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Abstract
Movement dynamics of nonnative species can change in new environments and differ from native populations. It has been more
than 100 years since striped bass (Morone saxatilis) were introduced to the Sacramento-San Joaquin River system in California
from the US east coast. Acoustic telemetry from 2011 to 2015 was used to examine striped bass seasonal residence patterns in
their nonnative range across three regions—bay, delta and rivers, and the effect of fish length and release river (Sacramento River
[SR] vs. Feather River [FR]) on movement. In spring, SR striped bass (n = 52) increased travel speed by 39% and river residence
by 63% relative to other seasons, which is consistent with spawning migrations. In summer, SR striped bass spent the most time
in the bay (mean = 28.2 ± 30.9 days) relative to other seasons and across regions. In winter, 87% of striped bass were detected in
the delta over 42% in the bay and 25% in the river. Release river also affected movement behaviors—FR striped bass (n = 11)
spent more time in the river in all seasons compared to SR bass. Striped bass with sufficient tag life (n = 17) traveled farther
distances in 365 days (mean = 1248 ± 405 km, range: 641–2212 km) with increasing fish length. Seasonal patterns observed
appeared to follow seasonal prey sources throughout the San Francisco Estuary. Individual behaviors, however, were highly
variable, and this flexibility may be an important trait that has allowed striped bass to persist in their nonnative range.

Keywords Striped bass . California . Movement .Migration . Seasonality . Tagging

Introduction

Local animal movements and larger-scale migrations may
change as a nonnative species is introduced to a new environ-
ment. Species may extend their range to take advantage of newly
available niches (Peterson 2003) or may lose a migratory life
history strategy if it is no longer advantageous (Quinn et al.
2001). These potential changes in animal movements can have
a suite of ecological effects (Nathan et al. 2008). Movement
behavior affects fitness and consequently the dynamics of the
population and demography (McIntyre and Wiens 1999;
Morales et al. 2010), and is critical in determining spatial overlap
of interacting species, such as predators, prey, and competitors
(Winder et al. 2001; Lima 2002). Examining species movement
behaviors in their nonnative ranges provides information on how
nonnative species interact with their new environment.

One such species exhibiting complex movement behaviors
residing in both a native and nonnative range is the striped
bass (Morone saxatilis). Striped bass is a highly mobile spe-
cies exhibiting complex local movements and seasonal migra-
tions, both in their native range on the east coast of North
America and nonnative range on the west coast. The east coast
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range spans from the St. Lawrence River in Canada to St.
John’s River in Florida (Collette and Klein-MacPhee 2002)
and the most productive spawning rivers are the major tribu-
taries of Chesapeake Bay, Hudson River, and Delaware River.
Humans first introduced striped bass to the San Francisco
Estuary in 1879, and a mere 20 years later, commercial fish-
eries were harvesting well over a million pounds a year
(Stevens et al. 1985). This is the only major population of
anadromous striped bass outside of their native range. The
California Department of Fish and Wildlife (CDFW) actively
managed and stocked striped bass populations until 2001
when concern arose over nonnative striped bass consumption
of native and endangered fish species (Lindley and Mohr
2002). Over the last century, anthropogenic changes such as
diking, leveeing, flow manipulation, and invasions of intro-
duced species have disrupted the San Francisco Estuary dras-
tically (Nichols et al. 1986; Cloern and Jassby 2012).
Furthermore, changes in salinity, water clarity, and food webs
have led to the decline of many pelagic species starting around
2002 which includes striped bass (Feyrer et al. 2007; Mac
Nally et al. 2010). With more than 100 years since the intro-
duction of striped bass on the west coast, a comparison of
movement dynamics between their native and nonnative
ranges will provide knowledge on how a nonnative, mobile
species has adapted to a new environment.

Striped bass exhibit strong seasonal movements that vary
extensively over space. On the east coast, striped bass spawn
from April to early June, their larvae develop as they move
downstream until they are retained in the Estuarine Turbidity
Maximum (North and Houde 2001), and juveniles (<
200 mm) are found in estuaries and inland coastal sounds
(Able et al. 2012). Young striped bass remain in rearing waters
up to 5 years before some enter the Atlantic Ocean and be-
come coastal ocean migrants (Able et al. 2012). Some striped
bass do not enter the ocean and instead become residents in
their natal rivers and estuaries (Secor et al. 2001). Once striped
bass leave their rearing location and enter the ocean, they
migrate northward in the late spring, take up residence in
summer feeding grounds, and migrate southward in the fall
to over-wintering areas, and finally return to rivers to spawn in
spring.Within this broader migration pattern, striped bass vary
in fine-scale movements by location, populations, and indi-
viduals. A variety of environmental variables, such as salinity
(Able et al. 2012), temperature (Nelson et al. 2010), dissolved
oxygen (Kraus et al. 2015), age (Callihan et al. 2014), density
(Callihan et al. 2014), and habitat structure (e.g., sandbars,
channel networks) (Kennedy et al. 2016), can influence
finer-scale movements. Furthermore, studies havewidely doc-
umented migratory Bcontingents^, which are defined as
groups of individuals belonging to the same population that
adopt different migratory patterns (Secor 1999). Contingent
groups can be observed at both small and large spatial scales
and across life stages (Morissette et al. 2015). The extensive

knowledge on striped bass movements in their native range
allows for the comparison of movement patterns between their
native vs. nonnative range.

On both the east and west coasts, striped bass persist in
large, shallow estuary systems with abundant forage fish and
invertebrate prey. However, the San Francisco Estuary system
differs in its highly seasonal hydrograph and narrow entrance
into the Pacific Ocean with cool and productive upwelling.
These ecological differences or founder effects from the initial
invaders could influence genetic and behavioral change
(Prentis et al. 2008). The limited studies that exist on
California striped bass movements indicate that striped bass
occupy the entire San Francisco Estuary including the
Sacramento-San Joaquin Delta, nearby coastal Pacific
Ocean, and major rivers entering the delta, including, but not
limited to, the Sacramento, Feather, Mokelumne, and San
Joaquin (Calhoun 1952; Chadwick 1967). Striped bass spawn
in the spring: from April to early June on the San Joaquin,
Sacramento, and Feather rivers (Turner 1976). Similar to pop-
ulations on the east coast, striped bass lay eggs in rivers, where
they hatch and develop as they are carried downstream with
water flow to the western delta and bays where salinity gradi-
ents are important for many larval species (Stevens et al.
1985). By August, the juveniles are about 50 mm long and
reside in the western delta and Suisun Bay where they rear in
productive nursery habitats where fresh and salt water mix
(Turner and Chadwick 1972). Sometime after this rearing
stage, striped bass begin active movements within the delta.
Striped bass reach sexual maturity at ages 4–5 (530–630 mm)
in females and at ages 2–3 (280–400 mm) in males (Scofield
1931). In general, adult striped bass move upstream in the
spring to spawn, migrate back downstream to the bays or
ocean in the summer and fall, with some moving back up-
stream to the delta in winter (Calhoun 1952; Chadwick
1967; Le Doux-Bloom 2012). On the east coast, larger striped
bass are more likely to become coastal ocean migrants; how-
ever, this pattern is highly variable (Secor and Piccoli 2007;
Callihan et al. 2014). Despite knowledge on general move-
ment patterns, a quantitative approach to characterizing
striped bass movement dynamics in their nonnative range is
lacking which is necessary to understand how movement be-
havior may have changed for this species in a new
environment.

Improved understanding of striped bass movement dynam-
ics has multiple advantages. In California, striped bass support
a recreational fishery, and there is concern over recent popu-
lation declines. Simultaneously, striped bass are predators
with high energetic requirements and are considered a threat
to native prey fishes (i.e., salmonids Oncorhynchus spp. and
Delta smelt Hypomesus transpacificus) (Loboschefsky et al.
2012). This concern has prompted discussions about how to
manage striped bass to increase native prey fish survival for
example through predator removals. Therefore, it is important
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to better understand California striped bass movements to in-
form our understanding of population life histories, interac-
tions with the environment, and to better evaluate predation
threats to native species.

This study addressed the question: how has a novel envi-
ronment shaped striped bass life history patterns of move-
ment? Five years of data from acoustically tagged striped bass
that included bay, delta, and riverine habitats was used to
quantify striped bass movements in California. Three metrics
were used to describe striped bass movements over space and
time including: residence days, percent of bass present, and
speed. Movement patterns were also compared between
striped bass tagged on the Sacramento and Feather Rivers
where different spawning groups may exhibit distinct behav-
iors. The influence of size-related changes on striped bass
movement was assessed by examining how fish length affect-
ed all movement metrics.

Methods

Study Site and Telemetry Network

California’s two largest rivers, the Sacramento River and San
Joaquin River join in the Sacramento-San Joaquin Delta, an
expansive, tidally-influenced freshwater system comprised
of a complex network of hundreds of kilometers of rivers
and sloughs. The water flows west from the delta with increas-
ing salinity, through the Suisun Bay, the Carquinez Strait, and
finally, the San Francisco Bay, which connects to the Pacific
Ocean at the Golden Gate Bridge. The San Francisco Bay and
Sacramento-San Joaquin Delta together compose the San

Francisco Estuary, the largest estuary on the west coast of
the Americas.

Due to the wide movement capabilities of striped bass, an
extensive telemetry network was used to acoustically monitor
the areas they inhabit. The network was available from 2011
to 2016 as part of the California Fish Tracking Consortium
(CFTC), a collaboration between numerous state, federal, and
academic institutions. The CFTC telemetry network used
Vemco (Amirix Systems, Inc., Halifax, Nova Scotia,
Canada) 69 kHz VR2/VR2W acoustic receivers positioned
at various locations in the estuary and rivers. A total of 460
receivers were deployed from 2011 to 2016. Some receivers
were only present for part of the study duration, but overall,
there was good coverage across regions, seasons, and years
(Table 1; Fig. 1). Major habitat regions (bay, delta, river) were
distinguished by salinity and tidal influence. The bay region
extended from the San Francisco Bay through Suisun Bay
where the salinity gradient shifts from ~ 30 to 0 PSU. The
delta region has low salinity values, but is highly influenced
by tides, which affect river flows and water depth. The river
region in this study starts where tidal effects in river flows are
no longer seen: upstream of Freeport on the Sacramento River
and the Cosumnes River confluence on theMokelumne River.
Striped bass are known to occupy all three of these regions. Of
note, only one receiver was present on the Feather River in
2014, and none were present in 2015.

Capture, Tagging, and Release

Striped bass were captured, tagged, and released on the
Sacramento River (n = 81, mean with SD fork length
[FL] = 354 ± 83) and Feather River (n = 20, mean with SD

Table 1 Number of receivers
present in each region across
seasons and years

Year Season Total receivers in bay Total receivers in delta Total receivers in river

2011 fall 153 55 106
spring 150 54 125
summer 157 48 121
winter 154 52 131

2012 fall 74 53 103
spring 101 54 100
summer 93 48 93
winter 144 55 96

2013 fall 76 48 61
spring 82 64 71
summer 79 53 68
winter 95 54 83

2014 fall 66 49 48
spring 75 42 55
summer 72 44 44
winter 75 47 56

2015 fall 68 76 43
spring 67 72 45
summer 68 75 45
winter 64 66 47
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FL = 622 ± 354), within which were multiple sampling loca-
tions (Fig. 1). Two sampling locations were on the mainstem
Sacramento River, narrowly upstream of the boundary be-
tween the river and delta, one near Sacramento and the sec-
ond near Freeport. The other major area of sampling was in

the mainstem Feather River with 13 sampling locations locat-
ed between Live Oak and Nicolaus.

In 2011–2013, striped bass were collected from the
Sacramento River sampling area. Hook-and-line angling was
used to collect bass and they were tagged in the spring (April–

Fig. 1 Map showing locations of receivers throughout the study area color coded by region (blue = bay, red = delta, green = river). Black circles with
yellow crosses represent release locations of tagged fish
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June). Vemco V9-2L 69-kHz tags with an estimated tag life of
415 days, with a ping rate of every 50 to 130 s, and 145 dB
level were used in this study (83% of striped bass in final
analyses). In 2014–2015, striped bass were collected from
the Feather River using hook-and-line angling and fyke traps
(dimensions: 9 m long by 3 m high fyke net with wings that
are 7.5 m long and 2.5 m high), and they were also tagged in
spring (February–April). Vemco V13-1L 69 kHz acoustic tags
with a 748-day tag life and 147-dB level were used in these
years (17% of striped bass in final analyses). Once activated,
the ping rate was relatively fast for the first 60 days, pinging
once every 50 to 110 s, then slower for the next 305 days,
pinging once every 120 to 240 s. This rate then repeated for
60 days in the fast mode, followed by 305 days in the slower
mode. Both V9 and V13 tags have been used in other tagging
studies with similar sized striped bass (Mather et al. 2010;
Kennedy et al. 2016).

Acoustic tags were attached to striped bass using two
methods. The majority (81%) of tags were surgically im-
planted into the peritoneal cavity. For this method, striped bass
were anesthetized and the acoustic tag was implanted into the
fish through a 2-cm incision made slightly off and parallel to
the ventral line approximately 3–4 cm anterior to the pelvic
fins, and the incision was closed with 2 to 3 interrupted sutures
(Ethicon 2–0 and 3–0 Vicryl-coated braided synthetic absorb-
able). A smaller subset of tags (19%) were implanted using
Bbackpack^ tagging procedures, which consisted of securing
tags with two sterile surgical pins that passed through the
musculature 2 cm below the base of the dorsal fin and were
secured with 1-cm diameter plastic washers on one end, and
the acoustic tag on the other end. All surgical equipment, tags,
and sutures were sterilized with chlorhexidine, and taggers
wore synthetic surgical gloves while performing operations.
In 2011–2012, CO2 was used as an anesthetic at a concentra-
tion of 1 g per 45 L of water. In 2013–2015, fish were anes-
thetized with Aqui-S 20E (10%Eugenol), following protocols
established in the Investigational New Animal Drugs (INAD)
exemptions (USFWS 2011), at a concentration of 20 to 30mg/
L. Shifting tagging protocols across years could have affected
tag retention or survival. After the surgery, striped bass recov-
ered in a 170-L container filled with fresh water after which
they were released in the river near the capture site. The CFTC
telemetry array tracked striped bass movements through the
watershed year-round for the duration of the study. All animal
handling and tagging followed Institutional Animal Care and
Use Committee procedures.

Analysis of Acoustic Data

Seasons were defined as winter (Jan, Feb, Mar), spring (Apr,
May, Jun), summer (Jul, Aug, Sep), and fall (Oct, Nov, Dec).
The RunResidenceExtraction function in the R package
BVTrack^ was used to calculate movement events defined as

each time a tag was detected at least twice and remained in the
field of a given receiver until it was detected at a different
receiver or when 1 h had passed between detections at the
same receiver (Chamberlin et al. 2011; Campbell et al. 2012;
Dwyer et al. 2012). The data were manually examined for
quality control and no false detections were observed. The
first 5 days post-tagging were excluded from the detection
histories for each fish to avoid including tagging effects in
movement analyses. The movement events at the last detec-
tion location were also excluded as a pre-cautionary step to
remove dead striped bass, and analyses were limited to striped
bass with tags that were active for at least 30 days to ensure
enough temporal data to summarize movement patterns.

To evaluate residence time in each region by season, resi-
dence days was calculated as the total time elapsed between
the first and last detection within a region (DeCelles and
Cadrin 2010; Wingate et al. 2011; Daley et al. 2015;
Arostegui et al. 2017). There was good receiver coverage at
borders between regions minimizing the chance that a striped
bass resided in a region for an extended amount of time before
its first detection. When striped bass moved between regions,
the percent of bass that were detected at the closest receiver
sites to that border were 95.3% at the bay-delta border, 100%
at the delta-Sacramento River border, and 100% at the delta-
Mokelumne River border. For those few bass that were unde-
tected at the border, residence in that region began when it was
detected at the next receiver in that region. When striped bass
used regions intermittently, the continuous time intervals were
summed for the season to estimate total residence time in days
(Wingate et al. 2011). To test if the right-skewed residence
data differed by season, region, or release river, nonparametric
statistical approaches were used, including Kruskal-Wallis
one-way analysis of variance and post hoc Dunn’s test with
the Bonferroni method for multiple comparisons. For striped
bass with tag detections spanning longer than 365 days, move-
ment metrics were calculated separately for each season of
their first and second years and averaged values were used
in analyses. This was done to include complete information
for individual striped bass, while still standardizing for season.

Seasonal patterns were also examined using the percent of
striped bass present. The number of unique striped bass that
were detected in a given region and season was divided by the
total number of striped bass with live tags at the time. Striped
bass that were detected for longer than 1 year had multiple,
independent opportunities to be present/absent in a given sea-
son and region. In those cases, first and second years were
considered separately. Pearson’s Chi-squared tests with
Monte Carlo simulated p values based on 2000 replicates were
used to compare the percent of striped bass present within
regions across seasons and separately, within seasons across
regions. Both residence days and percent of striped bass pres-
ent analyses were conducted for Sacramento and Feather
Rivers separately.
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Travel speed (m/s) for each striped bass was calculated as
the distance between receiver sites divided by the time be-
tween detections (Chamberlin et al. 2011; Ajemian et al.
2018). If groups of receivers were less than 1 km apart, then
we used general locations with a mean latitude and longitude
(Rohde et al. 2013). The shortest distances between receiver
sites were calculated following the river using ArcGIS 10.4
Network Analyst tools with the National Hydrography
Dataset (USGS) (https://nhd.usgs.gov/) river layer linking
receiver sites. Speeds for each river segment were averaged
for individuals for each season. Kruskal-Wallis one-way anal-
ysis of variance and post hoc Dunn’s test with Bonferroni
adjustment were used to compare median speed across sea-
sons. Mann-Whitney tests were used to compare seasonal
speeds between release rivers.

The influence of striped bass length on movement was
examined only for bass released on the Sacramento River
due to the sufficient sample size. A series of hurdle models
were used for each region and season combination to analyze
movement by length. First, the effect of length on the proba-
bility of presence in a given region and season was examined
with general linearized models (GLM) with a binomial distri-
bution. All striped bass were included in these models.
Second, the effect of length on amount of time (residence
days) spent in a given region and season was examined using
a GLM with a Gamma distribution for right skewed residence
data. These models only included striped bass that were pres-
ent in a given season and region. Bonferroni adjustments for
multiple comparisons were used to adjust the p values for each
set of models. For only those striped bass that were detected
for one full year (n = 17), the total kilometers traveled (sum of
distances between subsequent detection locations) for the first
365 days after tagging was related to striped bass size using
linear regression.

To examine if striped bass excluded differed from those
included in the analyses, a t test was used to compare log-
transformed striped bass length for included fish versus ex-
cluded fish, and Chi-squared tests were used to evaluate if fish
that were included and excluded from the data analyses were
independent of tag type (V9 and V13) or tagging method
(internal and external). The level of significance (α) for all
statistical testing was 0.05. All data analyses were conducted
using Program R (R Core Team 2017).

Results

In total, 101 striped bass were captured, tagged, and released
on the Sacramento and Feather Rivers from 2011 to 2015.
After excluding striped bass (< 30 active tag days), 63 bass
were included in the final analysis (mean FL with SD: 425 ±
183 mm), 52 bass released on the Sacramento River and 11 on
the Feather River (Table 2). Striped bass were detected a total
of 1,150,511 times, and active tag days ranged from 32 to
676 days (mean with SD: 244 ± 158 days). There were no
significant differences in mean length (t test: t = 1.49, p =
0.14), tag type (Chi-squared: χ2 = 0.25, p = 0.62), or tagging
method (Chi-squared: χ2 = 0.30, p = 0.58) between striped
bass that were included (n = 63) vs. excluded (n = 38) in the
analysis.

Striped bass seasonal residence patterns were observed
using both residence days of individual fish and percent of
striped bass present. These residence metrics provided similar
information on seasonal use of regions. Striped bass released
on the Sacramento River spent significantly more time in the
bay in the summer (28.2 ± 30.9 days; 71.43%) compared to
winter (10.8 ± 22.8 days; 41.67%) based on both residence
metrics (Fig. 2; Tables 3 and 4). In the delta across seasons,
SR striped bass spent fewer residence days in the summer
(11.7 ± 17 days) compared to winter (29.8 ± 30.2 days) and
spring (21.6 ± 20.8 days) (Fig. 2; Tables 3 and 4). These pat-
terns significantly differed using the percent of bass present—
84.51% of striped bass were present in the delta in spring
compared to 63.64% in fall (Fig. 2; Tables 3 and 4). River
residence varied across seasons for SR striped bass with the
highest residence (both metrics) in spring (8.7 ± 14.2 days;
42.25%), which was significantly greater compared to sum-
mer (5.7 ± 20.5 days; 14.29%) and fall (2 ± 8 days; 9.09%)
(Fig. 2; Tables 3 and 4). FR striped bass did not exhibit sig-
nificant seasonal residence differences, except for a marginal-
ly significant difference in residence days in the delta where
there was higher residence in spring (14.7 ± 19.1 days) over
summer (0.003 ± 0.008 days) (Table 4).

Patterns in regional residence days and percent of striped
bass present were consistent when comparing residence with-
in seasons. In winter and spring, SR striped bass exhibited
higher residence in the delta (winter: 29.8 ± 30.2 days,
87.50%, spring: 21.6 days ± 20.8, 84.51%) relative to time

Table 2 Summary of the striped
bass included in the analyses:
number of fish, dates and river
released, and mean size (±SE)

Year tagged Fish in analyses Dates released Mean FL (mm) Release river

2011 9 5/5–6/8 343 ± 26 Sacramento River

2012 23 4/11–6/6 349 ± 13 Sacramento River

2013 20 4/3–5/31 378 ± 17 Sacramento River

2014 2 3/11–4/24 1065 ± 15 Feather River

2015 9 2/9–4/14 664 ± 62 Feather River
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spent in the bay (winter: 10.8 ± 22.8 days, 41.67%; spring: 12
± 15.6 days; 59.15%) and river (winter: 2 ± 4.7 days, 25.00%;
spring: 8.7 ± 14.2, 42.25%) (Fig. 2; Table 5). In the summer

and fall, SR bass spent less time in the river (summer: 5.7 ±
20.5 days, 14.29%; fall: 2 ± 8 days, 9.09%) compared to the
bay (summer: 28.2 ± 30.9 days, 71.43%, fall: 16.3 ± 24 days,
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Fig. 2 Striped bass residence
days (left column) and percent of
striped bass present (right
column) in each region by season.
Significant differences (p < 0.05)
in residence across regions are
noted by lowercase letters
(Sacramento River) and
uppercase letters (Feather River)

Table 3 Summary of residence days and percent of striped bass present by release river, region, and season

Release River Region Season Mean ± SD
residence days

Range
residence days

Percent present

Sacramento River bay winter 10.8 ± 22.8 0–83.26 41.67
spring 12 ± 15.6 0–64.98 59.15
summer 28.2 ± 30.9 0–91.29 71.43
fall 16.3 ± 24 0–90.60 54.55

delta winter 29.8 ± 30.2 0–89.36 87.50
spring 21.6 ± 20.8 0–85.35 84.51
summer 11.7 ± 17 0–67.46 71.43
fall 18.6 ± 25.5 0–91.87 63.64

river winter 2 ± 4.7 0–17.03 25.00
spring 8.7 ± 14.2 0–62.16 42.25
summer 5.7 ± 20.5 0–84.75 14.29
fall 2 ± 8 0–39.90 9.09

Feather River bay winter 0.3 ± 0.5 0–0.99 50.00
spring 12.9 ± 20.4 0–53.64 60.00
summer 1.5 ± 3.7 0–9.07 33.33
fall 3.1 ± 5.2 0–12.68 50.00

delta winter 3 ± 3.5 0–6.42 50.00
spring 14.7 ± 19.1 0–55.84 70.00
summer 0.003 ± 0.008 0–0.02 16.67
fall 8.6 ± 14.4 0–37.18 66.67

river winter 2.7 ± 3.9 0–8.41 75.00
spring 17.1 ± 15.6 0–38.34 90.00
summer 5.3 ± 10.9 0–27.29 50.00
fall 13.9 ± 20.4 0–49.44 83.33
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54.55%) and delta (summer: 11.7 ± 17 days, 71.43%, fall:
18.6 ± 25.5 days, 63.64%) (Fig. 2; Table 5). There were no
statistically significant differences in residence within seasons
for FR striped bass likely due to a small sample size or because
FR striped bass were larger sizes (Table 5); however, there
were significant residence differences between release rivers.

Sacramento River striped bass residence varied by region
(Kruskal-Wallis: χ2 = 82.2, p < 0.001) and was highest in the
delta compared to the bay (Dunn’s test: z = − 2.6, p = 0.01)
and river (z = 8.8, p < 0.001), while bay residence was higher
than the river (z = 6.2, p < 0.001; Fig. 3). No significant regional
residence differences were detected for FR striped bass
(Kruskal-Wallis: χ2 = 4.5, p = 0.11); however, all pair-wise
comparisons between SR and FR striped bass were highly sig-
nificant (Fig. 3). SR bass had higher residence in the bay (17.3 ±
24.3 days) compared to FR bass (6.1 ± 13.7 days) (Mann-
Whitney: w = 2744, p = 0.05) as well as in the delta (SR: 19.3
± 22.9 days, FR: 8.1 ± 14.5 days) (w = 3002, p = 0.004), but
lower river residence (SR: 5.6 ± 14.8 days, FR: 11.4 ± 15.2 days)

(w = 1187, p < 0.001; Fig. 3). FR striped basswere present in the
river across seasons ranging from 50 to 90%, while SR striped
bass presence ranged from 9 to 42%.

Striped bass speed varied across seasons for SR striped
bass (mean: 0.65 ± 0.52 m/s, range: 0.0008–3.83 m/s;
Kruskal-Wallis: χ2 = 24.4, p < 0.001) and for FR striped bass
(mean: 0.55 ± 0.39 m/s, range: 0.001–1.60 m/s; Chi-squared:
χ2 = 12.1, p = 0.007; Fig. 4). SR striped bass traveled faster
during the spring relative to all other seasons: winter (Dunn’s
test: z = 3.8, p < 0.001), summer (z = 4.2, p = 0.001), and fall
(z = − 2.6, p = 0.03). Mean travel speed of SR striped bass in
the spring was 0.86 m/s ± 0.6, which was 39% faster than the
mean of all other seasons. FR striped bass traveled faster in the
spring (0.78 ± 0.38 m/s) compared to summer (0.18 ±
0.24 m/s; Dunn’s test: z = 3.2, p = 0.004). In pair-wise com-
parisons between release rivers within seasons, speed only
differed in summer where SR fish traveled at 0.48 ±
0.28 m/s, which was faster than FR bass that traveled at
0.17 ± 0.24 m/s (Mann-Whitney: w = 151, p = 0.01; Fig. 4).

Table 4 Statistical results from Kruskal-Wallis, Dunn’s, and Chi-square tests on how residence days and percent of striped bass present vary within
region across seasons. †p < 0.1, *p < 0.05

Release River Region Season Residence days Percent present

Kruskal-Wallis Dunn’s test Chi-sq Chi-sq

χ2 p Z p χ2 p χ2 p

SR n = 52 bay w–sp 9.4 0.03* 1.5 0.44 6.4 0.09† 1.6 0.21
w–su 2.9 0.01* 4.8 0.03*
w–f 1.1 0.78 0.5 0.49
sp–su − 2 0.14 1.4 0.24
sp–f − 0.2 1 0.05 0.82
su–f − 1.9 0.19 1.8 0.18

delta w–sp 11.7 < 0.01* − 0.7 1.00 8 0.05* 0 0.98
w–su − 2.8 0.02* 1.5 0.22
w–f − 2.0 0.12 2.9 0.09†
sp–su 2.7 0.02* 2.3 0.13
sp–f − 1.7 0.25 4.6 0.03*
su–f 0.6 1.00 0.3 0.62

river w–sp 22.6 < 0.01* 2.3 0.06† 18.2 < 0.01* 1.6 0.21
w–su − 0.7 1.00 0.6 0.42
w–f − 1.1 0.84 1.6 0.21
sp–su 3.9 < 0.01* 9.4 0.002*
sp–f − 4 < 0.01* 9.9 0.001*
su–f − 0.5 1.00 0.13 0.72

FR n = 11 bay w–sp 2.3 0.51 1.1 0.79
w–su
w–f
sp–su
sp–f
su–f

delta w–sp 6.5 0.09† 1.1 0.78 4.8 0.19
w–su − 0.9 1.00
w–f 0.6 1.00
sp–su 2.5 0.04*
sp–f − 0.5 1.00
su–f 1.7 0.25

river w–sp 4.4 0.22 3.6 0.31
w–su
w–f
sp–su
sp–f
su–f
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Striped bass length influenced few aspects of movement or
regional use. Length differed between striped bass released on
the Sacramento and Feather Rivers (SR: mean: 359 ± 71 mm;
FR: mean: 737 ± 232 mm; Mann-Whitney: w = 560,
p < 0.001). Within SR striped bass, larger striped bass were
marginally more likely to occur in the bay in the summer
(GLM: z = 2.74, adj.p = 0.06) and spring (GLM: z = 2.74,
adj.p = 0.07; Fig. 5). For all other season-region combinations,
presence of striped bass was not influenced by striped

bass length (Table 6). Furthermore, length did not explain
any variation in the amount of time spent in each season-
region combination (Table 6). Travel speed was also unaffect-
ed by length (GLM: t = − 0.54, p = 0.59). Considering only
the striped bass with tag life > 365 days (n = 17), larger striped
bass traveled farther (km) during their first year since tagging
(mean with SD = 1248 ± 405 km, range: 641–2212 km) than
did small fish (linear regression: t = 4.18, r2 = 0.52, p < 0.01;
Fig. 6).

Table 5 Statistical results from
Kruskal-Wallis, Dunn’s, and Chi-
square tests on how residence
days and percent of striped bass
present vary within seasons
across regions. †p < 0.1,
*p < 0.05

Release
River

Season Region Residence days Percent present

K-W Dunn’s test Chi-sq Chi-sq

χ2 p z p χ2 p χ2 p

SR n = 52 winter b–d 24.3 < 0.001* − 3.5 0.007* 20.1 < 0.001* 9.1 0.003*
b–r 1.2 0.33 0.8 0.36
d–r 4.8 < 0.001* 16.6 < 0.001*

spring b–d 23.8 < 0.001* − 3.2 0.002* 27.3 < 0.001* 10.1 0.002*
b–r 1.7 0.15 3.4 0.06†
d–r 4.8 < 0.001* 25.5 < 0.001*

summer b–d 35.2 < 0.001* 1.2 0.37 42.8 < 0.001* 0 1
b–r 5.6 < 0.001* 30.4 < 0.001*
d–r 4.5 < 0.001* 30.4 < 0.001*

fall b–d 21.2 < 0.001* − 0.7 0.72 23.1 < 0.001* 0.3 0.62
b–r 3.6 0.005* 13.7 < 0.001*
d–r 4.3 < 0.001* 18.9 < 0.001*

FR n = 11 winter b–d 1.3 0.53 0.69 0.71
b–r
d–r

spring b–d 1.3 0.52 2.4 0.3
b–r
d–r

summer b–d 2 0.36 1.5 0.47
b–r
d–r

fall b–d 1.4 0.5 1.5 0.47
b–r
d–r
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Discussion

California striped bass seasonal movements were diverse.
Striped bass released on both the Sacramento and Feather
Rivers were detected in every region and season as evidence
through both residence days and percent of bass detected.
Within this variation, however, SR striped bass exhibited dis-
tinct seasonal patterns. In spring, SR striped bass primarily
resided in the delta over the river and bay. They also, however,
exhibited the highest river detection (42%) relative to river
detection in summer (14%) and fall (9%). SR striped bass also
traveled at 39% faster speeds during spring compared to all
other seasons. High river residence and fast travel speeds in
spring are consistent with previous descriptions of the
spawning migration from early April–June into the
Sacramento and San Joaquin Rivers (Turner 1976). This also
coincides with emigration of native, juvenile fall-run Chinook

salmon (Oncorhynchus tshawytscha), ESA threatened spring-
run Chinook salmon, and ESA threatened Central Valley
steelhead (O. mykiss) from the same rivers, which striped bass
consume (Kjelson et al. 1982; Sabal et al. 2016).

In summer and fall, SR striped bass spent more time in the
bay and delta over the river—although delta residence was
relatively low for that region compared to other seasons.
Increased bay residence occurs perhaps to take advantage of
abundant prey driven by prior blooms of productivity and
coastal upwelling that occurs the previous spring (Cloern
1996; Croll et al. 2005). Northern anchovies (Engraulis
mordax) are an abundant forage fish in the bay, while young
threadfin (Dorosome petenense) and American shad (Alosa
sapidissima) recruit to the delta in late summer and fall, there-
fore presenting striped bass with abundant prey resources
across space (Feyrer et al. 2015). Delta summer residence
was the only instance where statistical patterns varied between
residence days and percent of bass present. Striped bass spent
fewer residence days, but a relatively higher percent of bass
was detected in the delta in the summer. This could result from

Fig. 5 Relationship between
striped bass length (mm) and
probability of presence for SR
striped bass in the bay in summer
(left) and spring (right).
Predictions (solid lines) are from
binomial generalized linear
models. Raw data are in open
circles

Table 6 Statistical results from hurdle models on how striped bass
length (mm) influences the probability of presence and residence days
in each region-season combination. †p < 0.1, *p < 0.05

Region Season Probability of presence Residence days

z Adjusted p t Adjusted p

bay Winter 0.05 1.0 − 0.31 1.0

Spring 2.8 0.06† − 1.6 1.0

Summer 2.74 0.07† 0.96 1.0

Fall 0.34 1.0 1.93 0.86

delta Winter 1.27 1.0 0.79 1.0

Spring − 1.04 1.0 0.63 1.0

Summer 1.42 1.0 0.24 1.0

Fall 1.44 1.0 − 2 0.66

river Winter − 0.08 1.0 0.82 1.0

Spring 1.22 1.0 2.08 0.56

Summer 1.34 1.0 1.01 1.0

Fall − 1.03 1.0 − 0.6 1.0
Fig. 6 Total km traveled in the first 365 days since the SR striped bass
release date by fork length (mm). The black line indicates the best fit line
from a linear regression where p < 0.05 and R2 = 0.52
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many, short visits, if striped bass were highly mobile or
present at the edges of regional boundaries.

In winter, a higher percent of SR striped bass were detected
in the delta (87%) compared to the bay (42%) and river (25%).
Also, bay residence in the winter was significantly lower than
bay residence in the summer. Reduced movements in winter
may be influenced by reduced metabolic activity when water
temperatures are cold (Keyser et al. 2016), although regions of
overwintering may include fresh or marine environments
(Andrews et al. 2018). On a broad scale, a spring spawning
migration into the river, summer residence in the bay and
delta, and winter residence in the delta are consistent with
patterns observed in east coast populations. Although east
coast striped bass frequently reside in marine habitats in sum-
mer and winter, we observed these behaviors to occur in the
San Francisco Bay and delta, respectively.

In this study, there were no statistically significant seasonal
patterns observed for striped bass released on the Feather
River likely due to a small sample size. There were, however,
differences between overall residence patterns between re-
lease rivers. FR striped bass had significantly lower residence
days in the bay and delta, and higher residence days in the
river compared to SR striped bass. The percent of FR striped
bass present in the river region across seasons ranged from 50
to 90%, while SR striped bass ranged from 9 to 42%. FR
striped bass also traveled 35% slower in the summer com-
pared to SR bass. SR and FR striped bass may comprise a
separate spawning population with distinct behaviors. FR
striped bass were significantly larger than SR striped bass;
thus, some of the behavioral differences between release river
may be due to size differences.

Within Sacramento River striped bass, however, length
had little influence on seasonal movement patterns. Larger
striped bass were marginally more likely to occur in the bay
in the spring and summer, but length did not influence any
other seasonal residence patterns. On the east coast, size-
related patterns of movements farther into coastal waters have
been documented (Secor and Piccoli 2007); however, some-
times, movement behaviors are independent of size (Gahagan
et al. 2015). SR striped bass did increase their distance trav-
eled in 365 days with increasing length. Larger striped bass
are usually more likely to exit estuaries and engage in coastal
ocean migrations, although the size at which this occurs is
variable (Dorazio et al. 1994; Mather et al. 2010; Callihan
et al. 2014). Striped bass may need to reach larger sizes be-
fore entering the ocean to better take advantage of productive
marine waters. Larger striped bass may have needed to be
tagged in this study to observe more size-related behaviors
such as increased marine residence. FR striped bass were,
however, much larger than SR striped bass and they spent
significantly less time in the bay. Therefore, size-related be-
haviors may truly be weak or context dependent based on
release river.

Some potential limitations in these analyses warrant discus-
sion. First, movement and residence patterns were of acousti-
cally tagged striped bass only and may not be completely
representative of untagged individuals. It is possible that mi-
nor behavioral changes could occur in the short-term due to
the capture, handling, and tag implantation, or in the longer-
term due to the presence of the tag. Striped bass were also only
captured and tagged from three sampling locations during
limited sampling seasons, potentially resulting in the capture
of fish from a subset of potential life history types. Thus,
movement behavior, particularly for FR fish, may be more
variable than described here. Furthermore, while the
Sacramento River (and its tributary the Feather River) is con-
sidered the major spawning river of California striped bass,
some fish are known to spawn in other Central Valley rivers,
such as the San Joaquin River (Turner 1976). The level of
interbreeding, and hence genetic similarity, between fish from
different spawning areas is currently unknown, and some
movement behaviors might have been missed which are rep-
resentative of smaller spawning populations.

The diverse movement patterns of California striped
bass across space and time may have important ecological
and management implications. Striped bass are a key spe-
cies in the San Francisco Estuary ecosystem because they
a re nonna t ive , have a h igh ene rge t i c demand
(Loboschefsky et al. 2012), prey upon native and nonna-
tive species (Nobriga and Feyrer 2008; Zeug et al. 2017),
and can impact communities across salinity gradients. In
this study, striped bass seasonal movements appeared to
follow ephemeral prey—juvenile Chinook salmon are
abundant in rivers in the spring while forage fish are
abundant in the bay in the summer. Except, these patterns
are variable. Striped bass may exhibit the flexible move-
ment behaviors of nomadic migrants to exploit rich
patches of prey over a wide area (Jonzén et al. 2011).
Patterns of striped bass residence—general seasonal pat-
terns, distinct behaviors in sub-populations, and highly
variable behaviors—fall within the diverse patterns ob-
served in east coast populations. Striped bass behavioral
flexibility may be one important characteristic that has
allowed them to persist in their nonnative range.
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