted in an increase in water 
temperature and food web development in the off-channel habitats 
(Fig. 3). Numbers of pelagic invertebrate during this time were often 10 
to 100 times more abundant in the off channel habitats compared to the 
river channels. These off-channel habitats were thus found to be strong 
engines of productivity allowing increased food production and 
enhanced fish growth. This is similar to other studies that found 
following large flood events primary and secondary production can be 
prolific (Van den Brink et al., 1992; Ahearn et al., 2006; Grosholz and 
Gallo, 2006; McInerney et al., 2017; Ndehedehe et al., 2021). 

4.2. Biotic and abiotic factors affecting juvenile salmon growth across the 
landscape 

Chlorophyll-a concentration, which inform on the system primary 
productivity was one of the three most important factor influencing 
juvenile salmon growth rates observed during the experiment, with 
increased productivity correlated to higher juvenile salmon growth. 
Channel sites, that were characterized by the lowest Chlorophyll-a 

Table 3 
Comparison of SGR mixed effect models. AICc = Akaike’s information criterion corrected for small sample size; ΔAICc = difference in AICc score between the given 
model and the most parsimonious model. AICcWt = model weights. Models are ordered from lowest to highest AICc. Lower AICc scores indicate greater relative model 
parsimony. Only the first 20 models are shown in this table.  

Model AICc ΔAICc AICcWt 

NMDS2 × sdTemp × meanCHL + (1|Fish_ID) + (1|Location)  617.20 0 0.60 
meanCHL + sdTemp + NMDS2 + (1|Fish_ID) + (1|Location)  620.07 2.87 0.14 
NMDS1 × sdTemp × meanCHL + (1|Fish_ID) + (1|Location)  620.53 3.32 0.11 
NMDS2 × meanCHL + (1|Fish_ID) + (1|Location)  620.78 3.58 0.10 
meanCHL + sdTemp + NMDS1 + (1|Fish_ID) + (1|Location)  622.91 5.71 0.03 
NMDS2 × meanTemp × meanCHL + (1|Fish_ID) + (1|Location)  626.78 9.58 0 
NMDS2 + meanCHL + (1|Fish_ID) + (1|Location)  628.50 11.29 0 
meanCHL + sdTemp + (1|Fish_ID) + (1|Location)  629.05 11.85 0 
meanCHL + meanTemp + NMDS2 + (1|Fish_ID) + (1|Location)  629.81 12.61 0 
meanCHL + meanEC + NMDS2 + (1|Fish_ID) + (1|Location)  630.61 13.41 0 
meanCHL + meanEC + sdTemp + (1|Fish_ID) + (1|Location)  631.02 13.81 0 
meanCHL + sdTemp + logCladocera + (1|Fish_ID) + (1|Location)  631.05 13.84 0 
meanCHL + sdTemp + logInsecta + (1|Fish_ID) + (1|Location)  631.07 13.87 0 
logInsecta × sdTemp × meanCHL + (1|Fish_ID) + (1|Location)  633.41 16.21 0 
logCladocera × sdTemp × meanCHL + (1|Fish_ID) + (1|Location)  634.12 16.92 0 
logCladocera × meanTemp × meanCHL + (1|Fish_ID) + (1|Location)  643.27 26.06 0 
meanCHL + meanEC + NMDS1 + (1|Fish_ID) + (1|Location)  644.45 27.24 0 
logInsecta × meanTemp × meanCHL + (1|Fish_ID) + (1|Location)  644.48 27.28 0 
NMDS1 × meanCHL + (1|Fish_ID) + (1|Location)  644.75 27.55 0 
meanCHL + meanTemp + (1|Fish_ID) + (1|Location)  645.25 28.05 0  
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concentrations throughout the entire experiment, exhibited the slowest 
fish growth, while off-channel wetland sites, which had the highest 
Chlorophyll-a levels were associated to the highest growth rates. This is 
consistent with the idea that off-channel wetlands, and to a certain 
extant agriculture sites, can act as functional floodplain and enhance 
juvenile fish production by stimulating bottom-up production of 
phytoplankton carbon (Junk et al., 1989). 

Water temperature standard deviation was the second important 
factor influencing fish growth, with an increase in water temperature 
variability positively correlated to salmon growth. Water temperature 
has been shown to be an important determinant of juvenile salmon 
growth, through a direct interaction with food density (Brett et al., 1969; 
Jonsson et al., 2001; Myrick and Cech, 2001; Lusardi et al., 2020). 
Furthermore, the large water temperature variability observed in off- 
channel habitats was the result of multiple flooding events followed 
by increased water residence time, which likely provided optimum 
environmental conditions for the development of a productive lower 
trophic food web and would explain the high juvenile salmon growth 
observed in those habitats. 

NMDS2 which is associated with the proportion of Ostracoda HTU, 
and to a lesser extent NMDS1 which is associated with the relative 
contribution of Insecta versus Copepoda, Cladocera and Rotifera in the 
environment, were also found to locally influence juvenile salmon 
growth. Channel enclosure locations, which had large NMDS2 score and 
were associated with a lower contribution of Ostracoda and a higher 
contribution of Insecta in the pelagic invertebrate community, exhibited 
the lowest juvenile salmon growth rates, while off-channel wetland and 
agriculture sites, which were defined by a higher proportion of Ostra-
coda, as well as Cladocera, Copepoda and Rotifera, exhibited higher 
juvenile salmon growth rates. These results suggest that the relative 
contribution, more than the absolute abundance, of pelagic invertebrate 
taxa had an impact on salmon growth. Comparatively, gut contents of 
juvenile Chinook Salmon reared in Yolo Bypass’ agricultural floodplain 
in 2012 contained over 85% of Cladocera species Daphnia pulex, and 
had some of the highest growth rates recorded for Chinook Salmon in 
the California Central Valley (Katz et al., 2017). Furthermore, multiple 
studies of juvenile salmon diet in other lentic water bodies also found 
that salmon selectively fed on large Daphnia spp. (Craddock et al., 1976; 
Morrison, 1983; Koehler et al., 2006). Similar to this study’s agriculture 
sites, high Ostracoda abundances have also been observed in fallowed 
rice fields from the Yolo Bypass (Corline et al., 2017) and other plant- 
rich floodplains (Pereira et al., 2017; Szlauer-Łukaszewska and Pešić, 
2020), providing an alternative food resource for juvenile salmon. 

Importantly, we found that those three factors had an interactive 
effect on juvenile salmon growth rates. For instance, for low NMDS2 and 
high water temperature variability, SGR decreased with increased 
Chlorophyll-a concentration. One assumption could be that an increased 
hydrology dynamic in channel sites with low productivity might have 

created less favorable conditions for juvenile salmon and led to a 
decrease in growth, even if Chlorophyll-a concentration increased. 
Additionally, the larger variability in SGR values observed with com-
bined increase in NMDS2 and Chlorophyll-a concentration values could 
be explained by the fact that 1) an increase in Chlorophyll-a concen-
tration correlates with higher growth, and 2) a higher NMDS2 score is 
associated with channel sites exhibiting more diverse SGRs (e.g., SRC2 
had SGR closer to off-channel agriculture sites than other river sites, 
while SRC3 had the lowest SGR), thus resulting in the expression of a 
larger SGR range. 

4.3. Inference from experimental framework to natural system and 
management implications 

While we acknowledge that the use of enclosures restricted salmon 
movements, which could have influenced food access and competition 
for resources, the similarities found between wild and experimental 
salmon diets suggest that enclosure growth experiments can be consid-
ered as a powerful tool to reflect wild juvenile Chinook Salmon feeding 
and growth patterns. 

This study also highlighted the potential for this managed flood 
bypass to act as a proxy for natural floodplain and can provide high 
quality rearing habitat for all CCV Chinook Salmon, when it is accessible 
to them. Our results are therefore consistent with similar results for the 
downstream Yolo Bypass, another large managed floodplain (Sommer 
et al., 2001; Katz et al., 2017). Currently the limiting factor to get water, 
including fish, into the off-channel floodplain habitat in the CCV is often 
the elevation of various weirs that allow water to spill from the river 
channel into the flood bypass system. The wet conditions in 2019 
allowed multiple spilling events to occur, however drier years might not 
provide as much access to productive habitats. Being able to collect data 
across a variety of water year types will help to tell a better story of how 
the Butte Sink and Sutter Bypass function across a variety of hydrolog-
ical conditions. These data will provide information to resource man-
agers to think more holistically about how managed off-channel habitats 
can benefit juvenile salmon across various hydrological conditions. 

Additionally, two channel sites (SRC2 and BSC1) were found to have 
relatively high juvenile salmon growth rates among channel enclosures 
(Fig. 5). Taxa identified in juvenile salmon’s diet from the Butte Sink 
channel site (BSC1) were also found to differ from the ambient pelagic 
invertebrate community sampled there, and were more similar to 
adjacent off-channel salmon’s diet. These results suggest that fish from 
those sites might have benefited from food resources being transported 
from productive off-channel sites during flood events. Resource subsidy, 
through aquatic and terrestrial nutrient input, has been found to 
improve aquatic fish production (Polis et al., 1997; Kawaguchi and 
Nakano, 2001; Correa and Winemiller, 2018), and this management 
action could be considered to enhance juvenile salmon growths, by 

Fig. 7. Enclosure fish SGR predictions from the best AICc ranked mixed effect model in Table 3, for each combination of NMDS2, meanCHL and sdTemp values.  
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supporting the transfer of allochthon invertebrate species from the 
productive floodplain wetlands and agricultural fields to channel sites. 

5. Conclusion 

With strong modification of the CCV landscape, the access to the 
mosaic of aquatic habitats that California Chinook Salmon rely on 
throughout their lifetime has become more difficult, which has likely 
contributed to their decline (Yoshiyama et al., 2001). Particularly, 
floodplains and other off-channel habitats have drastically decreased, 
and the availability of the remnant ones is dependent on large fluctua-
tions in river flows to push water out of the channel into the adjacent 
habitats. This study has highlighted the importance of those ephemeral 
habitats to the aquatic food web and subsequent growth of vulnerable 
CCV juvenile salmon across a diverse landscape. The experimental 
framework we presented here, and the use of fish growth as an indicator 
of habitat quality, can help resource managers prioritize and implement 
restoration actions that will support the physical and biological pro-
cesses important for floodplains to resume functioning. 
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