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Reduced recruitment of Chinook salmon in a leveed bar-built
estuary
Emily K. Chen and Mark J. Henderson

Abstract: Estuaries are commonly touted as nurseries for salmonids, providing numerous advantages for smolts prior to
ocean entry. In bar-built estuaries, sandbars form at the mouth of rivers during periods of low stream flow, closing access to
the ocean and preventing outmigration. We evaluated how summer residency in a leveed bar-built estuary affects the growth,
survival, and recruitment of a Chinook salmon (Oncorhynchus tshawytscha) population. We performed a mark–recapture study on
outmigrants to determine juvenile estuary abundance, growth, and survival. We used returning adult scales and otoliths to
determine the relative proportion of summer estuary residents in spawning adults. Juveniles in the estuary grew less after mouth
closure, and ultimately summer estuary residents had lower smolt-to-adult survival and contributed disproportionately less to the
spawning population than juveniles that reared in the ocean their first summer. Mouth closure may lower food availability and
deteriorate estuary conditions by reducing marine prey influx and estuary circulation. This research demonstrates the complexity
of estuary dynamics and function as salmonid nurseries, particularly when considering the extensive modification of estuaries.

Résumé : Les estuaires sont souvent présentés comme étant des pouponnières pour les salmonidés, offrant de nombreux
avantages aux saumoneaux avant leur entrée en mer. Dans les estuaires formés par des barres, des barres de sable se forment à
l’embouchure de rivières en périodes de faible débit, fermant l’accès à la mer et empêchant la dévalaison. Nous avons évalué
l’incidence sur la croissance, la survie et le recrutement d’une population de saumons chinooks (Oncorhynchus tshawytscha) de la
résidence estivale dans un estuaire formé par des barres et endigué. Nous avons réalisé une étude de marquage-recapture d’in-
dividus en dévalaison afin de caractériser l’abondance, la croissance et la survie des juvéniles dans l’estuaire. Nous avons uti-
lisé des écailles et otolites d’adultes de retour pour déterminer la proportion des adultes géniteurs constituée de résidents
estivaux de l’estuaire. La croissance des juvéniles dans l’estuaire était plus faible après la fermeture de l’embouchure et, à
terme, les résidents estivaux de l’estuaire présentent un taux de survie plus faible associé à la transition saumoneau-adulte et
leur contribution à la population reproductrice est disproportionnément plus faible que celle de juvéniles ayant cru en mer
durant leur premier été. La fermeture de l’embouchure pourrait entraîner une réduction de la disponibilité de nourriture et
une détérioration des conditions dans l’estuaire en réduisant l’influx de proies marines et la circulation. Ces travaux démon-
trent la complexité de la dynamique et de la fonction des estuaires comme pouponnières de salmonidés, en particulier au vu
des importantes modifications qui les caractérisent. [Traduit par la Rédaction]

Introduction
Estuaries are advantageous rearing habitats for juvenile salmo-

nids, providing high prey availability, a physiological transition
zone, and refugia from marine predators (Simenstad et al. 1982;
Craig et al. 2014). Estuaries are also frequently the most anthropo-
genically altered portion of a watershed (Lotze et al. 2006). Juvenile
salmonids, especially Chinook salmon (Oncorhynchus tshawytscha),
rear in estuaries prior to migrating to the ocean, which increases
their size at ocean entry and chance of ocean survival (Healey 1980;
Moss et al. 2005; Bond et al. 2008). Chinook salmon show a broad
range of estuarine use along the Pacific coast of North America,
with the dominant life history in some populations including some
period of estuarine rearing in some watersheds (Reimers 1973;
Schluchter and Lichatowich 1977; Bottom et al. 2005), but estuarine
residency can be virtually nonexistent in others (MacFarlane and
Norton 2002; Harnish et al. 2012). These differences in estuarine
rearing are most likely the result of the variety of estuary types
along the Pacific coast of North America (e.g., fjords, drowned river

valleys, lagoons, and bar-built estuaries) and their degree of altera-
tion (Emmett et al. 2000).
Bar-built estuaries have unique dynamics that provide insight

into how characteristics of estuaries affect their function as sal-
monid nurseries. On the Pacific coast of North America, bar-built
estuaries are the rarest type of estuary (Emmett et al. 2000); how-
ever, they are common in California and Oregon, the southern
limit to the range of Chinook salmon (Heady et al. 2015). In bar-
built estuaries, waves create sandbars at themouth of rivers during
periods of low flow, closing access to the ocean and turning the es-
tuary into a lagoon. Estuary water levels rise due to continued
input of stream flow and limited drainage into the ocean, flooding
surrounding low-lying areas and increasing the surface area of the
estuary (Behrens et al. 2009). Bar-built estuaries can remain discon-
nected from the ocean for months, with limited marine influences
during that period. Juveniles are unable to exit into the ocean
regardless of estuary conditions until the mouth breaches, typi-
cally as the result of heavy precipitation or strong ocean swells
(Heady et al. 2015). Outmigrating smolts in these systems are

Received 11 April 2020. Accepted 8 November 2020.

E.K. Chen. California Cooperative Fish andWildlife Research Unit, Department of Fisheries Biology, Humboldt State University, 1 Harpst Street, Arcata,
CA 95521, USA.
M.J. Henderson. US Geological Survey, California Cooperative Fish andWildlife Research Unit, Department of Fisheries Biology, Humboldt State
University, 1 Harpst Street, Arcata, CA 95521, USA.

Corresponding author: Emily Chen (email: emily-chen@berkeley.edu).
Copyright remains with the author(s) or their institution(s). Permission for reuse (free in most cases) can be obtained from copyright.com.

Can. J. Fish. Aquat. Sci. 78: 894–904 (2021) dx.doi.org/10.1139/cjfas-2020-0122 Published at www.cdnsciencepub.com/cjfas on 5 February 2021.

894

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

H
U

M
B

O
L

D
T

 S
T

A
T

E
 U

N
IV

E
R

SI
T

Y
 o

n 
09

/2
8/

21
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

https://www.copyright.com/search.action?page=simple
https://www.copyright.com/search.action?page=simple
http://dx.doi.org/10.1139/cjfas-2020-0122


divided into two distinct types: those that exit the watershed prior
to mouth closure in the spring and those that exit after its reopen-
ing in the fall. Bar-built estuaries may become more common in
California, where increased drought conditions may further raise
their prevalence (Bedsworth et al. 2018; Vivier et al. 2010).
While estuaries are an important intermediate between fresh-

water andmarine systems, they are often themost heavily modified
for development (Simenstad et al. 1982). Alterations to estuaries include
filling marsh and swamp habitats, construction on coastal wetlands,
and installing levees to confine estuaries and reduce flooding. These
alterations remove previous habitats or alter them to be less suita-
ble for juvenile rearing, contributing to the decline of some popula-
tions of salmon and trout along the coast (Magnusson and Hilborn
2003; Katz et al. 2013). Like streams, estuaries are relatively man-
ageable compared with the ocean, and restoring them can be an
effective avenue of improving a population’s abundance and pro-
ductivity if they disproportionately contribute to survivorship of
the focal taxa (Simenstad and Cordell 2000; Roni et al. 2002).
In this study, we evaluated how a leveed bar-built estuary and

seasonal closure of the estuary affected growth, survival, and
recruitment of juvenile Chinook salmon. Levees were constructed
in lower Redwood Creek to reduce the flood risk to adjacent fields.
These levees straightened the natural meander of the channel
considerably. Confining the estuary to the main channel has dra-
matically reduced the size of the estuary and altered its ecology,
likely reducing the productivity and capacity for juvenile salmo-
nids (Cannata et al. 2006). Evaluating the impact of amodified es-
tuary on recruitment may provide insight into how alterations
affect estuary dynamics and their functionality for juvenile sal-
monids. The objectives of this study were to (i) evaluate how the
seasonal closure of a bar-built estuary affect Chinook salmon
growth and survival and (ii) compare the abundance and recruit-
ment of summer estuary residents versus ocean residents.

Materials andmethods

Study site
Redwood Creek is a 108 km long river with a 720 km2 water-

shed within Humboldt County, California, USA (Fig. 1) (Anderson
2015). The headwaters begin in the California Coast Range and

flow northwest into the Pacific Ocean near Orick, California
(41.292°N, 124.092°W). Logging during the 1960s and 1970s heav-
ily altered the basin and increased water temperature and sedi-
ment input (Cannata et al. 2006). Currently Redwood Creek is
listed as impaired in the federal Clean Water Act Section 303(d)
due to temperature and sedimentation.
The mouth of Redwood Creek closes during the summer (gener-

ally July) when low flow results in a sandbar forming, turning the
estuary into a lagoon. The estuary is closed for�4months until the
river mouth breaches during the first large precipitation event in
the late fall (generally November). When open, tidal intrusion
extends 2.6 km upstream (Cannata et al. 2006). In 1968, the US
Army Corps of Engineers installed 5.1 km of levees in the lower
creek to reduce flooding to neighboring farm and grazing land
(Ricks 1995). Although most levees are typically designed to with-
stand a 100-year flood, these levees were built much higher than
those specifications and designed to prevent flooding from 200-year
flood events (Cannata et al. 2006). Construction of the levees dis-
connected the main channel from multiple sloughs, tributaries,
and floodplain habitat, reducing the estuary to half its original size
(Janda et al. 1975) and fish rearing area by 50% to 75% (Cannata et al.
2006) (Fig. 1). Because of the levee and riprap along the banks of the
estuary, riparian growth is severely limited. The levees channelize
the upper estuary, resulting in steep riverbanks and homogeneous
depth in the upper estuary. The embayment that forms where the
levees terminate has greater habitat diversity but is dominated by
sandy bottomwith limited vegetation. Although some algae grows
on the riprap during the summer, it is unclear whether it contrib-
utes to the estuary foodweb or salmonid growth potential.
Most Chinook salmon in Redwood Creek are “ocean-type”, mean-

ing they outmigrate from fresh water during their first year. For
this study, we divided the population into two juvenile life histor-
ies. Summer ocean juveniles outmigrate prior to mouth closure
and are at sea during the summer, while summer estuary juveniles
outmigrate after themouth reopens in the fall.

Fish sampling
To estimate outmigrant abundance, we deployed a rotary screw

trap 6.4 km upstream from the mouth of the river during the

Fig. 1. Aerial images of Redwood Creek estuary (a and b) before levees were installed in 1968 and (c and d) with levees. (Source: (a) and
(c) Redwood National and State Parks via Klamath Resource Information System 2011; (b) USDA Natural Resources Conservation Service
(formerly SCS) in Cannata et al. 2006; (d) Google Earth 2004.) Map created using ArcGIS.

Chen and Henderson 895

Published by Canadian Science Publishing

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

H
U

M
B

O
L

D
T

 S
T

A
T

E
 U

N
IV

E
R

SI
T

Y
 o

n 
09

/2
8/

21
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



outmigration season of 2018 (April to July). Fish were removed and
identified to species from the screw trap daily. We randomly
measured 30 individuals each day to estimate the size distribution
of outmigrants. Trap efficiency and outmigration estimates were
determined using mark–recapture methods described in Sparkman
and Holt (2016). Each week throughout the outmigration season, a
maximum of 300 passive integrated transponder (PIT) tags (9 or
12 mm) were implanted into a random subset of Chinook salmon
larger than 60mm for individual identification.
We seined the estuary monthly from June to October of 2018 to

estimate juvenile Chinook salmon abundance in the estuary and
to recapture tagged juveniles. Eachmonth, we seined the estuary
for 3 days in 1 week using a 46 m long, 5 m wide seine net with
6.4 mm mesh deployed off a boat. We scanned captured fish for
PIT tags to determine which individuals remained in the estuary
and to calculate their estuarine growth and survival rate. Addi-
tionally, we injected PIT tags into juveniles in the estuary during
seining to increase the sample size of recaptured fish for a more
precise growth estimate. Fish sampling for this study was reviewed
and approved by Humboldt State University Institutional Animal
Care and Use Committee (protocol No. 17/18.F.79-A), National Ma-
rine Fisheries Service (NMFS) Authorization and Permits for Pro-
tected Species (file Nos. 21623 and 21599), and National Park
Service (permit No. REDW-2018-SCI-0012).

Juvenile growth
To evaluate Chinook salmon growth in the estuary throughout

the summer, we compared the observed growth of recaptured PIT-
tagged individuals in the estuary with their expected growth under
ad libitum feeding calculated using the Ratkowsky growth equa-
tion (Ratkowsky et al. 1983). We estimated expected growth using
the Ratkowsky growth equation and Chinook salmon-specific pa-
rameters derived in Perry et al. (2015), which estimated parameters
using data from 11 studies in which Chinook salmon were fed at ad
libitum across a wide temperature range (Table 1). Because the pa-
rameters in the equation fit various populations covering a broad
geographic range, we assumed the parameters would accurately
describe growth under ad libitum feeding for Chinook salmon in Red-
woodCreek. Expectedmass (Mexp) after t dayswas calculated using

ð1Þ Mexp ¼ Mb
0 þ

Xbt
100

� �1
b

where M0 is the initial measured weight, b is an allometric growth
parameter, and X is the mass-standardized growth rate. Mass-
standardized growth rate (X) at mean temperature (T) over the
growth period is expressed as a function of upper and lower ther-
mal limits, TU and TL, and shape parameters d and g, obtained
from Perry et al. (2015) (Table 1):

ð2Þ X ¼ d T � TLð Þ½1� eg T� TUð Þ�
Ambient temperature (T) was obtained from a temperature probe
(TidbiT v2 Temp Logger) deployed at the end of the south levee
30 cm above the estuary floor by the National Park Service. We
approximated the temperature experienced by individuals between
captures by averaging the temperatures recorded hourly from the
date of capture to the date of recapture.
We assumed differences between the expected mass (Mexp) and

the observed mass (Mobs) are due to differences in growth rate (X).
We added the variable r to evaluate the ratio of actual growth rate
to the expected growth rate under ad libitum feeding (X) (Manhard
et al. 2018):

ð3Þ Mobs ¼ Mb
0 þ

rXbt
100

� �1
b

We evaluated and calculated the mean r across recaptured indi-
viduals for eachmonthly seining occasion. Growth ratio (r) values

closer to 1 indicate individuals are feeding near ad libitum. Lower
r values suggest individuals are not fully satiated or are expending
greater energy (excluding increased metabolic rate from warmer
temperatures).

Estuary survival
We fit data from marked outmigrants and estuary recaptures

to a Cormack–Jolly–Sebermodel (CJS) to estimate apparent survival
and test for size dependence in individual survival (Cormack 1964;
Jolly 1965; Seber 1965). Apparent survival differs from true survival
because it excludes fish that survive and emigrate from the sam-
pling area. Occasions in the mark–recapture model were defined
by week, with tag implantation dates grouped by week. Capture
probability (p) was fixed to zero during nonseining weeks, but
were allowed to vary for each seining week. Because we seined the
estuary only 1 week each month, we fixed apparent weekly sur-
vival (U) within each month {UJune, UJuly, . . ., UOctober}. We also
tested a simpler model that constrained U by the status of the es-
tuary mouth {Uopen, Uclosed}. We tested for an effect of fish length
(b ) on apparent survival by adding individual fork length as a
covariate.
We estimated p,U, and b using the JAGS sampler software (Plummer

2017) called from the R Statistical Environment (R Core Team 2018)
through the package jagsUI (Kellner 2018). We specified the prior
distribution for p during each seining week as p � Uniform(0, 0.1)
because we expected low recapture probabilities based on previ-
ous years of seining by the National Park Service (Anderson 2015).
Prior distributions for apparent survival and size dependence
were U � Normal(0, 4) and b � Normal(0, 1000), respectively. For
each model, we ran three chains with 15 000 iterations after a
burn-in of 5000 iterations. We assessed convergence of MCMC
chains both visually and with r̂, a metric that evaluates conver-
gence by comparing variance among chains versus within chains
(Gelman andRubin 1992; Hobbes andHooten 2015).
We chose the temporal constraint for U (either by month or by

estuary status) by calculating the residual variance (s2) of each
CJS model and selecting themodel with the smallest residual var-
iance. To evaluate model fit, we converted individual capture
histories into an m-array, a summarized, nonbinary data format,
and fit the array to a multinomial likelihood (Burnham 1987). We
calculated a Bayesian p value, a metric for goodness-of-fit, by cal-
culating the ratio between the observed m-array and the m-array
predicted from parameters of the model (Kery and Schaub 2012).
After selecting a temporal constraint for U, we tested for size de-
pendence using the data in individual capture history format and
concluded that fish length predicted apparent survival if the 95%
credible interval (CrI) of the posterior distribution of the size pa-
rameter b did not overlap with zero.

Juvenile life history
We estimated the abundance of juvenile Chinook salmon in

the estuary throughout the summer using number of outmi-
grants entering the estuary each week estimated via the rotary
screw trap and apparent weekly survival (U) estimated from the
CJS model. To estimate estuary abundance each week, we applied

Table 1. Ratkowsky growth
equation parameters obtained
from Perry et al. (2015) for
Chinook salmon.

Parameter Estimate

b 0.338
d 0.415
g 0.315
TU 24.918
TL 1.833
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the apparent weekly survival to the previous week’s estimated
abundance, followed by adding the number of incoming juve-
niles from upstream. The abundance of juveniles categorized as
estuary residents equaled the estuary abundance the week the
mouth closed.
To estimate the number of juveniles that emigrated to the ocean

prior to mouth closure, we derived an emigration rate from the
apparent survival rates in the estuary. Since emigration to the
ocean was not possible after the mouth closed, we assumed appa-
rent survival equaled true survival when the estuary was closed.
We estimated the emigration rate during weeks when the estuary
was open by using the difference between apparent survival
when the mouth was open and apparent survival the week after
themouth closed (i.e., true survival).
We applied survival and emigration rates calculated from the

CJS model during 2018 to outmigration data collected from the
rotary screw trap from 2004–2016 and 2018 to estimate abundance
of estuary residents and ocean migrants during those years.
Because survival and emigration rates may differ among years,
we compared the estimated estuary abundance derived from our
CJS model to the estimated monthly estuary abundance calcu-
lated from seine data collected by the National Park Service dur-
ing those years using the Petersenmethod (Anderson 2018).

Life history reconstruction
We reconstructed and categorized the juvenile life history of

spawning adults by examining themorphometrics of adult scales
collected from 2011–2015 and 2017 spawning seasons and the
microchemistry of sagittal otoliths collected during the 2017
spawning season. Scales grow isometrically to somatic growth,
and changes in spacings between circuli can indicate changes in
seasons and habitat (Gilbert 1912). As growth in thewinter is largely
lower than growth in the summer, it is possible to age adults by
counting the number of annuli present in the scales. After aging
each adult sample, we back-calculated the brood year of each adult
to compare the juvenile life history of returning adults and juvenile
estuary abundance of each brood year. When smolts enter the
ocean, the width between circuli increases due to an increase in
growth. To reconstruct their juvenile life history, we counted the
number of circuli laid prior to the ocean entry check and compared
it with the total number of circuli laid prior to thefirst annuli. Indi-
viduals were categorized as summer estuary juveniles if the ratio of
circuli at ocean entry to circuli at first winter exceeded 0.8, estab-
lished using juvenile scales collected in October and the average
circuli count at first winter in adults. Because the two life histories
have a minimum 4-month difference in habitat use, we assumed
the two different life histories are sufficiently different to be appa-
rent in the scale pattern, despite potential individual variation in
the rate of circuli deposition (Walker and Sutton 2016). We chose
this metric over absolute estimates such as fork length of ocean
entry, which is back-calculated from scale radius (Ricker 1992;
Bond et al. 2008), for two reasons: (i) previous studies support the
hypothesis that circuli patterns possess a delay in response to envi-
ronmental conditions, which would result in an overestimate in
fork length of ocean entry (Campbell et al. 2015), and (ii) we found
different measures of radii of ocean entry among scales from the
same individual because of the different shapes of scales. Scales

collected from juveniles in the estuary throughout the summer of
2018 were used as reference for scale patterns of estuarine growth
and summer estuary life history. We counted the total number of
circuli and measured the width of each spacing to estimate the
number of circuli laid throughout the summer and the growth pat-
tern in the estuary (Craig et al. 2014).
To evaluate and bolster our assessments of juvenile life history

from scale morphometrics, we evaluated the otolith microchemis-
try andmicrostructure of spawning adults from 2017. Wemounted
the adult otoliths on microscope slides and polished them until
daily increments became visible. Otoliths were imaged and
measured using Image-Pro Plus. We first analyzed the micro-
structure of otoliths by measuring the otolith radius at each in-
crement after the exogenous feeding check. We measured the
radius of the otolith starting from the dorsal-posterior primor-
dia to each increment of interest, directly 90° from the tip of the
rostrum towards the dorsal side (Barnett-Johnson et al. 2007).
Strontium isotope ratios (87Sr/86Sr) were measured along the
same transect using the plasma mass spectrometer at the UC
Davis Interdisciplinary Center for Plasma Mass Spectrometry.
We aligned results from the strontium isotope profile and the
microstructure analysis to determine the age of fish at ocean
entry to categorize their life history. Because the estuary is typi-
cally closed for 4 months during the summer, individuals were
categorized as emigrated to the ocean prior to mouth closure if
they entered the ocean less than 120 days old and estuary fish if
they had entered the ocean at greater than 120 days.

Results

Juvenile growth
We tagged a total of 3593 Chinook salmon smolts at the rotary

screw trap and estuary. Approximately 44% of outmigrants were
larger than 60 mm and could be PIT-tagged. Estuarine growth in
recaptured individuals was lower when the mouth was closed
versus open according to both absolute growth measurements
and the Ratkowsky growth equation. Absolute growth rates for
recaptured fish each month are reported in Table 2. The mean es-
tuary temperature (T) between capture and recapture, an input
for the Ratkowsky growth equation, was highest for individuals
captured during the July, August, and September seining events
(Fig. 2a). Themean growth ratio (r) was 0.81 (s = 0.34, n = 4) in June
and 0.60 (s = 0.18, n = 5) in July. In August, mean r equaled 0.26
(s = 0.18, n = 7). In September and October, mean r equaled 0.23
(s = 0.17, n = 5) and 0.37 (n = 1), respectively (Fig. 2b).

Estuary survival
Apparent survival was lower in months when the estuary was

open and emigration to the oceanwas possible (Table 3).We selected
the CJSmodel that constrainedU by estuarymouth status (open ver-
sus closed). Residual variance for CJSmodelswith different temporal
constraints were comparable (Umouth s

2 = 34.260,Umonth s
2 = 35.226),

so we chose themore parsimoniousmodel with fewer parameters
(estuary mouth status). The Bayesian p value for this model was
0.88, which was within an acceptable range of values for assuring
goodness-of-fit and proceeding for inference (Hooten and Hobbs
2015). Size had a negative effect on apparent survival when the es-
tuary mouth was open (b open = �0.613, s = 0.288, 95% CrI = �1.20

Table 2. Mean absolute growth rate between captures of recaptured juveniles in the estuary eachmonth in 2018.

Month of recapture DFL (mm)/day6 SE %FL increase/day6 SE DWeight (g)/day6 SE %Weight increase/day6 SE Sample size (n)

June 0.2660.11 0.4160.17 0.07360.025 2.461.1 5
July 0.3960.067 0.6760.11 0.07060.014 2.460.70 6
August 0.1160.032 0.1860.048 0.03160.0095 0.9460.29 10
September 0.1760.046 0.2160.068 0.04360.012 0.7560.38 8
October 0.31 0.33 0.096 1.0 1

Note: FL, fork length.
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to �0.0627). Size had no clear effect on apparent survival when
the mouth was closed (b closed = 0.178, s = 0.210, 95% CrI = �0.176
to 0.642).

Juvenile life history
We applied mortality and emigration rates derived from 2018

(Table 3) to weekly outmigrant data from 2004–2016 and 2018 and
compared estuary abundance estimates from the CJS model versus
abundance estimated by the National Park Service using the
Petersen method from those years (Fig. 3). Despite the fact the CJS
model was informed only by larger, taggable individuals, estimates
between the twomethods were generally similar inmagnitude and
temporal trend. Across years, the CJS model estimated an average
proportion of 0.198 of migrants remaining in the estuary after
mouth closure (s = 0.205, range = 0.00153–0.616) and 0.802 of
migrants migrating prior to mouth closure (s = 0.205, range =
0.384–0.998; Fig. 3, Fig. 4). From 2004–2016 and 2018, the mean esti-
mate of estuary abundance immediately after mouth closure each
year was 24971 individuals (s = 37305; range = 190–138074). We esti-
mated the mean number of individuals that migrated to the ocean
prior to mouth closure was 113424 individuals (s = 90041; range =
24959–363555). Using a combination of the final seining abun-
dance estimate and the weekly mortality apparent survival, the
mean number of juveniles estimated to enter the ocean after the
mouth reopened in the fall was 2377 (s = 3084; range = 9–11 061).

Juvenile estuarine residency in adults
The majority of adult spawning Chinook salmon returning to

Redwood Creek between 2011 and 2017 migrated to the ocean

prior to mouth closure. Of the 214 adult scale samples analyzed,
we identified only seven individuals that had circuli patterns rep-
resentative of the summer estuary life history (Fig. 5). The mean
proportion of summer estuary juveniles in the adult population
was 0.062 (s = 0.087; Fig. 4). Scales collected from juveniles in the
estuary in 2018 (n = 13) had similar circuli patterns to the region
before ocean entry in adult scales. The number of circuli on juve-
nile scales collected in October (n = 5) were similar to the number
of circuli prior to ocean entry in adults categorized as summer es-
tuary residents.
Seventeen scale samples from the 2017 spawning season had a

corresponding otolith sample that was analyzed with microchem-
istry for comparison and correspondence. The strontium isotope
ratio data showed all individuals entered the ocean within 120 days
and were categorized as summer ocean fish (Fig. 6). Almost all indi-
viduals entered the ocean between 60 and 100 days of age, with the
exception of a single individual that migrated to the ocean as a fry.
There was no strong evidence of an intermediate 87Sr/86Sr signal
between the freshwater and marine signal that would indicate es-
tuarine rearing in the adult otoliths, either because the estuary sig-
nal was comparable to the freshwater signal or because summer
ocean adults did not rear in the estuary for a substantial portion of
time. Of the 17 otolith samples, two yielded results that conflicted
with their corresponding scale sample. These individualswere cate-
gorized as summer estuary juveniles using scale morphometrics
but were classified as summer ocean juveniles using strontium iso-
tope ratios.

Discussion
Estuaries are influential transitional habitats that affect the ocean

entry timing and size of outmigrating smolts, primary factors that
determine survival during early ocean residence (Woodson et al.
2013; Satterthwaite et al. 2014; Weitkamp et al. 2015). During this
study, we compared the juvenile abundance and adult returns of
two juvenile life histories with distinctly different juvenile habitat
use and ocean entry timing.Our results suggest juveniles remaining
in the estuary had a lower smolt-to-adult survival and contributed
few individuals to the spawning population.

Fig. 2. (a) Mean temperature (°C) experienced by recaptured fish from the date fish were initially tagged to their recapture. Mean
temperature was input into the Ratkowsky growth equation to calculate expected growth under ad libitum feeding. (b) Ratio of observed
growth rate to expected growth rate (r) of recaptured fish in the estuary through the summer. Boxes are the interquartile range, and
horizontal lines indicate the median. Expected and observed growth were calculated using the Ratkowsky growth equation (see Materials
and methods).

Table 3. Estimated and derived weekly vital rates from the Cormack–
Jolly–Seber mark– recapture model in the estuary.

Apparent survival True survival Emigration Mortality

Open 0.325 (s = 0.085) — 0.433a 0.242a

Closed 0.758 (s = 0.045) 0.758 0 0.242
aDenotes rates derived from estimated parameters in the mark–recapture

model.
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The abundance of juvenile Chinook salmon in the estuary var-
ied among years and depended on the time of sandbar formation,
which varied among years. Total river discharge within a given
year does not solely predict the time of estuary closure (Behrens
et al. 2013; Chen 2019). Because themouth closes as waves deposit
more sand than the river can scour, annual variation in the mor-
phology of the mouth inlet, such as mouth width and degree of
channel bending, contributes to when waves close the mouth
(Behrens et al. 2013; Heady et al. 2015). The timing and duration
of mouth closure varies among bar-built estuaries. Bar-built
estuaries that open and close intermittently may support more
variation in estuary residency and greater life history diversity
comparedwith estuaries that become disconnected from the ocean
for months (Reimers 1973). Our study encompassed a multi-year
drought in California spanning 2013–2015 that resulted in the low-
est river discharges from 2004 to 2018. Although this drought may
have affected estuary conditions and the success of estuarine resi-
dents, we did not observe a clear change in the timing of estuary
closure or abundance of estuary residents from non-drought years.
Mouth closure likely affects salmonid species and life stages differ-
ently. For subyearling Chinook salmon, mouth closure can delay
ocean entry and directly impact early ocean survival (Weitkamp
et al. 2015). For salmonids that overwinter in fresh water and may
return upstream, such as steelhead trout (Oncorhynchus mykiss) and

coho salmon (Oncorhynchus kisutch), mouth closure may not impact
ocean entry timing (Shapovalov and Taft 1954; Osterback et al.
2018). Construction of the levees in the Redwood Creek estuary has
contributed to the mouth closing earlier than it did historically
due to excessive accumulation of sediments and reduction of the
tidal prism (Cannata et al. 2006). Based on our results, this could
substantially reduce the smolt-to-adult ratio since the juveniles
that reared in the estuary throughout the summer contributed less
to the adult population.
Fewer juveniles were in the estuary during years when the

mouth closed later in the summer, suggesting juveniles quickly
emigrated to the ocean after entering the estuary. This is corrobo-
rated by the dramatically lower estuary apparent survival rate
when the mouth was open (and emigration was possible) versus
when the mouth was closed. Agreement in estuary abundance
patterns derived from applying 2018 CJS parameters to 2004–
2016 outmigration and the Petersen method from those years
suggests emigration andmortality in the estuary is relatively con-
sistent across years. While Chinook salmon can rear in estuaries
for extended periods, smolts quickly pass through estuaries in
some systems (Harnish et al. 2012; Michel et al. 2013). Predators
such as sea birds andmarinemammals congregate at river mouths
and incur highmortality rates on smolts (Rub et al. 2019). Modifica-
tions can limit the benefits of rearing in estuaries for juveniles.

Fig. 3. Abundance of juvenile Chinook salmon in Redwood Creek estuary as estimated using the Petersen estimate (dashed line) and
predicted using parameters from the Cormack–Jolly–Seber (CJS) model (solid line). Shaded portions in each graph indicate when the
estuary was closed.
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Although estuaries posemany benefits to salmonids, trade-offs can
reduce the advantage of rearing in an estuary and the frequency of
estuarine rearing in a population.
Fish size had an impact on emigration rates, with larger fish

more likely to emigrate prior to sandbar formation in the spring.
When the mouth was open and both emigration and mortality
were possible, apparent survival declined with increased body size.
Therefore, larger individuals were more likely to leave the estuary
either through death or emigration. Since larger fish are generally
considered to have higher survival (Healey 1982; Henderson and
Cass 1991), we interpret this relationship as support for larger fish
having higher emigration rates. Similarly, larger juvenile Chinook

salmon from the upper Columbia River basin generally migrated
earlier than smaller individuals (Zabel 2002; Zabel and Achord
2004). Furthermore, the positive effect of size on emigration is
stronger than estimated if smaller individuals also had higher
mortality because emigration andmortality would have opposing
effects on size dependence for apparent survival. Size had a weak
positive effect on survival when themouth was closed (b closed 95%
CrI =�0.176 to 0.642), suggesting therewas notmuch size-dependent
mortality on apparent survival when themouthwas open. Although
we estimated size-dependent emigration, the size parameter may
not be accurate for smaller individuals that were not tagged if
their behavior substantially differs from larger smolts.

Fig. 5. Juvenile life history reconstruction using ratio of number of circuli at ocean entry to number of circuli at first winter. (a) An
example scale indicating ocean entry (1) and first winter (2). (b) Ratios for adult scales collected from 2011–2015 and 2017.

Fig. 4. Estimated proportion of outmigrants remaining in the estuary when the mouth closed and their proportion in the adult scale
samples for 2009–2016 cohorts. Juvenile proportions (light grey) were calculated from estimated survival and emigration parameters, and
error bars indicate 95% credible interval. Adult proportions for 2009–2016 cohorts (dark grey) were estimated from scale morphometric

data, and error bars indicate 95% confidence interval estimated as p̂61:96
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We also observed that outmigrants passing through the rotary
screw trap later in the outmigration season (June and July) were
more likely to remain in the estuary over the summer as opposed
to outmigrants that passed through earlier in the spring (April
and May). Apparent survival in the estuary was low, �33% each
week (1% each month) when the estuary was open. The low rate
implies early migrants were unlikely to both survive and remain
in the estuary until the mouth closes. Empirically, fish recap-
tured in the estuary were often recently tagged individuals. All
fish recaptured in the closed estuary from August to October
were tagged after the mouth closed in July or the week prior. No
fish tagged in May or June were recaptured in the estuary after
themouth closed.
Although not the case for all years, juveniles remaining in the

estuary after the mouth closed contributed disproportionately
less to recruitment than their ocean rearing counterparts. For
2009–2016 cohorts, summer estuary residents composed an aver-
age of 18% of smolts, but only 6% of returning spawners. This
result drastically differs from juvenile life history reconstructions
in similar watersheds with bar-built estuaries. While summer estu-
ary residents were a small fraction of returning spawners in Red-
wood Creek, estuary residents composed 90% of spawning adults in
Sixes River, Oregon (Reimers 1973). Juvenile densities are similar in
magnitude between the two systems. Unlike Redwood Creek, the
mouth of Sixes River closes and reopens throughout the summer,
resulting in greater marine influence and similiarity to estuaries
open year-round. Bar-built estuaries with more frequent connec-
tions to the ocean may host a greater diversity of life histories
because juveniles are not barred from the ocean for months. Sixes
River does not have levees that confine the estuary and disconnect
it from adjacent shoreline and floodplain habitats. In Scott Creek,
California, estuary-rearing steelhead contributed 87% to the adult
population despite being the minority life history (Bond et al.
2008). Like Redwood Creek, Scott Creek also has levees in the lower
river and becomes disconnected from the ocean for months, but
existing riparian growth and marsh habitat contribute to the

productivity of the estuary and invertebrate abundance (Hayes
et al. 2008).
Life history reconstructions using scale morphometrics classi-

fied few individuals (6.2%) as estuary residents, and otolith micro-
chemistry classified no individuals as estuary residents. Because
verification of otolith microchemistry is generally more robust
(Campbell et al. 2015), we infer our estimate of estuary residents
in cohorts from 2009 to 2016 using scale morphometric was an
overestimate. Therefore, return of estuary residents was likely
even lower than 6%. This means the smolt-to-adult ratio for estua-
rine juveniles was considerably lower than the ratio for juveniles
that emigrated prior to bar closure. While our results generally
suggest lower survival for estuary residents, we found some evi-
dence for higher survival for estuary residents in some years
(e.g., 2009, 2013). Variability in ocean productivity and phenology
shift the marine growth opportunity and optimal window for
ocean entry (Satterthwaite et al. 2014) and may potentially favor
the summer estuary residency life history in some years. Limited
sample size in some years (e.g., ≤10 samples from 2013 and 2016
cohorts) increases uncertainty of life history proportions during
those years.
Conditions in bar-built estuaries can pose novel challenges for

juvenile salmonids. Juveniles cannot emigrate to the ocean when
the system is closed, regardless of estuary conditions, andmay be
barred from ocean entry when ocean conditions are most favor-
able. Mouth closure limits prey production and alters physical
conditions in the estuary (Hayes et al. 2000; Heady et al. 2015).
Limited circulation and flushing can raise water temperature
and lower dissolved oxygen, which differentially impacts species
(Behrens et al. 2013). High temperatures in bar-built estuaries
(e.g., 23.5 °C in Scott Creek) may exceed the thermal tolerance for
Chinook salmon but may be tolerable for other salmonids such
as steelhead (Hayes et al. 2008). Higher temperatures raise fish
metabolism and can lead to accelerated growth if prey are readily
available, but can reduce growth if prey are limited.

Fig. 6. Juvenile life history reconstruction of adults using otolith 87Sr/86Sr profiles. Age (days) at each measurement is the number of
increments from the exogenous feeding check. All individuals sampled entered the ocean in the spring or early summer and were
classified as summer ocean juveniles. Summer estuary juveniles are expected to be at least 120 days old when the mouth reopens in the
late fall.

Chen and Henderson 901

Published by Canadian Science Publishing

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

H
U

M
B

O
L

D
T

 S
T

A
T

E
 U

N
IV

E
R

SI
T

Y
 o

n 
09

/2
8/

21
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



The growth ratio (r) from the Ratkowsky model was lower
when the mouth was closed versus open, implying growth was
reduced when the estuary was disconnected from the ocean. Bio-
energetically, metabolism and consumption determine growth
(Hanson et al. 1997). Because the decline in growth through the
summer did not correspondwell to the peak in temperature during
midsummer, the most likely explanation for decreased growth
rates is less food availability. Typically, growth rates in smolts
increase from the stream to the estuary (Reimers 1973; Craig et al.
2014), but we found no evidence for improved growth in the estu-
ary versus upstream. From scale morphometrics, growth in the es-
tuary appeared comparable to growth upstream. We observed no
change in circuli spacings in juvenile scales collected in the estu-
ary, nor intermediate spacings in circuli prior to ocean entry in
scales collected from adults, which indicated estuarine rearing in
other systems (Reimers 1973; Schluchter and Lichatowich 1977).
Furthermore, fish captured at the screw trap were about the same
length as fish captured in seine hauls in the estuary. A previous
analysis of food habits in Redwood Creek showed similar diet com-
position upstream and in the estuary prior to the sandbar breach-
ing (Larson 1987). That study found that Chinook salmon diet in
Redwood Creek estuary consisted primarily of dipterans and is
more similar to diets in freshwater habitats than those in brackish
estuaries, which is typically composed of amphipods, isopods, and
mysids. Bar-built estuaries may have prey communities more simi-
lar to freshwater environments than other types of estuaries because
of their limitedmarine influence.
When closed, food availability in bar-built estuaries is depend-

ent on production in the estuary and drift input from upstream
(Largier and Taljaard 1991). Despite limited marine input, some
bar-built estuaries remain highly productive and have high juve-
nile salmonid growth rates throughout summer months for
more thermally tolerant species (e.g., Oncorhynchus mykiss in Bond
et al. 2008). When closed, these estuaries may flood surrounding
marshes, increasing connection with adjacent low-lying habitats
and providing considerable growth advantages to juvenile salmo-
nids due to increased productivity (Behrens et al. 2013), similar to
floodplains in large river main stems (Sommer et al. 2001). Levees
constructed in lower Redwood Creek prevent flooding and estab-
lishment of marsh and floodplain habitat. Poor quality of juve-
nile rearing habitat is exacerbated as the river channelizes and
deepens, limiting productivity and vegetation within the estuary.
Because of the complexity in dynamics, productivity in bar-built
estuaries can be drastically reduced by habitat alterations such as
those in Redwood Creek.
Although emigration into the ocean was barred, we detected

evidence of some juveniles returning upstream or to Prairie Creek
tributary in July and August after themouth closed. Approximately
3% of juveniles (n = 20) tagged at the rotary screw trapwere detected
at a PIT tag antenna array in lower Prairie Creek, a main tributary
to Redwood Creek, after or near the time of mouth closure. While
some individuals may have been consumed by coastal cutthroat
trout (Oncorhynchus clarkii clarkii) and detected within the gut of the
predator, detections up to 12 days apart suggest some proportion
were from individuals returning upstream after the mouth closed
(Petersen and Barfoot 2003), possibly because of high temperatures
or lack of ocean access. Because of this emigration upstream, we
expect the estimate of survival to be biased low. To our knowledge,
this is the first example of Chinook smolts moving back upstream,
similar to results observed for coho salmon and steelhead in other
estuaries in California (Koski 2009; Hayes et al. 2011; Osterback
et al. 2018).
Bar-built estuaries pose unique challenges and benefits for ju-

venile salmonids rearing and migrating to the ocean. Mouth clo-
sure eliminates the river’s connection to the ocean and can lower
the estuary water quality and marine prey input, but this process
can also create floodplain habitat and protect juveniles from
marine predators. Restoration that reconnects the estuary to

adjacent floodplains and sloughs can increase the capacity for ju-
venile fish in the estuary and the diversity of rearing strategies
(Bottom et al. 2005). Relocating levees, or levee setbacks, can rees-
tablish the estuary’s natural dynamic and increase its surface
area (Larsen et al. 2006; Flitcroft et al. 2016). Because floodplain
habitats are more productive (Sommer 2001), inundating adjacent
floodplain habitat can raise productivity in the estuary, which
can potentially translate to higher growth of juvenile salmon.
Although levee setbacks may improve growth conditions, it is
unclear how reconnecting the estuary to floodplains will impact
estuary survival rates (Johnston et al. 2018). Bar-built estuaries
lack many key estuarine processes and pose novel constraints for
salmonids, but nevertheless can have populations that locally
adapt to and thrive in these systems. Estuaries provide unique
and valuable habitat to salmonids. Ecosystems with complex dy-
namics are particularly sensitive to anthropogenic modifications.
Understanding how alterations in an ecosystem impacts its func-
tionality is critical tomanaging its species.
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