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ABSTRACT


In the Sacramento–San Joaquin River Delta, California, tidal forces that reverse river flows increase the proportion ofwater and juvenile late

fall-run Chinook salmon diverted into a network ofchannels thatwere constructed to support agriculture and human consumption. This area is

known as the interior delta, and it has been associated with poorfish survival. Under the rationale that the fish will be diverted in proportion to

the amount ofwater that is diverted, the Delta Cross Channel (DCC) has been prescriptively closed during the winter out-migration to reduce

fish entrainment and mortality into the interior delta. The fish are thought to migrate mostly at night, and so daytime operation ofthe DCC may

allow for water diversion that minimizes fish entrainment and mortality. To assess this, the DCC gate was experimentally opened and closed

while we released 2983 of the fish with acoustic transmitters upstream of the DCC to monitor their arrival and entrainment into the DCC. We

used logistic regression to model night-time arrival and entrainment probabilities with covariates that included the proportion ofeach diel pe-
riod with upstreamflow, flow, rate ofchange inflow andwater temperature. The proportion oftime with upstreamflowwas the most important

driver ofnight-time arrival probability, yet river flow had the largest effect on fish entrainment into the DCC. Modelling results suggest open-
ing the DCC during daytime while keeping the DCC closed during night-time may allow for water diversion that minimizes fish entrainment

into the interior delta. Published 2015. This article is a U.S. Government work and is in the public domain in the USA.
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INTRODUCTION


How juvenile salmon distribute across space and time during


downriver migration can influence their survival to the sea.


In the Sacramento–San Joaquin River Delta, California,


USA (hereafter referred to as the Delta), water diversions


route juvenile salmon from the Sacramento River to the inte-

riorDeltawhere survival is low (Perry etal., 2010; Figure 1).


Likewise, management actions that reduce fish entrainment


into the interior Delta should increase population survival


by shifting fish to routes with higher survival (Perry et al.,


2013a). For example, under the rationale that fish distribute


among routes in proportion to the mean discharge that enters


a migration route (Low et al., 2006), one such diversion, the


Delta Cross Channel (DCC), has been prescriptively closed


from mid-December through the remainder (March) of the


migration season each year (NMFS, 1997; NOAA, 2008).


However, the relationship between the proportion offish that


enter adiversion and proportion offlow that enter adiversion


is not well understood. Recent observations from studies


using acoustic telemetry technology demonstrated that the


proportion offish entering a route can deviate markedly from


the proportion offlow to that route (Perry, 2010). A better un-

derstanding of the mechanisms that affect fish distribution in


association with water diversions from the Sacramento River


could provide a basis for management actions thatmay allow


for water diversion while minimizing juvenile Chinook


salmon entrainment and mortality.


Fish behaviour in response to the river environment


affects the spatial distribution of fish in the channel cross


section and likely influences the probability of entrainment


into the interior Delta. In particular, the influence of river


flows on juvenile Chinook salmon behaviour can change


between day and night periods and varies because of diel


trade-offs between metabolic requirements, food availability


and predation risk (Lima and Dill, 1990). In the Sacramento


River, late fall-run Chinook salmon migrate mostly at night-

time (Chapman et al., 2012). Juvenile Chinook salmon in


the Columbia River have varied their migration depths over


the 24-h diel cycle (Beeman and Maule, 2001, 2006), which


has been linked to daytime passage delays and the night-

time entrainment of juvenile Chinook salmon into turbine
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intakes at dams (Brege et al., 1996; Evans et al., 2008). 

Should these juvenile Chinook salmon tend to migrate at a 

particular time of day, then an important assumption behind 

estimates of their mortality from entrainment into water 

pumping stations may not hold (Kimmerer, 2008). 

Understanding juvenile Chinook salmon entrainment into 

the DCC is complicated by tidal forcing that causes the 

Sacramento River to reverse direction during flood tides. 

An analysis of flow and fish entrainment at the DCC re- 

vealed the presence of a tidal-flow threshold on entrainment 

into the interior Delta (Perry, 2010). When flows in the 

Sacramento River upstream of the DCC were below about 

340m3 s1 (or 12000ft3 s1), flood tides caused the lower 

portions of the Sacramento River to reverse direction, but 

above this threshold, the river ceases to reverse direction 

during flood tides. In turn, reverse-flow flood tides increased 

the amount of flow entering the DCC and the probability of 

fish being entrained into the interior Delta via the DCC. Be- 

cause daytime flood tides are often stronger than night-time 

flood tides during the winter out-migration period (Cloern 

and Nichols, 1985), the likelihood of fish entrainment into 

the interior Delta may largely depend on the time ofday that 

fish arrive at the DCC. A better understanding of how river 

discharge and tidal stage interact with diel activity patterns 

of the fish may allow identification of alternative gate 

operations that can better balance fish entrainment and


survival with water diversion into the interior Delta.


Our objective was to describe entrainment of juvenile late


fall-run Chinook salmon into the DCC as a function of time


of day, river discharge and tidal stage. We used acoustic


telemetry to determine arrival times and entrainment of fish


at the DCC in relation to the diel period, temperature, flow,


change in flow and the proportion of negative flows mea-

sured just downstream of the DCC. Simulation ofnight-time


closures showed that fish entrainment may be reduced while


still allowing some water to be diverted (Perry, 2010). Based


on this modelling, the DCC was opened during the day and


night during the 2008–2009 winter out-migration for juve-

nile salmon, to assess the probability of fish arrival and


entrainment into the DCC in relation to arrival times over


the 24-h diel cycle. The operation of both open and closed


gate operations is not typical, and so this study provides a


unique opportunity to measure fish arrival and entrainment


into the DCC at different gate operations that may help to


inform resource managers about different DCC operations


when both water and fish resources must be considered.


The goals of this study were to quantify the following: (1)


the probability of night-time arrival by the tagged fish at


the DCC junction (irrespective of gate position) and (2)


the probability of entrainment into the DCC (given that the


Figure 1. Map of the Sacramento–San Joaquin River Delta, California, USA, and a characterization of the junction of the Sacramento River

with the Delta Cross Channel and Georgiana Slough. Also shown are the locations of the Sacramento River gauging stations that provided

mean daily water temperatures at Hood (T), mean daily river flows at Freeport (QF) and 15-min river flows measured just downstream of the


Delta Cross Channel (QS)
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gates were open). Our approach to attaining these goals was 

to first estimate the effects of diel cycle, river flow and tidal 

stage on the arrival and entrainment probabilities of the fish 

using logistic regression analysis. We then used observed 

environmental data and parameter estimates from the logistic 

regressions to project probabilities of night-time fish arrival 

and entrainment into the DCC over an entire migration 

season. Our results provide insight into alternative DCC gate 

operations that might reduce the average seasonal entrain- 

ment of juvenile Chinook salmon into the interior Delta 

while still allowing water diversion into the DCC. 

MATERIALS AND METHODS 

Study area 

The Delta is one of the most managed river systems in the 

world (Figure 1; Cohen and Carlton, 1998) and is roughly


delineated as the complex network of inter-connected chan- 

nels between the main stem Sacramento and San Joaquin 

Rivers. The interior Delta supplies water for >25 million 

residents and supports a billion-dollar agricultural industry. 

Although, from an aerial perspective, the Delta appears 

complex, the individual channels are simple and homoge- 

nous and lack natural river features such as deep areas on 

the outsides of bends and point bars on the insides of bends. 

The DCC is one of three man-made channels that directly 

connect the mainstem Sacramento River with the interior 

Delta. The DCC junction is located along an outside bend 

of the river, which is an ideal location to divert water 

(and fish) from the Sacramento River into the interior Delta. 

Sacramento River flows are largely dictated by the release 

of water from upstream storage reservoirs, and the distribu- 

tion of water is determined by pumping stations in the 

southern delta that can export up to 50% of the total flow 

(Nichols et al., 1986). In contrast, the DCC passively 

diverts water from the Sacramento River into the interior 

Delta. Natural processes such as winter precipitation and 

springtime snowmelt also determine Sacramento River 

flows, and in the lower portions of the river (including the 

DCC), tidal cycles that vary on diel, biweekly and annual 

timescales also determine the magnitude and direction of 

the Sacramento River.


Fish and tagging


Juvenile late fall-run Chinook salmon were obtained from 

the Coleman National Fish Hatchery and transported to the 

tagging and release sites at Tower Bridge (M Street) in 

Sacramento, California. Fish were transported in 265-L 

insulated tanks at a density of<20g offish per litre ofwater 

and supplied with bottled oxygen at 80–130% saturation. At 

the tagging site, transport tanks were supplied with 

circulated fresh riverwater for 18–36h prior to tagging. Fish


were considered suitable for tagging if they were free ofma-

jor injuries, were <20% descaled and had no other apparent


abnormalities. To keep tag burden at <5%, only fish of


>29.5 g were surgically implanted with a tag that weighed


1.6g in air (Perry et al., 2013b) and had a 12-day expected


battery life (Hydroacoustic Technology Incorporated,


Model 795-E, Seattle, Washington, USA). Transmitters


were implanted according to the procedures of Adams et al.


(1998a, b) and Liedtke and Rub (2012). Release groups


ranged from 164 to 191 fish [mean=179, standard deviation


(SD)=6.6], and releases were conducted every 2–3 days from


14 November 2008 to 17 January 2009. A primary objective


ofthis study was to understand how fish distribute themselves


in time and arrive at the DCC; therefore, we intentionally


stratified the release schedule of the tagged fish to be evenly


distributed over the 24-h day (Figure 2).


Modelling fish arrival and entrainment into the Delta Cross


Channel


Telemetry stations were established just upstream, within


and downstream of the DCC to monitor the arrival of tagged


fish in the vicinity of the DCC and fish entrainment into the


DCC. Each telemetry station consisted of multiple hydro-

phones (Hydroacoustic Technology Incorporated) that iden-

tified individual fish based on pulse rate from the acoustic


transmitters. Acoustic detections of the tagged juvenile


salmon were processed to eliminate false-positive detections


anddetections offish thatwere likely consumedby apredator


(Perry et al., 2010; Romine et al., 2014).


To estimate the probability offish arriving at theDCC dur-

ing the night (and day), we first defined night-time as being


between mean sunrise (06:52:06 PST) and sunset (16:17:49


PST) times over the study period (i.e. 11 November 2008


to 3 February 2009). If a fish’s acoustic signal was detected


between sunset and sunrise, it was classified as a night-time


arrival, and the event was coded as 1; otherwise, the fish


arrived during daytime and was coded as 0. We used a logis-

tic regression to quantify factors affecting night-time arrival


(π̂night) and entrainment (π̂entrain) probabilities (McCullagh


and Nelder, 1989; Agresti, 1996). We express our full logis-

tic regression model for π̂night with all potential predictors as


^ πnight ¼ logit 1 
^ β0 þ ^ β1Prev þ ^ β2QF þ ^
β3T (1)


where the ^β’s are the estimated coefficients that correspond


to the following: (1) the proportion of the diel period that the


Sacramento River flow was reversing (Prev), (2) the daily


discharge of the Sacramento River at Freeport (QF; m 3 s 1;


U.S. Geological Survey gauge 11447890) on the date the


fish arrived at the DCC and (3) the mean water temperature


(T; °C) of the Sacramento River (California Department of
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Natural Resources gauge—Sacramento River at Hook 

(SRH)) during the diel period that the fish arrived at the 

DCC. Rapid changes in flow direction and magnitude may 

determine fish arrival timing at the DCC. Water temperature 

has also been experimentally shown to affectfish travel rates 

and the predisposition to migrate (Muir et al., 1994), which 

may influence fish arrival times at the DCC. 

Similarly, we subset the telemetry data to include only 

those fish that arrived at the DCC junction when the DCC 

was open and fit the following full logistic regression model 

for ̂πentrain that we express as 

^ πentrain ¼ logit 1 
^ θ0 þ ^ θ1QS þ ^ θ2ΔQS þ ^
θ3Pdiel (2) 

the ^θ’s are the estimated coefficients that correspond to the 

following: (1) the Sacramento River discharge (Q S; m 3 s 1 ; 

U.S. Geological Survey gauge 1147905) just downriver of 

the Sacramento–DCC junction in the Sacramento River at


the time the fish was detected entering the DCC (interpo-

lated between 15-min flow measurements), (2) the change


in river flow (ΔQS) between 15-min flow measurements


(t+1  t) when the fish was detected entering the DCC


and (3) the diel period (Pdiel) during which the fish was


detected entering the DCC.


Flow data were obtained from the California Data Ex-

change Center’s website: http://cdec.water.ca.gov/. Except


for Prev, which ranges from 0 to 1, all continuous predictors


in the model were standardized by subtracting the mean


and dividing by the standard deviation. The mean


QF =249.1 m 3 s 1
(SD±30.03; range=181.0–392.8), and


the mean T=10.2 °C (SD±1.60; range=7.2–14.9) during


our study. The mean Q S =109.04m 3 s 1
(SD±128.95;


range=216.7 to 261.2), and mean ΔQS =3.57m 3 s
1


(SD±14.86; range=54.71 to 42.61).


Figure 2. Circular histograms presented as a 24-h clock (midnight=0) showing the proportions of acoustic-tagged subyearling late fall-run

Chinook salmon that were released (upper left) and subsequently arrived at the Delta Cross Channel (DCC) (upper right). Also shown are


the proportions of negative flows at the DCC junction over the 24-h diel cycle (lower right). Shaded areas represent night-time hours
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Model fit and selection 

We first assessed the fit of the full models for night-time


arrival ( π̂night ; Equation 1) and fish entrainment into the


DCC (^
πentrain ; Equation 2). The numbers of fish that had


arrived or were entrained into the DCC were assumed to fol- 

low a binomial distribution. Overdispersion was assessed


using a bootstrapped goodness-of-fit test to test whether


the model adequately described variation in the data


(Faraway, 2006). 

After assessing the fit of the full models, we used


Akaike’s information criterion (AIC) to determine if a better


parsimonious model could be determined relative to the full


model (Burnham and Anderson, 2002). We compared


single-term deletions of the main effects from each of the


respective full models (Equations 1 and 2). A variable was


dropped from a full model if there was little change or a


decline in the AIC value relative to the full model.


For the parsimonious models for fish arrival and entrain-

ment into the DCC, we then calculated a receiver operating


curve (Hosmer and Lemeshow, 2000) to determine the true-

positive versus false-positive rate of classification, and the


area under the curve (AUC) to provide a measure of the


given model’s classification ability. An AUC of 0.5 indi-

cates a model that has no ability to predict the fish’s arrival 

or entrainment, whereas AUC=1 indicates perfect classifi- 

cation ability. In practice, an AUC between 0.7 and 0.8 is 

considered ‘acceptable’, and that between 0.8 and 0.9 is 

considered ‘excellent’ (Hosmer and Lemeshow, 2000).


Estimating fish arrival and entrainment into the Delta Cross


Channel


To demonstrate the joint consequence of fish arrival timing 

on entrainment into the DCC, we used the observed environ-

mental conditions to project a time series of probabilities for 

night-time and daytime arriving fish (13 November 2008 to 

31 March 2009). To do this, we used the AIC best model 

and calculated (1) ^ πnight and conversely (2) π̂day ¼


1  ̂πnight . We also used our AIC best model for fish en- 

trainment into the DCC to calculate π̂entrain for each 15-min 

(ith) observation over the number ofnight-time (nnight,d) and 

daytime (nday,d) observations in the environmental dataset. 

We then calculated the average π̂entrain over the daily number 

ofnight-time and daytime observations in the environmental 

dataset to provide conditional probabilities of entrainment 

given that the fish arrived during the night (π̂entrain nightj ) or 

during the day (^ πentrain dayj ). How these probabilities relate


to the overall entrainment (π̂entrain;d) of fish arriving on day 

d can be expressed as 

^ πentrain;d ¼ π̂night;dπ̂entrainjnight;d þ π̂day;dπ̂entrainjday;d (3)


The two summands for night-time and daytime observa-

tions on the right side of Equation 3 represent the joint


probabilities of arriving and being entrained into the


DCC during the night (^
πnight entrain;d ) or during the day


(π̂day entrain;d).


RESULTS


Fish release and arrival at the Delta Cross Channel


A total of 2983 fish were implanted with acoustic transmit-

ters and released upstream of the DCC. Of the juvenile


salmon released, 33% (1008 of2983) were subsequently de-

tected in the vicinity of the DCC from 15 November 2008 to


31 January 2009. We determined that 13% (154 of 1162) of


the fish detected in the vicinity of the DCC were predators


that had consumed a tagged fish, and so these fish were re-

moved from the following analyses.


Although fish were released evenly over a 24-h cycle,


most fish arrived at the DCC during night-time (Figure 2).


The proportion of fish arriving at the DCC during the night


(83%, 840 of 1008) was greater than the percentage of fish


Table I. Model selection among models of night-time arrival and

Delta Cross Channel (DCC) entrainment probabilities for

acoustic-tagged juvenile late fall-run Chinook salmon, showing

the model,
number
of
parameters
(K),
Akaike’s
information

criterion (AIC),
the
change in
AIC
from the
lowest AIC
value

(ΔAIC), the likelihood of the model given the data (LM) and

Akaike’s weights (w) for each candidate model


Model K AIC ΔAIC LM w


Night-time
arrival
models

(Full)Prev +QF
+T
 4 740.3 0.0 1.00 0.96

Prev +T 3 746.6 6.3 0.04 0.04

Prev +QF 3 756.2 15.9 0.00 0.00

Prev 2 762.1 21.8 0.00 0.00

T+QF 3 973.3 233.0 0.00 0.00

T
 2
 974.0
 233.7
 0.00
 0.00

(Null)
 1
 977.8
 237.5
 0.00
 0.00

QF 2 978.2 237.9 0.00 0.00


DCC entrainment models

QS +ΔQS 3 106.2 0.0 1.00 0.40

QS 2 106.6 0.5 0.80 0.32

(Full)QS +ΔQS +Pdiel 4 108.1 2.0 0.37 0.15

Δ
QS
+Pdiel 3
 108.5
 2.3
 0.32
 0.13

P
diel
 2
 144.9
 38.7
 0.00
 0.00

ΔQS +Pdiel 3 145.4 39.2 0.00 0.00

ΔQS 2 146.1 40.0 0.00 0.00

(Null) 1 146.2 40.0 0.00 0.00


The modelled effects are the proportion ofnegative flows within the diel pe-
riod (Prev), the mean daily Sacramento Riverflow at Freeport (standardized,

QF), the mean temperature during the diel period the fish arrived at the DCC

(standardized, T), the Sacramento River flows just downstream of the DCC

(standardized, Q S
), the change in Sacramento River flow (standardized,

ΔQS) and the
diel period when fish entered the DCC (Pdiel).
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released during night (61%, 608 of1008) and the percentage 

of night-time hours (63%, 15 of 24h). 

Factors affecting fish arrival at the Delta Cross Channel 

The full model used to estimate night-time arrival probabil-

ities fit the data well. A bootstrapped goodness-of-fit test in-

dicated no lack offit (p=0.55), and the AUC (0.77) showed


acceptable predictive performance when classifying night-

time arrival of the fish relative to chance.


Among the potential candidate models, the full model was


the most parsimonious model for juvenile Chinook salmon


night-time arrival probabilities at the DCC (Table I). Based


on the relative differences in the ΔAIC values from the full


mode, however, Prev was the more important driver of


π̂night . When Prev exceeded ~0.4, π̂night approached zero,


but when Prev =0, π̂night ¼ 0:937 (Standard Error (SE)


=0.008), such that when negative flows were greater than


about 20% of the diel period, then the probability of night-

time arrival declined rapidly (Table II and Figure 3).


We measured a positive effect of temperature on π̂night .


Over the range in temperatures of this study, π̂night was about


0.734 at 7.2 °C, but π̂night was about 0.971 at 14.9 °C


(Table II). In contrast to temperature, the effect of average 

daily river flows as measured at Freeport had a negative 

effect on π̂night . For example, at a low flow of about 

206m3 s1, π̂night ¼ 0:912 , and at a high flow of about 

392m3 s1, ̂πnight ¼ 0:778. Although temperatures and river 

flows influenced π̂night, the fraction of negative flows over


the diel period had a larger effect on π̂night. 

Factors affecting fish entrainment into the Delta Cross


Channel


The DCC was opened and closed for water diversion during 

the day and night from 13 November 2008 to 3 February 

2009, gate operations during the study were the result of 

deliberations that weighed concerns about fish protections 

and water use. In total, the DCC was open for water 

diversion into the interior Delta for about 24days (29%;


between 13 November and 12 December 2008) over the


83-day study. Of the fish that arrived at the DCC, 13%


(143 of 1008) arrived when the DCC was open. Given


these 143 fish, 20% (20 of 100) that arrived at night were


entrained into the DCC, and 21% (9 of 43) that arrived


during the day were entrained into the DCC, suggesting


there was similar fish entrainment into the DCC between


day and night.


Model diagnostics indicated a good fit of the full model


to the entrainment data. A bootstrapped goodness-of-fit test


supported a good fit (p=0.57). Model selection indicated


that the effect of diel period (P diel
; ΔAIC> 38.7) should


be removed from the full model,
which corroborates our


previous observation that entrainment proportions were


similar between day and night (Table I). The model that


included just QS and ΔQS was the favoured model for


π̂entrain (AIC=106.2). This reduced model performed well


at classifying entrainment relative to chance, yielding an


AUC=0.847 and suggesting excellent predictive perfor-

mance. The effect of higher Sacramento River flow on


DCC entrainment was to reduce entrainment, resulting in


^ πentrain ¼ 0:715 at the lowest QS =160m 3 s 1
, but


^ πentrain was <0.01 when QS > 240m 3 s 1
(Table II and


Figure 4). The effect of higher changes in river flow


was to increase fish entrainment, resulting in π̂entrain ¼

0:07 at ΔQ S =31.8m 3 s 1
, but π̂entrain ¼ 0:23 at


ΔQ S =25.8m 3 s 1
.


Fish arrival and entrainment into the Delta Cross Channel


Using the observed conditions over our study to produce es-

timates of arrival and entrainment probabilities showed the


potential consequences of arriving at night versus the day


over the winter out-migration period (November–March;


Figure 5). Modelled estimates ofnight-time arrival probabil-

ities (mean=0.81) were much higher than daytime arrival


probabilities (mean=0.16; Figure 5a), and because negative


flows were predominant during daytime (Figure 5d), the


probabilities of entrainment for fish that arrived during the


day was slightly higher (mean=0.25) than for those that


arrived during the night (mean=0.17; Figure 5b). Likewise,


π̂night entrain (mean=0.14) was much higher than π̂day entrain


(mean=0.06; Figure 5c), and so entrainment into the DCC


was dictated by both the fraction of night-time arriving fish


and the proportion of time the diel period had negative river


flows (Figure 5d). These model estimates suggest that had


the DCC been hypothetically open the entire season, then


the average proportional difference between night-time


(π̂night entrain) and daytime arriving fish (π̂day entrain) was 58%


(i.e. π̂night entrain  ̂πday entrain =π̂night entrain). This hypotheti-

cal scenario serves to illustrate how opening the DCC during


theday (and closing theDCC atnight) may be the best option


Table II. Summary statistics for Akaike’s information criterion 
best logistic regression model of night-time arrival probabilities 
at the Delta Cross Channel and entrainment probabilities into the 
Delta Cross Channel by acoustic-tagged juvenile late fall-run

Chinook salmon


Coefficients Estimate SE 

β0  intercept 2.714 0.148 
β1  Prev 11.614 0.900

β2  QF 0.289 0.097

β3  T 0.409 0.102 
θ0  intercept 1.893 0.305 
θ1  QS 1.409 0.252

θ2  ΔQS 0.336 0.219
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for allowing for water diversion, while minimizing fish 

entrainment into the DCC. 

DISCUSSION


Interactions between behavioural and physical processes can 

alter the diel activity patterns of fish, and in turn, their en- 

trainment into the DCC. Others have also evaluated the diel 

movements of acoustic-tagged juvenile Chinook salmon in 

the Sacramento River (Chapman et al., 2012), yet this study 

adds to past research by evaluating the diel arrival of 

acoustic-tagged fish at a single river junction in relation to 

tidal forcing and DCC gate operations. 

This and past research shows that tidal flows determine in 

part the arrival and entrainment of juvenile Chinook salmon 

into the DCC (Perry et al., 2010, 2013a; Cavallo et al.,


2012). High river flows reduce the proportion of the time


with negative flows, but above a threshold of about


340m3 s1, negative flows are eliminated, and having both


QF and Prev in the model helped to capture the different com-

ponents of variation in probability of π̂night with changing


flows and tides. A majority of fish (83%, SE=1.12) arrived


during the night when negative flows were less frequent


relative to daytime (27%; 254 of 934 negative flow observa-

tions; Figure 2). Selective tidal-stream transport (STST) is a


hypothesis thatmight explain nocturnal movements by juve-

nile salmon (Moore et al., 1998; IRP, 2012). This hypothesis


suggests that juvenile Chinook salmon may tend to move to


high-velocity areas near the centre of the river and out-

migrate on outgoing ebb tides, while moving to near-shore,


low-velocity areas during incoming flood tides. As the


Figure 3. The primary effects from Akaike’s information criterion best models of night-time arrival probabilities for acoustic-tagged juvenile

late fall-run Chinook salmon at the junction of the Sacramento River and the Delta Cross Channel (DCC). Solid lines are the expected effects

for the proportion of time the diel period had negative river flows at the DCC (Prev), the mean daily discharge at Freeport (QF) and the mean

daily water temperature (T). The shaded areas are the regions encompassed by the 95% confidence intervals. Also shown are rug plots of the

observed 0’s and 1’s over the range of the predictors, while the arrows depict the observed mean of the predictor. Other factors in the model


that are not plotted are held constant at the observed mean


Figure 4. The primary effects from Akaike’s information criterion best model of entrainment probabilities for acoustic-tagged juvenile late

fall-run Chinook salmon into the Delta Cross Channel. Solid lines are the expected effects for Sacramento River discharge (Qs) and the rate

ofchange in Sacramento River discharge (ΔQs), and shaded areas are the regions encompassed by the 95% confidence intervals. Also shown

are rug plots of the observed 0’s and 1’s over the range of the predictors, while arrows depict the observed mean of the predictor. Other fac-

tors in the model that are not plotted are held constant at the observed mean
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proportion of the night having negative flows increased 

beyond Prev =0.5, then π̂night approaches 0 rapidly, indicating 

that fish were unlikely to arrive at the DCC (from upstream) 

at night when flood tides encompassed a majority of the diel 

period. The STST hypothesis is supported by the vertical 

migrations of fish and phytoplankton over the tidal cycle 

required to remain in the Delta (Bennett et al., 2002; 

Kimmerer, 2008) and by multiple species that also exhibit 

behaviours consistent with the STST hypothesis (Gibson, 

2003). Our findings show similar support for the STST 

hypothesis as reported by Hering et al. (2010) where 

subyearling Chinook salmon in relatively unaltered habitats 

demonstrated a general preference but not a strict selection 

for movement with tidal flows (Hering et al., 2010). 

Factors other than the tides also influence nocturnal 

movement by juvenile Chinook salmon. Chapman et al. 

(2012) documented greater prevalence of nocturnal move- 

ment (91%; range=57–91%) by juvenile Chinook salmon 

in reaches of the Sacramento River that were far upriver of 

any tidal influence, indicating that factors other than the 

physical effect of upriver flows may also re-enforce the 

behaviour of night-time movement. The prevalence of 

night-time arrival by juvenile Chinook salmon (Figure 2) 

could pose the lower risk and, thus, may represent a behav-

ioural tactic that is selected because of the survival benefit


that night-time travel provides. Night-time movement by


juvenile Chinook salmon may be a strategy to reduce preda-

tion risk (Beeman and Maule, 2006; Olla and Davis, 1990).


Even though upriver tidal flows may create obvious physi-

cal limitations on fish arrival at the DCC, factors such as


predation risk may select for nocturnal movement by


juvenile Chinook salmon independent of upstream flows


from tides.


Thediel activity patterns offishhavebeen shown to interact


with temperature and predation risk (Metcalfe et al., 1998,


1999), and Chapman et al. (2012) also showed variable but


general increases in night-time detections of acoustic-tagged


juvenile late fall-runChinooksalmon in theSacramentoRiver


with increasing temperatures. In our study, π̂night was high and


changed little over the temperature range (8–14 °C), and so


nocturnal movement was prevalent regardless of tempera-

ture. One explanation for the change in ̂πnight with tempera-

ture is that metabolic rates and activity of piscivores will


increase at higher temperatures, and so juvenile Chinook


salmon may favour less-risky night-time movements at


higher temperatures. An alternative explanation is that


Figure 5. Time series offish arrival and entrainment into the DeltaCross Channel (DCC) based onmodelled estimates for (a) night-time (π̂night)

ordaytime (π̂day) arrival probabilities, (b) conditional probabilities offish entrainment given night-time (π̂entrain nightj ) or daytime (π̂entrain dayj ) fish

arrival at the DCC, (c) probabilities of fish arriving at night (π̂night entrain) or day (π̂day entrain) and being entrained into the DCC and (d) the

proportion ofnegative flows during the day ornight. Estimates were obtained from the observed conditions and Akaike’s information criterion


best logistic regression models that were fit to data on acoustic-tagged fish arriving at the DCC junction
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temperatures acted as a proxy for other unmeasured factors 

that also affected π̂night and covaried with temperatures. 

Although the mechanisms that lead to higher π̂night with 

higher temperatures are unclear, night-time movements by 

juvenile Chinook salmon are not solely the result of tidal 

forces and river flows. 

In contrast to our findings for fish arrival at the DCC, day 

or night had little bearing on fish entrainment into the DCC 

with about 20% of fish entrained during day or night. This 

finding is important because our analysis depends on the 

assumption that fish entrainment is independent of time of 

day. However, because most fish arrive at night, time of 

day appears to be the single most important factor influenc- 

ing fish entrainment into the DCC. Opening the DCC during 

daytime when few fish arrive at the DCC but closing the 

DCC at night when most fish arrive at the DCC may allow 

for water diversion while minimizing fish entrainment. 

However, this conclusion should be made cautiously 

because otherfishes ofconcern (e.g. delta smelt, Hypomesus 

transpacificus) may respond differently than juvenile 

Chinook salmon, and fish can still arrive at the DCC from 

the downstream direction during daytime flood tides when 

riverflows at the DCC can be reversed. However, the tagged 

fish that were entrained into the DCC after initially passing 

the DCC were included in our analysis (13%, 19 of 143), 

and so fish entrained into the DCC from the downstream 

direction are not likely to affect this study’s general results 

and conclusions about juvenile Chinook salmon. 

Using the logistic regression models to generate a time 

series of probabilities for fish arrival and entrainment into


theDCC helped to illustrate the difference infish entrainment 

between daytime and night-time arriving fish (Figure 5). If


the DCC had been open during the entire study, then the


average probability of entrainment for night-time arriving


fishwas 14%. In contrast, average probability ofentrainment


for daytime arriving fish was 6%, illustrating a rather large


(57%) difference in the joint probability of arrival and en-

trainment between night-time and daytime gate operations.


This finding makes sense given that this and other studies


have shown that a majority (57–91%) of these fish and other


salmonids tend towards nocturnal movements (Metcalfe


et al., 1999; Chapman et al., 2012). Given that water diver-

sion into the DCC is best facilitated by flood tides that occur


primarily during the day, this study demonstrates how differ-

ences in the temporal distribution of fish can lead to fish 

entrainment in disproportion to the amount water that is 

diverted.


The prevalence for night-time movement by the fish sug-

gests that resource managers may be able to close the DCC 

during night to reduce fish entrainment into the interior


Delta via the DCC and help to improve fish survival (Perry,


2010; Perry et al., 2010, 2013a). Perhaps this study’s 

greatest limitation is that it evaluates fish arrival and 

entrainment at a single river junction for water diversion


into the interior Delta. Just downstream of the DCC is


Georgiana Slough, a natural channel that also diverts water


and fish into the interior Delta (Figure 1; Perry et al., 2010).


As with the DCC, fish entering the slough are directed to


the interior delta and so suffer high mortality. Resource


managers should consider changes to both migration


routing and fish survival when prescribing a particular oper-

ation for water diversion. If operation of the DCC affects the


hydrodynamics or the routing of water that also inadver-

tently increases fish entrainment into the Georgiana Slough


and subsequent mortality, then benefits gained by reducing


fish entrainment into the DCC could be negated (Perry,


2010; Perry et al., 2010, 2013a). Another concern is that


the timing of the tides will shift with the passing of each


decade, so that negative flows that currently prevail during


the day (as in this study) will shift to primarily occur at


night over the next several decades (Cloern and Nichols,


1985). Inasmuch as river flows determine fish arrival, any


DCC operations based on time of day should be considered


in relation to the timing of the tides. Despite these uncer-

tainties, however, the DCC is a major junction that leads


into the interior Delta where fish survival is very poor


(Perry et al., 2010). Given that tidal effects and night-time


fish arrival will be high when river flows are low, night-

time closure and daytime opening of the DCC during the


winter months may represent one of the rare instances when


operational changes may be used to minimize fish mortality


and allow for water diversion.
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