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Abstract
The Fisher Slough Restoration Project, located in the south fork Skagit River tidal delta
near the town of Conway, is intended to help recover the six populations of wild Chinook
salmon present within the Skagit River and its natal estuary. The restoration project was
phased in three parts. Project Element 1, completed in 2009 was to improve fish passage
and tidal inundation to areas upstream of the floodgate and to protect adjacent farmland
from flooding by replacing an existing floodgate with a new floodgate within Fisher
Slough at the Pioneer Highway crossing. Project Element 2 removed a fish passage
barrier and relocated and updated drainage infrastructure that was preventing
implementation of the final restoration Project Element. Project Element 3, completed in
2011, was a dike setback in order to allow more area to be inundated by tidal and
freshwater hydrology, increasing fish carrying capacity, and to provide floodwater
storage. The juvenile Chinook salmon monitoring results related to Project Elements 1
and 3 are presented in this report for all years of monitoring: 2009 – 2013, and 2015.
Now with six years of monitoring data and all restoration elements complete, we answer
five key questions in this report:
1. Did tidal habitat area increase following dike setback restoration at Fisher
Slough? (Chapter 3)
2. Does restoration at Fisher Slough influence water temperature and dissolved
oxygen? (Chapter 4)
3. Is juvenile Chinook salmon presence within Fisher Slough influenced by variable
local environmental conditions, such as water temperature, dissolved oxygen,
depth, and velocity? (Chapter 5)
4. How did floodgate operation vary over the juvenile Chinook salmon monitoring
period for all years? (Chapter 6)
5. Did the dike setback restoration and floodgate operation influence juvenile
Chinook salmon abundance, density, and size? (Chapter 7)
The restoration of freshwater tidal marsh habitat extent and connectivity within Fisher
Slough as a result of the dike setback in combination with current floodgate operation
provided significant benefits to fingerling Chinook salmon rearing in the Skagit River
estuary. In addition to creating 45.9 acres of additional juvenile rearing habitat, the
combined effects of the dike setback and current floodgate operation significantly
changed the seasonal dynamics of dissolved oxygen and water temperature in a way that
provided benefits to estuarine resident Chinook utilizing the full 55.7 acres of habitat on
the site. Dike setback increased water temperature in both magnitude of seasonal
maximum and spatial variation upstream of the floodgate in a way that likely allowed
mobile juvenile Chinook to maximize growth during the spring and early summer
months. We detected an order of magnitude (10×) increase in habitat use by juvenile
Chinook salmon in Fisher Slough upstream of the floodgate, consistent with habitat use
observed at other reference sites throughout the Skagit tidal delta. This increase is
predominantly associated with the dike setback and current operation of the floodgate to
allow fish passage during slack and flood stages of the tide cycle. The combination of
dike setback and current floodgate operation translated to an increase in the smolt
carrying capacity of Fisher Slough by 21,823 estuary rearing Chinook salmon smolts per
year based on all years of monitoring after dike setback.
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Chapter 1: Introduction and Background
Background of the Fisher Slough Restoration Project and study
area
The Fisher Slough Restoration Project, located in the south fork Skagit River tidal delta
near the town of Conway (Figure 1.1), was included in the Skagit Chinook Recovery Plan
(SRSC and WDFW 2005, page 172) as a necessary restoration action to help recover the
six populations of wild Chinook salmon (Oncorhynchus tshawytscha) present within the
Skagit River and its natal estuary. The project was envisioned conceptually to restore 50
to 80 acres of historic riverine tidal zone, which had been put into agricultural use, to a
variety of channel, estuarine wetland, and tributary junction habitats. Since the writing of
the Skagit Chinook Recovery Plan, The Nature Conservancy (TNC) and its partners have
acquired agriculture lands in the project area and designed specific restoration actions for
the study area that were phased in their implementation, over several years, in three
Project Elements (Figure 1.2).
The goal of Project Element 1 was to improve fish passage and tidal inundation to areas
upstream of the floodgate and to protect adjacent farmland from flooding by replacing an
existing floodgate at the Pioneer Highway crossing. The new regulated floodgates are
managed differently during each of three seasonal operations periods in a Water Year:
• Fall/Winter Flood Control Period (October 1 – February 28/29)
• Spring Juvenile Chinook Migration Period (March 1 – May 31)
• Summer Irrigation Period (June 1 – September 30)
Project Element 2 resolved a drainage conflict and fish passage barrier by relocating Big
Ditch to the edge of the project footprint. The Big Ditch culvert was located underneath
Fisher Slough creating a fish passage barrier in Fisher Slough during late summer/early
fall low flows. As part of Project Element 2, Big Ditch and associated drainage
infrastructure were updated and relocated to the edge of the project footprint in order to
improve fish passage and maintain drainage for adjacent and upstream land owners,
while allowing for full dike setback.
Project Element 3 involved a dike setback in order to allow more of the agricultural area
to be inundated by tidal and freshwater hydrology. The new tidal habitat area, following
implementation of Project Element 3, increased from 9.8 acres to 55.7 acres (Beamer et
al. 2013a, Hypothesis 3). Project Element 3 also included re-routing Big Fisher and Little
Fisher Creeks and the excavation of pilot tidal channels within the Smith A and B fields
(now Blind Ch 1 and 2, respectively), and planting in some marsh and riparian areas.
Each of the old fields and the excavated tidal channel within that field is termed a blind
channel lobe. The relocation of Fisher Creek produced a third blind channel lobe (Blind
Ch 3) located upstream of the historic location of the Big Ditch Crossing (Figure 2.1).
Project Element 1 was completed in the fall of 2009. Project Elements 2 and 3 were
started in the summer of 2010 and completed in 2011. Fish monitoring dates within the
context of construction activities and floodgate operational periods are provided in Table
1.1.
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Table 1.1. Timeline of Project Element events, fish sampling periods, and floodgate management
periods at Fisher Slough from 2009 to 2013 and 2015. Fish monitoring was not done in 2014
YR

Month

Project Element 1

Project
Element 2

Project Element 3

2009

Jan
Feb
Mar
Apr
May
June
July
Aug
Sept
Oct

2010

Nov
Dec
Jan
Feb
Mar
Apr
May
June
July
Aug
Sept
Oct

2012

2011

Nov
Dec
Jan
Feb
Mar
Apr
May
June
July
Aug
Sept
Oct
Nov
Dec
Jan
Feb
Mar
Apr
May
June
July
Aug
Sept

Fish
Monitoring

2/27/09
to
8/12/09

Floodgate Management
Period
Fall/Winter Flood Control
Period
Spring Juvenile Chinook
Migration Period

Summer Irrigation Period
New floodgate
installed 9/24/09
to 11/25/09
Fall/Winter Flood Control
Period

2/5/10
to
7/13/10
Out of water work 6/14/10 to 7/21/10
Floodgate disengaged and
in-water work
7/21/10 to 10/21/10

Summer Irrigation Period

Out of water work continued 7/21/10 to
11/24/10

Out of water work 4/12/11 to 6/27/11, work
related to both Project Elements 2 and 3

Spring Juvenile Chinook
Migration Period

Fall/Winter Flood Control
Period

2/10/11
to
6/20/11

Spring Juvenile Chinook
Migration Period

Summer Irrigation Period

Floodgate disengaged and in-water work
6/27/11to 10/31/11, work related to both
Project Elements 2 and 3

Fall/Winter Flood Control
Period

2/14/2012
to
7/24/2012
.
Floodgate disengaged
8/3/12 to 8/20/12 1
Out of water work during
August and September

Spring Juvenile Chinook
Migration Period

Summer Irrigation Period

2015

2013

Oct
Nov
Dec
Jan
Feb
Mar
Apr
May
June
July
Aug
Sept
Oct
Nov
Dec

Fall/Winter Flood Control
Period

2/8/2013
to
8/13/2013

Spring Juvenile Chinook
Migration Period

Summer Irrigation Period

Fall/Winter Flood Control
Period

Jan
Feb
Mar
Apr
May
June
July
Aug
Sept
Oct
Nov
Dec

2/10/2015
to
8/17/2015

Spring Juvenile Chinook
Migration Period

Summer Irrigation Period

Fall/Winter Flood Control
Period

1

Fish exclusion nets were in place periodically from 7/16/12 to 8/2/12 between the downstream side of the
floodgate and the railroad trestle during a BNSF bridge replacement project.
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Figure 1.1. Location of Fisher Slough restoration site. Study area is outlined in yellow. Longterm fish monitoring sites (red triangles) in the Skagit tidal delta were used as reference site data
for some analyses.
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Figure 1.2. Restoration map of Fisher Slough provided by TNC.
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Purpose and monitoring framework of this report
The Fisher Slough Tidal Marsh Restoration: Monitoring and Adaptive Management Plan
(Parametrix 2010) states: the goal of restoration monitoring at Fisher Slough is to
document changes between existing and restored estuarine habitats following
reintroduction of tidal hydrology and reconnection of stream floodplains within the
restoration site. Specifically, the monitoring program is designed to track progress toward
the following primary project objectives:
• Restore the ecological processes and structure to support and maintain a
functional freshwater tidal wetland that supports target species, such as Chinook
salmon;
• Restore and improve freshwater tidal rearing habitat for Chinook salmon;
• Restore fish passage for coho (Oncorhynchus kisutch) and chum (Oncorhynchus
keta) salmon spawning access; and
• Improve flood storage to protect agricultural uses of adjacent properties.
The monitoring program is based upon a conceptual model linking ecosystem processes
to structural conditions and biological responses to those conditions. This annual
monitoring report is the fifth (and final) in a series that focuses on results related to
Objective 2 above – creating freshwater tidal rearing habitat for Chinook salmon.
Juvenile salmon and other tidal delta fishes are hypothesized to re-colonize habitat
restored by the Fisher Slough Restoration Project. Because the sources of salmon (e.g.,
natal or non-natal relative to Fisher Slough and its watersheds) and their life stages vary,
fish passage through the floodgate at Fisher Slough must adequately allow up- and
downstream migration for juvenile salmon and upstream migration for adult salmon.
After implementation of Project Element 1 of the project (i.e., floodgate replacement), an
increase in tidal delta juvenile salmon abundance was expected. It was assumed that
existing channel areas upstream of the floodgate in Fisher Slough would become tidally
influenced (or more tidally influenced) and would be more available to juvenile salmon
originating from areas outside of the Fisher Slough watersheds, through improved access.
The Fisher Slough Restoration Project was expected to achieve two juvenile Chinook
salmon-related objectives: (1) increase the amount of tidal delta habitat area for juvenile
rearing and (2) improve juvenile access to that habitat. The fish-use monitoring is
primarily of a pre- and post-treatment restoration design. Changes in fish use were
expected within the treatment (restored) area following completion of Project Element 3.
Project Element 1, floodgate replacement, occurred in late August 2009. Data collected in
2009, representing the baseline values of fish utilization before floodgate replacement,
are reported in Beamer et al. (2010). Data collected in 2010 and 2011, representing
values of fish utilization in years one and two after floodgate replacement, are reported in
Beamer et al. (2011) and Beamer et al. (2013b).
Project Element 3 of the Fisher Slough Restoration project (i.e., the dike setback) was
intended to increase fish carrying capacity through increasing available habitat. Juvenile
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Chinook salmon carrying capacity of the restored area will be a function of habitat area,
its type and quality as well as its landscape connectivity. Monitoring of the project area
thus required more fish sampling sites than those sampled to evaluate Project Element 1.
Data collected in 2012, representing the first year following the completion of Project
Element 3, are reported in Beamer et al. (2013c). Data collected in 2013 represent the
second year following the completion of Project Element 3, are included in Beamer et al.
(2014). Data collected in 2015 represent the third year following the completion of
Project Element 3 and are included in this report.
Now with six years of monitoring data and all restoration elements complete, we can
answer the following five questions:
1. Did tidal habitat area increase following dike setback restoration at Fisher
Slough? (see Chapter 3)
2. Does restoration at Fisher Slough influence water temperature and dissolved
oxygen? (see Chapter 4)
3. Is juvenile Chinook salmon presence within Fisher Slough influenced by
variable local environmental conditions, such as water temperature, dissolved
oxygen, depth, and velocity? (see Chapter 5)
4. How did floodgate operation vary over the juvenile Chinook salmon
monitoring period for all years? (see Chapter 6)
5. Did the dike setback restoration and floodgate operation influence juvenile
Chinook salmon abundance, density and size? (see Chapter 7)
The answers to all five questions were provided in an earlier report (Beamer et al. 2014)
using data collected 2009-2013. For question 1, the answers were updated in Henderson
et al. (2016) and for convenience the key findings are repeated in this report as chapter 3.
For question 2, the answers in Beamer et al. (2014) remain unchanged, but for
convenience the key findings are repeated in this report as chapter 4. The answers to
questions 3 – 5 have all been updated in this report using data collected 2009-2013, and
2015.

Description of floodgate
The floodgate structure in operation at Fisher Slough during the 2010 through 2015 fish
monitoring period consisted of a self-regulating floodgate system manufactured by
Nehalem Marine Manufacturing that had been installed on an existing concrete headwall
in August 2009. The existing headwall had three openings each measuring 8’9” tall and
11’ wide. Three new aluminum floodgates (one per opening) replaced the old set of
paired wooden, side-hinged doors, and are designed to be held open under certain
conditions to provide additional fish passage and tidal exchange while protecting
upstream areas from flooding. The bottom edge of the openings in the concrete headwall
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(the sill) for both the new self-regulated floodgates and the old doors is at an elevation of
4.3 ft NAVD88.
As in 2009 (i.e., before floodgate replacement), two smaller openings in the concrete
headwall beneath the floodgates remain. These openings are covered with flapgates and
are centered under the middle and south floodgates. Each opening measures 24 inches by
24 inches. The opening under the middle floodgate is covered with a top-hinge flapgate
that opens or closes based on whether water flow is coming downstream (gate open) or
tide is slack or pushing upstream (gate closed). The flapgate under the south floodgate is
controlled by an adjustment arm so it can be propped open or held closed depending on
floodgate management period.
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Chapter 2: Field Methods
Sample timing
A combination of beach seine and fyke trapping methods were used to collect fish at sites
within the study area to coincide with the known juvenile rearing period for Chinook in
the Skagit estuary (Beamer et al. 2010). Sampling was relatively consistent across all
years. The sampling dates are shown in Table 2.1.
Table 2.1. Sampling start and end dates at Fisher Slough for 2009 to 2013 and 2015.
Year
2009
2010
2011
2012
2013
2015

Sampling Start Date
Feb 27
Feb 5
Feb 10
Feb 14
Feb 8
Feb 10

Sampling End Date
Aug 12
Jul 13
Jun 20
Jul 24
Aug 13
Aug 17

Sampling was conducted once per month in February and then twice per month (March
through the end of the summer) to be consistent with the monitoring design of long term
juvenile Chinook monitoring in the Skagit estuary (Greene and Beamer 2006). The end
date of the fish sampling varied each year during the first four years of monitoring (2009
through 2012) from June to August according to the restoration construction activities
occurring in each year and the floodgate operation related to those activities.
Seven environmental variables were collected at each site on each sampling date: water
temperature, salinity, dissolved oxygen, water velocity, vegetation, substrate, and the
depth of the water sampled. We did not include salinity, vegetation, and substrate results
in our analysis of Chinook presence (Chapter 5) because they did not vary enough
spatially or temporally to potentially influence juvenile Chinook salmon within Fisher
Slough.

Site selection
Fish monitoring sites were selected downstream and upstream of the floodgate to
represent the habitat types and spatial diversity found within the project area (Figure 2.1).
The locations of fish sampling sites were selected to compare the fish assemblage above
the floodgate, including the new marsh areas, to that below the floodgate. Sampling in
2012 represents the first year after Project Element 3 was completed at Fisher Slough.
Three blind channel lobes were created from the dike setback and main channel
relocation. The existing sites along the main channel of Fisher Slough
(upstream/downstream of floodgate), the reference blind channel site, and the site at Tom
Moore Sl Upper Area were sampled in the same way (including tidal stage) in 2009-2013
and 2015 in order to not bias year to year comparisons. See Beamer et al. (2010) for
details on site selection methods. Two sites (Fisher Sl Inside s6 and s7), located in the
main channel area upstream of the floodgate, were sampled in 2009 through 2011. These
two sites were dropped from the sample plan in 2012 in order to allow more time for
sampling in the new blind channel lobes.
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Blind channel (Ch) lobes 1 and 2 (located in the old Smith A and Smith B fields,
respectively, Figures 1.2 and 2.1) are new habitat as a result of the dike set-back, and
were sampled in 2012, 2013 and 2015. Sampling transects were designed in each lobe,
with transect lines running roughly west to east at 50 meter intervals. Each lobe was
further divided into west and east sections, with the new blind channel being the dividing
line between them. There were 12 possible sampling areas in Blind Ch 1 and 16 in Blind
Ch 2 (Figure 2.1). Microsoft Excel software random number-generator was used to select
three transects to seine in each lobe for each sampling day, with two sets made along
each transect line (six sets per lobe per sampling day for a total of 12 sets per day). Figure
2.2 shows actual sites sampled each year. Water surface area in blind channel lobes 1 and
2 varies with changes in tidal stage, Skagit River discharge, gate closure setting, and
tributary discharge. The sampling within these lobes started at low tide on each sampling
day, but even at low tide, much of each lobe was flooded beyond the channel margin.
Thus, the randomly selected sites included shoreline edge and open water beach seine
sets, collecting fish density results from all habitat types (Figure 2.3).
Low water conditions in the Skagit River and its tributaries during the second half of
2015 required us adapt the random site selection and sampling protocol for Blind channel
lobes 1 and 2. There was not enough water covering the new blind channel lobes at low
slack tide or the high tide during the neap tide weeks to beach seine. The available
sample area of Blind Ch 1 was limited to the excavated channel and flooded areas within
approximately 50 meters either side of the channel. Blind Ch 2 had a bit more water but it
was contained within the center of the lobe. Also during the summer of 2015, vegetation
abundance and height also played a part in the changing sampling plan. Sample sites
randomly selected by computer could not always be sampled due to too much vegetation.
New sample areas were chosen on site that had less than 50% of the area seined
containing vegetation. The location of each set was recorded by GPS and a corresponding
site name was determined in the office based on the grid shown in Figure 2.1. The lack of
water and increased vegetation limited the spatial extent of sampling compared to 2012
and 2013.
Blind Ch 3 resulted from relocating the main channel to the south. This lobe is much
smaller, with only three transect lines on a grid of approximately 50 meters. The site
Fisher Sl Inside s5, which was sampled in the 2009-2011 monitoring effort, is located in
this section and was sampled each time seining was done in this lobe, along with one
randomly selected transect area in 2012, 2013 and 2015 (two sets per sampling day).
The site location for the continuous read data loggers measuring dissolved oxygen (DO),
water surface elevation (WSE) and water temperature had been previously established by
TNC at Downstream Floodgate, Upstream Floodgate and in Blind Ch 3 (formerly Big
Ditch Crossing) and were continued at the same locations. Floodgate door openness was
measured at the floodgate headwall and also continued at this location. New logger sites
in Blind Ch 1 and 2 and at Upper Main Channel, located upstream of the historic Big
Ditch Crossing, were established in 2012.
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Figure 2.1. Location of fish monitoring sites at Fisher Slough (Sl). Blue dots are beach seine sites sampled 2009-2011, yellow dots are beach seine
and fyke trap sites sampled 2009-2013 and 2015. Blind channel sampling transects (black lines with red dots at either end) were sampled with
beach seines in 2012, 2013, and 2015.

14

Figure 2.2. Actual sample locations within Blind Ch 1 and Blind Ch 2 in 2012, 2013, and 2015.
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Fish sampling
Each fish sampling event in 2012, 2013, and the first part of 2015 (February to early
May) took two days to complete because of the varied tides necessary to complete
sampling at each site. The first day sampling was in the main channel sites up- and
downstream of the floodgate, including the reference blind channel site and Tom Moore
Sl Upper Area. In 2009 through 2013 and in 2015 beach seine sampling at these sites
occurred at high slack tide and the first half of the ebb tide, starting with the downstream
sites and working upstream. The second sampling days for 2012, 2013, and early 2015
occurred in the new blind channels, sampling at low slack tide and the first portion of the
flood tide of the neap tide.
Due to the low water level conditions that occurred in the late spring and summer of 2015
(described in the Site Selection section above) all areas were sampled on the same day
starting on May 19, 2015. The crew would set the fyke trap at high tide, sample in the
main channel area and then sample in the blind channel lobes.

Beach seine
Beach seining in the main channel areas
Small net beach seine methodology was used to sample inside Fisher Slough as well as at
the adjacent site downstream of the floodgate at Tom Moore Slough Upper Area (Figure
2.1). Small net beach seine methodology uses an 80-ft (24.4 m) by 6-ft (1.8 m) by 1/8inch (0.3 cm) mesh knotless nylon net. The net is set in “round haul” fashion by fixing
one end of the net on the beach, while the other end is deployed by setting the net
“upstream” against the water current, if present, and then returning to the shoreline in a
half circle. Both ends of the net are then retrieved, yielding a catch. The small net beach
seine is usually deployed from a floating tub that is pulled while wading along the
shoreline, but because of the greater water depth at the Fisher Slough main channel areas,
a small skiff was used to pull the tub while setting the net at most of the sites along the
main channel. The average beach seine set area was 96 square meters.
Beach seining in the new blind channel areas
Sampling in the new habitat area in Blind Ch 1 and 2 was conducted along the randomly
selected transect lines (as described in Site Selection above). Two styles of the small net
methodology were used while sampling. The edge of the lobe along the perimeter dike
was sampled according the methods described above for the main channel areas; the net
was deployed from the tub by wading along the shoreline, with an average beach seine
set area of 96 square meters. In the open water area in the middle of the blind channel
lobes, the net was deployed from the tub while wading through the water, setting the net
in a semi-circle. Both ends of the nets were then brought together and the net was pursed
up, yielding the catch. The average beach seine set area in the open water sets was 125
square meters. An example of each method is shown in Figure 2.3.
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Figure 2.3. Small net beach seine along the shoreline edge at Fisher Slough Blind Ch 2 (upper
photo); small net beach seine open water round haul at Fisher Slough Blind Ch 1.
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For each set, the fish were identified and counted by species and individual fish lengths
were measured. When one set contained 20 individuals or less of one species, all
individual fish were measured at each site/date combination. For sets larger than 20
individuals of one species, 20 individuals were randomly selected for length samples. All
the fish were returned alive to the Slough, with the exception of hatchery-origin salmon
with coded-wire tags embedded in their snouts. These fish were sacrificed in order to
read the tags. The catch data from the six beach seine sets in each blind channel lobe
were totaled and reported by day. Freshwater mussels were counted as they are suggested
biomonitors, an indicator species for clean water (Nedeau et al. 2009). Juvenile Chinook
catch data are used for analysis in this report; the catch results for all species sampled in
2015 are reported in Henderson (2016).
The time and date of each set was recorded as was the percent of set area (the area that
the net covers compared to setting in a perfect half circle), and all environmental
variables were measured (see next section) with the exception of WSE. Water surface
elevation was determined from data recorded by continuous-read data loggers located in
the six sub-areas.

Fyke trap
In 2009 through 2013, and 2015 a fyke trap was used to sample a blind channel that
enters Fisher Slough approximately 55 meters downstream of the floodgate on the right
bank (Fisher Sl Blind Ch, Figure 2.1). The fyke trap is constructed of 1/8-inch (0.3 cm)
mesh knotless nylon net with a 2-ft (0.6m) by 9-ft (2.7m) cone sewn into the opening to
collect fish draining out of the blind channel site. This trap is set in place at high tide and
fished through the ebb tide, yielding a catch. The fish were identified and counted, and
environmental data were collected, as was done for beach seine sets (see above). Beach
seine and fyke trap efforts are shown in Table 2.2.
Table 2.2. Beach seine and fyke trap sampling effort, by site, Strata (location relative to the
floodgate) and Strata2 (six sub-area sampling regions) at the Fisher Slough study area.
Strata2

Upstream of floodgate

Strata

US FG Main
Channel

US FG Blind 1
US FG Blind 2

Downstrea
m of
floodgate

US FG Blind 3
DS FG Main
Channel
DS FG Ref
Blind

Number of beach seine or
fyke trap sets per
sampling date

Years Sampled

Fisher Sl Inside s1
Fisher Sl Inside s2
Fisher Sl Inside s3
Fisher Sl Inside s4
Fisher Sl Inside s6
Fisher Sl Inside s7

1
1
1
1
1
1

2009-2013, 2015
2009-2013, 2015
2009-2013, 2015
2009-2013, 2015
2009-2011
2009-2011

Fisher Sl B1 (all random)
Fisher Sl B2 (all random)
Fisher Sl B3 (Fisher Sl Inside s5, nonrandom)
Fisher Sl B3 (random)

6
6

2012-2013, 2015
2012-2013, 2015
2012-2013, 2015

Fisher Sl Tidegate Outside S

1

2012-2013, 2015
2009-2013, 2015

Tom Moore Sl Upper Area

2

2009-2013, 2015

Fisher Sl Blind Ch

1

Location/Site

1
1

2009-2013, 2015
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Fish density estimates
For juvenile Chinook salmon sampled by beach seines, the density of juveniles for each
set (the number of fish divided by set area) was calculated.
For the fyke trap site, juvenile Chinook salmon catch numbers were adjusted by trap
recovery efficiency (RE) estimates derived from five mark-recapture experiments using a
known number of marked fish released upstream of the trap at high tide. Recovery
efficiency estimates are unique to each site and are related to hydraulic characteristics of
the site during trapping. At the Fisher Slough site, the change in water surface elevation
during trapping (a measurement of how well the channel drains) explained the RE results,
which varied between 2.3% and 38.9% over all years (2009-2013, 2015). The RE results
were used to convert the “raw” juvenile Chinook salmon catch to an estimated population
size within the channel network upstream of the fyke trap on any sampling day. The REadjusted Chinook salmon catch was divided by the bankfull channel area of the blind
channel network upstream of the trap to calculate a juvenile Chinook salmon density. The
extent of the blind channel network upstream of the trap was determined in the field. To
calculate bankfull channel area, a channel polygon was digitized over high resolution
orthophotos and GIS was used to calculate the area of the polygon. The bankfull channel
area associated with the fyke trap site is 1,367 m2.

Environmental variables
Differences in local environment might influence fish use of sites upstream and
downstream of the floodgate independent of how the floodgate operates for fish passage.
Thus, selected environmental variables were measured at each site at the time of beach
seining or fyke trapping in order to assess their potential influence on fish results (e.g.,
presence, seasonality) across sites in the study area. Data loggers continuously recorded
water surface level, water temperature and/or dissolved oxygen at the bottom of the water
column at six sites, both up- and downstream of the floodgate. The Solinst data loggers
used to record water surface level and water temperature measure absolute pressure
(water pressure + atmospheric pressure). The barologger, which records barometric
pressure and air temperature, is used to compensate these readings for atmospheric
pressure fluctuations recorded by the water surface level logger, with the resulting data
being expressed as water level. Each logger was surveyed to determine the elevation of
the logger. This logger elevation, added to the compensated water level, equals ‘water
surface elevation’. The location of the data loggers is shown in Figure 2.4.
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Figure 2.4. Data logger locations at Fisher Slough in 2012, 2013 and 2015. In addition to the data
loggers shown in the photo, inclinometers were used to measure door openness on each of the
three floodgate doors.

Water temperature
Water temperature was measured by spot measurement methods. A YSI Professional Plus
Model meter was used for spot measurements, which were taken at each beach seine or
fyke trap site during sampling. Two readings were taken, just below the water surface and
at the bottom of the water column, within the set area.

Dissolved oxygen
Dissolved oxygen (DO) was measured by spot measurement methods. A YSI
Professional Plus Model meter was used for spot measurement readings of DO levels
(mg/L) which were taken at each beach seine or fyke trap site during sampling. Two
readings were taken at the surface and bottom of the water column of the areas seined,
and at the fyke trap site. The average value of the DO at the surface and bottom of the
water column is reported for each site. The YSI Professional Plus DO meter was
calibrated each day prior to use.

Water depth
The maximum water depth at each beach seine set was measured in meters using a
calibrated measuring rod. The maximum depth at the fyke trap was taken from the
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relative water surface elevation staff gage, located just upstream of the fyke trap (Figure
2.1), at the time the trap was deployed each sampling day.

Water velocity
Velocity was measured in feet per second at each beach seine site using a Swoffer Model
2100 flow meter. Four measurements were taken near the surface of the water across the
area seined after the set was made and the average value of these readings was reported
for each site/date combination.

Floodgate operations and fish passage opportunity
Our hypothesis is that abundance of juvenile Chinook salmon upstream of the floodgate
at Fisher Slough are a function of how the floodgates operated before the dates when fish
sampling occurred. If fish passage opportunity is good and many fish are available to
migrate upstream, then we hypothesize that many fish have the opportunity to get
upstream of the floodgate and our catches should be high. The opposite would be true if
fish passage is poor. We break our concept of fish passage down into a decision diagram
to quantify fish passage opportunity based on measurements taken at floodgates (Figure
2.5).

Figure 2.5. Decision diagram to assess fish passage potential through the Fisher Slough floodgate.
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Based on Figure 2.5, we end up with fish passage opportunity variables divided by two
tidal stage categories: ebb and non-ebb (i.e., flood and slack tide). The non-ebb variables
relate to how long or wide floodgate doors are open during the period of non-ebb tide
stage. The non-ebb fish passage opportunity includes part of flood tides and low slack
tide. The ebb fish passage opportunity variable relates to how long ebb water current
velocity is less than literature values (0.89 ft/sec and 1.1 ft/sec) for juvenile salmon
swimming capability. The 0.89 ft/sec level is the critical fatigue swimming speed for
small Chinook fry (Flagg and Smith 1979). The 1.1 ft/sec level is a recommended
maximum water velocity for structures like floodgates to enable salmon fry less than 60
mm in fork length to migrate upstream (Bates 1999, cited in Giannico and Souder 2005).
Each variable was recommended for use at Fisher Slough as part of its floodgate
monitoring program (Beamer and Henderson 2012, 2013). Beamer et al. (2014) examined
juvenile Chinook response to all four ebb and non-ebb variables for upstream fish
passage opportunity and only found statistical support for how long floodgate doors are
open during the period of non-ebb tide stage expressed as a percentage of 1 week. Thus,
statistical analyses in this report of juvenile Chinook salmon response for all years (20092013, and 2015) of floodgate operation data we only included candidate variables related
to the length of time floodgate doors are open during the non-ebb period and dropped
analyses of floodgate door openness and water velocity during the ebb tide stage.
To determine the period of floodgate operation that should be matched with our everyother-week fish catch data, we considered how long individual juvenile Chinook salmon
live in 1) large river deltas on average and 2) tidal channel complexes the size of the
Fisher Slough restoration area. Fortunately, two Skagit River estuary studies exist for this
purpose. Based on otoliths, individual juvenile Chinook salmon rear in the Skagit River
tidal delta on average for a month, but they can move around within the estuary in shorter
time periods (Beamer et al. 2000). Congleton et al. (1981) found juvenile Chinook
salmon to rear in tidal channel networks of a smaller size than the Fisher Slough
Restoration area for a period of 3-6 days. Since the Fisher Slough Restoration area is
larger than the Congleton study sites but much smaller than the Skagit River tidal delta,
we summarized floodgate operation data in three ways as a proxy for possible fish
passage conditions experienced at the Fisher Slough floodgate and used a model selection
process to determine which, if any, had an influence on juvenile Chinook response
upstream of the floodgate. Floodgate operation variables consisted of the total number of
hours floodgate door(s) were open during the non-ebb period over a specified period of
time (1, 5, or 15 days) prior to a sampling event (Table 2.3). Floodgate operation data for
all fish monitoring years were available from the Fisher Slough Floodgate report series
(Beamer and Henderson 2012, 2013; Henderson and Beamer 2014, 2016), Beamer et al.
(2010), and Beamer et al. (2011).
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Summary of analytical approach
From the data described in the previous sections, we summarized all results (e.g.,
Chinook salmon, environment, floodgate operation) into 19 different variables. Table 2.3
gives a description for each variable, its type (e.g., spatial, temporal, environmental,
Chinook salmon, etc.), and how it is used in statistical tests. For statistical tests, variables
are categorized as dependent, factor, or covariate:
• A dependent variable is what you want to examine in a statistical test (i.e.,
response). Dependent variables are continuous and numeric.
• A factor is one or more categorical variables (grouping variables) that split the
dataset into two or more groups. Factors are hypothesized to affect the dependent
variable.
• A covariate is a quantitative independent variable that adds variability to the
dependent variable.
The combination of all our data yielded a total of 1,078 possible records for all
combinations of site and date. All, or subsets of, the records are used in statistical
analyses described in later chapters of this report.

Environmental and floodgate analyses
We used analysis of variance (ANOVA) as our general analytical approach for
environmental and floodgate analyses (Chapters 4, 5, and 6) to test for mixed effects
(factor and covariate) on selected dependent variables. Pairwise testing was used for
comparison between groups. Statistical analysis was done with the software package
SYSTAT 13.
The procedure was to run initial ANOVA models with all possible factors and covariates
and then eliminate variables that were not statistically significant to the 0.05 level, then
re-run the model. The final models, therefore, tested only the significant factors and their
interactions. We conducted pairwise analyses on factors or interaction results of interest
that were significant at the 0.05 level. For graphically-displayed results, we present
boxplots of the groups used in the ANOVA model. The groups are based on factors
within the model and their interactions.
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Chinook salmon analyses
We used a combination of general linear models (GLMs) and general additive models
(GAMS) in the R software (R Development Core Team 2012) to analyze juvenile
Chinook abundance data. GLMs were used because of the non-normal distribution of
errors associated with the data, and the ease in which complex error structures can be
incorporated into GLMs. In chapter 7 we examined the relationship between juvenile
Chinook abundance in the entire area upstream of the floodgate in Fisher Slough and the
effect of the dike setback, floodgate operation, and the abundance of Chinook fry
migrants using generalized additive models (GAMs). GAMs allow for incorporation of
non-parametric smoothers to be applied to model covariates such as time. In this case, to
account for the non-linear seasonal dynamics of juvenile Chinook migration timing, we
applied a cubic regression spline smoother to sampling event. This allowed us to focus
solely on the effects of dike setback, floodgate operation, and the abundance of Chinook
fry migrants on total juvenile Chinook observed in the habitat area upstream of the
floodgate. We then ranked performance of each candidate model primarily using the biascorrected Akaike information criterion (AICc) (Burnham and Anderson 2002). Models
were ranked in order of increasing delta AICc (delta). Complementary to using AICc for
model selection, we also utilized ‘explained deviance’ to test how much of the variability
in observed data was explained by predictor variables included in each model. In addition
to ‘explained deviance’ and degrees of freedom (df), the following results are reported in
Chapter 7 for AIC analyses:
• AICc is the bias-corrected Akaike information criterion value. The lowest AICc
value is best.
• Delta is simply the change in AICc of each candidate model reported in the table
relative to that of the top model with the lowest AICc.
• Akaike weight is AIC weights over all models containing a specific variable to
estimate the overall strength of evidence for each predictor variable on a scale of
0 to 1. Higher values in the set reported are best.
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Table 2.3. List of variables used for analysis.
Variable Type

Variable Name

Description

Use in Statistical
Model

Restoration treatment

Dike Setback

Before or after dike setback restoration

Factor

Strata
Spatial

Strata2

US FG (upstream of floodgate)
DS FG (downstream of floodgate)
The six sub areas up or downstream of floodgate: DS FG Main Channel, DS FG
Ref Blind, US FG Blind Ch 1, US FG Blind Ch 2, US FG Blind Ch 3, US FG
Main Channel

Site

Temporal

Site environment

Factor
Factor

The individual sites within Strata and Strata2

Replicates for
Strata or Strata2

Week

Week when sample was collected

Covariate or factor

Month
Year

Month when sample was collected
Year when sample was collected

Covariate or factor
Factor

Sampling event

Unique sampling event each year. Combination of month and the first or second
sampling event of that month

Covariate or factor

MaxWaterDepth (m)

Maximum water depth in meters at time of fish sampling

Dependent

Surf Vel (ft/s)

Water velocity just under the surface at time of fish sampling in feet per second

Dependent

Surf Temp C
Surf DO (mg/L)

Water temperature just under the surface at time of fish sampling in degrees
Celsius
Water dissolved oxygen just under the surface at time of fish sampling

Dependent
Dependent

Floodgate Operation
Upstream juvenile Chinook passage opportunity

TotalhoursFloodgateOpen_1
TotalhoursFloodgateOpen_5
TotalhoursFloodgateOpen_15

Total number of hours floodgate door(s) were open during the non-ebb period
over a specified period of time (1, 5, or 15 days) prior to a sampling event

Covariate or
Dependent

Biotic control

Chinook fry migrants

Number of Chinook fry migrants estimated in the Skagit tidal delta during the
week prior to a sampling event, calculated as annual outmigration estimates
(Table 7.1) multiplied by weekly timing (Figure 7.1)

Covariate

CK0+ Present

Subyearling Chinook salmon present (yes) or not present (no)

Factor

CK0+ Density (fish/ha)

Subyearling Chinook salmon density expressed as fish per hectare of wetted area

Dependent

Chinook abundance

Total number of subyearling Chinook salmon per Strata2 by sampling event

Dependent

Juvenile Chinook salmon
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Chapter 3: Habitat Area Following Restoration
In this chapter we answer the question:
Did tidal habitat area increase following dike setback restoration at Fisher Slough?

Analysis methods
Post restoration area was determined by digitizing an area polygon at 9.5 ft NAVD88 using
elevations determined by LiDAR and GIS. To calculate channel habitat area, we digitized a
channel polygon using high resolution orthophotos and GIS.

Results
Following the completion of Project Element 3, the dike setback restored 45.9 acres of land
below 9.5 ft NAVD88 (Mean Higher High Water (MHHW) for the site) to tidal inundation in
addition to the pre-existing 9.8 acres, for a total of 55.7 acres (Figure 3.1). The 55.7-acre figure
was calculated by summing the acreage of the pre-restoration wetland (9.8 acres) with the postrestoration acreage inundated at the 9.5-ft elevation (45.9 acres). There are some high islands
within the restoration site tidal floodplain that add up to about 1.6 acres. The site perimeter
appears to coincide with the tops of the dikes, but the 9.5-ft elevation line is near the base of the
dikes. While the distance between these two lines is small and appears insignificant, the area
sums up to approximately 2.6 acres. These two areas equal 4.2 acres, accounting for a total area
of 60.0 acres. The change in channel length is 2,975 m (9,760 ft) in 2013 to 4,490 m (14,730 ft)
in 2015 (see Table H7-1 of Henderson et al. 2014). The change in channel area is 2.1 ha (5.2
acres) in 2013 to 2.3 ha (5.8 acres) in 2015 (see Table H7-1 of Henderson et al. 2014).

Figure 3.1. Site elevations. The white outline shows 45.9 acres of restored tidal plain that floods up to 9.5
ft NAVD88 (MHHW for this site). This, in addition to the pre-existing tidal marsh of 9.8 acres, equals
55.7 acres of tidal floodplain. Figure from Henderson et al. (2014)
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Chapter 4: Water Temperature and Dissolved Oxygen
after Restoration
In this chapter we answer the question:
Does restoration at Fisher Slough influence water temperature and dissolved oxygen?
The answer is not gained by simply measuring water temperature and DO at Fisher Slough
before and after restoration. In fact, the season, as well as environmental conditions occurring
outside the Fisher Slough project area, have strong influences on water temperature and DO
within Fisher Slough in addition to restoration (dike setback) and floodgate operation effects.
The specifics of how water temperature and dissolved oxygen are influenced by restoration and
floodgate operation and external factors has been documented in Beamer et al. (2014) and are
included in the discussion section below.
The main objective of this report chapter is to show how 2015 differed from the other years. We
do this by providing statistical analyses of our longest-term datasets – 1) maximum daily
temperature and 2) minimum daily DO – that are variables thought to influence juvenile Chinook
salmon. Analyses in this chapter are presented and discussed first for water temperature and then
for dissolved oxygen.

Temperature
Results - Maximum daily water temperature upstream of floodgate
We updated analyses of maximum daily water temperature upstream of the floodgate with 2015
results. Maximum daily temperature is from the data logger located upstream of the floodgate
(Figure 2.4). We used ANOVA methodology to determine whether any combination of year and
month influenced maximum daily water temperature upstream of the Fisher Slough floodgate.
The updated model used 1,273 records of maximum daily temperature, has an R2 of 0.92, and
found strong influences on maximum daily water temperature by year and month (Table 4.1;
Figure 4.1 and 4.2). Over all months, maximum daily water temperature upstream of the Fisher
Slough floodgate in 2015 was 2.5 to 5.9 °C warmer than every other year (Table 4.2).
Table 4.1. ANOVA significance results for maximum daily water temperature recorded by
continuous-read loggers upstream of the floodgate for all years. P-values significant at the 0.05
level are bolded.
Variable type
Factors
Interactions
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Variable
Year

p-Value
<0.001

Month
Year*Month

<0.001
<0.001

Table 4.2. Pairwise results of maximum daily water temperature and year using Tukey's HSD
Test. P-values significant at the 0.05 level are bolded.
Year (i)

Year (j)

Difference

p-Value

2009
2010
2011
2012
2013

2015
2015
2015
2015
2015

-3.817
-4.392
-4.709
-5.907
-2.459

<0.001
<0.001
<0.001
<0.001
<0.001

95% Confidence Interval
Lower
Upper
-4.322
-3.312
-4.897
-3.887
-5.214
-4.205
-6.411
-5.402
-2.964
-1.954

Figure 4.1. Boxplot of maximum daily water temperature upstream of the Fisher Slough
floodgate by year. Boxes show median, 25th and 75th percentiles. Whiskers show the 5th and 95th
percentiles. Stars are observations that are still within the full distribution. Circles (if present) are
outliers, i.e., observations outside the statistical distribution.
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Figure 4.2. Boxplot of maximum daily water temperature upstream of the Fisher Slough
floodgate by year and month. Boxes show median, 25th and 75th percentiles. Whiskers show the
5th and 95th percentiles. Stars are observations that are still within the full distribution. Circles (if
present) are outliers, i.e., observations outside the statistical distribution.

Discussion
External factors
There is a strong seasonal influence on water temperature which is expected and well known.
Water temperature increases by month over the monitoring time period: February through
August. River and tributary flow and temperature are strong covariates in our Fisher Slough
temperature analyses. Both river and tributary water likely have some influence on water
temperature within Fisher Slough. We cannot say for sure which water source is the best
predictor of temperature (Skagit River or Carpenter Creek/Hill Ditch) because the data are so
highly correlated; it is therefore difficult to determine the additive contribution of each water
source to Fisher Slough temperature. River variables are slightly better at predicting Fisher
Slough temperature, likely because there is more river water in the system. River water tends to
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be colder than tributary water (Figure 4.3). Also, the period when water temperature is high is
the same period when tributary inflow is lowest. This suggests that Skagit River water has a
stronger influence on water temperature than does tributary inflow during these high-temperature
months. Analysis of our most temporally extensive water temperature dataset documents annual
differences in temperature at Fisher Slough also exist, further supporting the idea that annual
variation in river flow, weather, and other factors all play a role in temperature conditions within
Fisher Slough.
Restoration influence
Dike setback restoration influenced water temperature in Fisher Slough. However, the changes in
temperature are complex, involving both heating and cooling influences as a result of dike
setback.
Heating effects include a new source of warm water after restoration from the dike setback area
(blind channel lobes 1 and 2). This makes sense because the new tidal marsh habitat in the dike
setback area is shallow and largely unshaded. During spring and summer months, solar radiation
during daylight hours can easily warm water in these areas at a higher rate than water in the
deeper channels with riparian vegetation. Thus, we found both daytime water surface
temperature (spot check) and maximum temperature over two-week periods (continuous-read
logger) to increase after dike setback.
Dike setback cooling effects at Fisher Slough are likely due to the increased volume of water
tidally inundating the large setback area on a diurnal basis. Most of the water filling this area is
from the Skagit River, which is colder than the tributary water entering Fisher Slough from
upstream sources during late spring and summer months (Figure 4.3). Thus, using data from
continuous-read loggers, we found dike setback decreased average water temperature in Fisher
Slough upstream of the floodgate, likely because of the much larger volume of water and the
cooling effect of night time tides. Average logger temperature is our best measurement of
average temperature at Fisher Slough because it accounts for day and night time measurements.
Floodgate influence
Floodgate operation influences water temperature in Fisher Slough. All temperature models
selected at least one floodgate operation variable as a significant covariate. The model
coefficients for all floodgate operation variables were always negative. This means the longer
floodgate doors are closed, the warmer the water gets upstream of the floodgate in spring and
summer periods. Given that our analysis detects a significant influence on water temperature by
floodgate operation, keeping the floodgate doors open as long as possible can help mitigate for
times of high temperature in Fisher Slough. During the summer floodgate operation period
(when temperatures are highest) the management strategy is to have the floodgates open 100% of
the time
Recommendations
We recommend that special attention be paid to actual floodgate operation (e.g., doors remain
open) during times when (a) water temperature can approach or exceed the lethal limit for
juvenile Chinook salmon, and (b) juvenile Chinook salmon are still present. We also recommend
that maintenance requiring floodgates to close be done (a) after times when water temperature
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has peaked, (b) when flows are still low, and (c) when juvenile Chinook salmon are not present.
This window mostly likely occurs in September of each year.

Figure 4.3. Comparison of water temperature and dissolved oxygen between Skagit County water quality
monitoring sites in the South Fork Skagit River and Hill Ditch/Carpenter Creek (Skagit County Public
Works 2013).
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Dissolved oxygen
Results – Minimum daily DO upstream of the floodgate
We updated analyses of minimum daily DO upstream of the floodgate with 2015 results.
Minimum daily DO is from the data logger located upstream of the floodgate (Figure 2.4). We
used ANOVA methodology to determine whether any combination of year and month influenced
minimum daily DO upstream of the Fisher Slough floodgate after dike setback. The updated
model uses 358 records of minimum daily DO, has an R2 of 0.31, and finds strong influences on
minimum daily DO by year and month (Table 4.3; Figures 4.4 and 4.5). Over all months
minimum daily DO upstream of the Fisher Slough floodgate in 2015 was 1.3 mg/l lower than in
2012 but not significantly different than in 2013 (Table 4.4).
Table 4.3. ANOVA significance results for minimum daily DO recorded by continuous-read
loggers upstream of the floodgate for years after dike setback. P-values significant at the 0.05
level are bolded.
Variable type
Factors
Interactions

Variable
Year

p-Value
<0.001

Month
Year*Month

<0.001
<0.001

Table 4.4. Pairwise results of minimum daily DO and year using Tukey's HSD Test. P-values
significant at the 0.05 level are bolded.
Year (i)

Year (j)

Difference

p-Value

2012
2012
2013

2013
2015
2015

0.728
1.306
0.579

0.038
<0.001
0.117
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95% Confidence Interval
Lower
Upper
0.045
1.411
0.659
1.953
-0.092
1.249

Figure 4.4. Boxplot of minimum daily DO upstream of the Fisher Slough floodgate by year.
Boxes show median, 25th and 75th percentiles. Whiskers show the 5th and 95th percentiles. Stars
are observations that are still within the full distribution. Circles (if present) are outliers, i.e.,
observations outside the statistical distribution.

Figure 4.5. Boxplot of minimum daily DO upstream of the Fisher Slough floodgate by year and
month. Boxes show median, 25th and 75th percentiles. Whiskers show the 5th and 95th percentiles.
Stars are observations that are still within the full distribution. Circles (if present) are outliers,
i.e., observations outside the statistical distribution.
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Discussion
External factors
There is a strong seasonal influence on DO, which is expected and well known. Generally,
dissolved oxygen levels at Fisher Slough are higher in the spring and decrease during the
summer and early fall (Beamer et al. 2014). Strong correlation between the river and tributary
data used as potential covariates in our models for DO mean we could not use data from both
river and tributary in the same model. Clearly, both river and tributary water is influencing DO
within Fisher Slough because both water sources mix within Fisher Slough. However, the
models using tributary covariates for DO were slightly statistically better than models using river
covariates, so our model results use tributary flow and tributary DO as predictors of Fisher
Slough DO. Tributary flow and DO were not strongly correlated. Our models found higher
tributary flow equates to lower DO water in Fisher Slough in months when DO is seasonally
low. This makes sense because Carpenter Creek is the source of the lowest DO water influencing
Fisher Slough, with DO sometimes as much as 6 mg/L lower than the South Fork Skagit River
(Figure 4.3). Higher tributary DO equates to higher dissolved oxygen water in Fisher Slough.
Analysis of our most temporally extensive DO dataset documents annual differences in DO at
Fisher Slough also exist, further supporting the idea that annual variation in river flow, weather,
and other factors all play a role in DO conditions within Fisher Slough.
Restoration influence
Dike setback restoration influenced dissolved oxygen in Fisher Slough (Beamer et al. 2014).
Like the water temperature results, dike setback effects on DO are complex. Dissolved oxygen
measured in daytime hours improved (i.e., increased) after dike setback at Fisher Slough. Based
on continuous-read logger data that capture daytime and nighttime conditions, dike setback did
not change the overall average DO for Fisher Slough but it did reduce minimum DO. At face
value, these results seem to conflict with each other; however the different results are likely
driven by day/night and tidal differences in DO.
Dike setback effects on Fisher Slough water surface DO in daytime are likely due to the
increased volume of water tidally inundating the large setback area on a diurnal basis. Most of
the water filling this area is from the Skagit River, which has higher DO than the tributary water
entering Fisher Slough from upstream sources during late spring and summer months (Figure
4.3). Dissolved oxygen measured in daytime hours might not represent the full range of DO
conditions because of bacteria, algae, and vascular plants living in Fisher Slough, including the
dike setback area. During the day photosynthesis over this area could increase DO, while
respiration would decrease it at night.
Continuous-read logger data suggests there is no overall change in average DO between location
relative to the floodgate (i.e., Strata) or after dike setback, but there is a reduction in minimum
DO after dike setback (Beamer et al. 2014). The continuous-read data logger results would detect
a low DO signal at night and low tide if it existed. The processes that increased maximum
temperature after dike setback are also likely to result in lower minimum DO.
Floodgate influence
Floodgate operation influences water DO in Fisher Slough (Beamer et al. 2014). The model
coefficients for floodgate operation variables mean longer times of floodgate opening equates to
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higher DO water in Fisher Slough in late spring and summer. This makes sense because the
higher-DO water during times when low DO would be expected (late spring and summer) comes
from the Skagit River (Figure 4.3). Having the floodgates open during this time improves DO in
Fisher Slough.
Recommendations
We recommend that special attention be paid to actual floodgate operation (e.g., doors remain
open) during times when (a) low DO can approach Washington state standards for salmonids in
freshwater rearing habitat and (b) juvenile Chinook salmon are still present. We also recommend
that maintenance requiring floodgates to close be done (a) after times when low DO has reached
its lowest and (b) when juvenile Chinook salmon are not present. This window mostly likely
occurs in September of each year.
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Chapter 5: Local Environment Variability and Juvenile
Chinook
In this chapter we answer the question:
Is juvenile Chinook salmon presence within Fisher Slough influenced by variable local
environmental conditions, such as water temperature, dissolved oxygen, depth, and
velocity?
Differences in the environment at the most local scale (e.g., site and date) might influence
juvenile Chinook use of habitat upstream of the floodgate independently of how the floodgate
operates for fish passage or whether dike setback restoration has occurred. This may be caused
by the fish responding to specific environmental preferences or thresholds.
The specifics of how local environment influenced juvenile Chinook presence/absence patterns
at Fisher Slough for temperature, DO, depth, and velocity has been documented in Beamer et al.
(2014) and is included in the discussion below. However, because maximum water temperature
and minimum DO results were most extreme in 2015 compared to other years (see chapter 4), we
investigated whether temperature and DO were influencing patterns of juvenile Chinook
presence differently than in prior years. Depth and velocity results in 2015 were similar to the
other years and did not need reanalyzing.

Analysis methods
We used ANOVA modeling to test whether temperature and DO results differed by Chinook
presence or absence. Factors in the analysis were Chinook presence (yes/no) and Year. Month
was excluded as a factor in the analysis because previous analysis found no same month pairings
were significantly different for temperature or DO when stratified by Chinook presence or
absence (Beamer et al. 2014). Month could not be included as a covariate in the model because it
correlates with both water temperature and DO.

Results
Surface temperature at the time of fish capture upstream of the Fisher Slough floodgate
The final model used 675 records of water surface temperature, has an R2 of 0.43. Prior to 2015,
Chinook presence/absence was not explained by differences in water temperature (Tables 5.1
and 5.2, Figure 5.1). However, in 2015 water temperature was significantly different for beach
seine sets with juvenile Chinook presence compared to absence. Overall, juvenile Chinook were
present in water 4.8 °C cooler in 2015.
Table 5.1. ANOVA significance results for water surface temperature and juvenile Chinook
presence (yes or no). P-values significant at the 0.05 level are bolded.
Variable type
Factors
Interaction

Variable
Chinook Presence
Year
Chinook Presence *Year
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p-Value
0.004
0.000
0.000

Table 5.2. Pairwise results of water surface temperature and juvenile Chinook presence (yes or
no) using Tukey's HSD Test. P-values significant at the 0.05 level are bolded.
Chinook Presence
* Year (i)
No*2009
No*2010
No*2011
No*2012
No*2013
No*2015

Chinook Presence
* Year (j)
Yes*2009
Yes*2010
Yes*2011
Yes*2012
Yes*2013
Yes*2015

Difference

p-Value

1.519
0.749
-0.731
-0.216
0.479
4.833

0.959
1.000
1.000
1.000
1.000
0.000

95% Confidence Interval
Lower
Upper
-1.962
5.000
-2.922
4.420
-4.609
3.148
-2.641
2.209
-1.644
2.603
2.610
7.056

Figure 5.1. Box plot of water surface temperature for beach seine sets with Chinook presence
(yes or no) by year. Data are from sites upstream of the floodgate only for all years. Boxes show
median, 25th and 75th percentiles. Whiskers show the 5th and 95th percentiles. Stars are
observations that are still within the full distribution. Circles (if present) are outliers, i.e.,
observations outside the statistical distribution.

37

Surface DO at the time of fish capture upstream of the Fisher Slough floodgate
The final model used 631 records of water surface temperature, has an R2 of 0.39. Prior to 2015,
Chinook presence/absence was not explained by differences in DO (Tables 5.3 and 5.4, Figure
5.2), but in 2015 DO was significantly different for beach seine sets with juvenile Chinook
presence compared to absence. Overall, juvenile Chinook were present in water with DO 1.65
mg/l higher in 2015.
Table 5.3. ANOVA significance results for DO and juvenile Chinook presence (yes or no). Pvalues significant at the 0.05 level are bolded.
Variable type

Variable
Chinook Presence
Year
Chinook Presence *Year

Factors
Interaction

p-Value
0.313
<0.001
<0.001

Table 5.4. Pairwise results of DO and juvenile Chinook presence (yes or no) using Tukey's HSD
Test. P-values significant at the 0.05 level are bolded.
Chinook Presence
* Year (i)
No*2009
No*2010
No*2011
No*2012
No*2013
No*2015

Chinook Presence
* Year (j)
Yes*2009
Yes*2010
Yes*2011
Yes*2012
Yes*2013
Yes*2015

Difference

p-Value

2.21
-0.13
0.22
0.82
0.02
-1.647

0.83
1.00
1.00
0.34
1.00
<0.001
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95% Confidence Interval
Lower
Upper
-1.86
6.28
-1.49
1.22
-1.23
1.68
-0.25
1.90
-0.83
0.87
-2.58
-0.71

Figure 5.2. Box plot of DO for beach seine sets with Chinook presence (yes or no) by year. Data
are from sites upstream of the floodgate only for all years. Boxes show median, 25th and 75th
percentiles. Whiskers show the 5th and 95th percentiles. Stars are observations that are still within
the full distribution. Circles (if present) are outliers, i.e., observations outside the statistical
distribution.

Discussion
Juvenile Chinook salmon presence upstream of the Fisher Slough floodgate was not influenced
by variability in water depth, velocity, DO, or temperature for the years 2009 – 2013 (Beamer et
al. 2014). However, the addition of data from 2015 reveal that differences in both water
temperature and DO upstream of the floodgate did influence juvenile Chinook presence/absence
patterns. We observed the same Chinook presence/absence pattern for 2015 at eleven long term
monitoring sites in the Skagit tidal delta (Figure 5.3) which suggests Fisher Slough habitat
reflects similar conditions and response by Chinook salmon as natural habitat within the Skagit
tidal delta. Juvenile Chinook salmon in both Fisher Slough and Skagit tidal delta reference sites
appear to be avoiding the highest temperature water, a phenomenon that occurred most
dramatically in 2015. Likely, juvenile Chinook salmon are leaving Fisher Slough and the Skagit
River tidal delta at the same time which coincides with the time period when high temperature
thresholds were approached or exceeded. Timing of migration out of the tidal delta may be a life
history adaptation by Chinook salmon to avoid temperature or metabolic stress, or the high
temperatures may be triggering a movement response by individual Chinook salmon so that they
avoid hot areas. In either case, the fish are behaving similarly to other places in the Skagit delta.
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A value of monitoring in a year like 2015 shows us how Fisher Slough (and other sites within the
Skagit tidal delta) perform in warmer than normal years. Possibly, warm years means the rearing
opportunity for juvenile Chinook salmon in tidal delta habitat is truncated by a month or more
(see Figure 7.1, later in this report) because environmental conditions become stressful or not
conducive to growth such that the fish migrate to marine habitats earlier than normal years.

Figure 5.3. Box plot of DO (left panel) and water temperature (right panel) for reference blind
channel sites with Chinook presence or absence for 2015. Data are from eleven long-term fish
monitoring sites in the Skagit tidal delta; locations are shown in Figure 1.1. Boxes show median,
25th and 75th percentiles. Whiskers show the 5th and 95th percentiles. Stars are observations that
are still within the full distribution. Circles (if present) are outliers, i.e., observations outside the
statistical distribution.
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Chapter 6: Variation in Floodgate Operation over the
Years
In this chapter we answer the question:
How did floodgate operation vary over the juvenile Chinook salmon monitoring period
for all years?
This chapter is needed because the Fisher Slough floodgate reports (e.g., Beamer and Henderson
2012 & 2013, Henderson and Beamer 2014) present results by the three floodgate management
periods, which overlap when actual juvenile Chinook salmon monitoring occurs (Table 1.1). In
this chapter we assemble the daily floodgate operation data consistent with the fish monitoring
completed for each year (including data from at least 15 days prior to the first fish sampling
event each year) and analyze it for seasonal and annual differences. Beamer et al. (2014)
examined juvenile Chinook response to floodgate operation variables hypothesized to influence
upstream fish passage opportunity for fry sized juvenile salmon. There variables were related to:
•
•
•

length of time floodgate doors are open during the non-ebb period,
floodgate door openness, and
water velocity during the ebb tide stage.

However, Beamer et al. (2014) only found statistical support for how long floodgate doors are
open during the period of non-ebb tide stage expressed as a percentage of 1 week. Thus,
statistical analyses in this chapter for all years (2009-2013, and 2015) only examines floodgate
operation data related to the length of time floodgate doors are open during the non-ebb period.
We do not include analyses of floodgate door openness or water velocity during the ebb tide
stage.

Analysis methods
We used ANOVA modeling to test for seasonal and annual differences in three variables related
to the length of time floodgate doors are open during the non-ebb period (Table 6.1). Final
models tested any significant fixed effects. We conducted pairwise analysis on year when it was
significant (p<0.05).
Table 6.1. List of variables used to examine floodgate operation at Fisher Slough.
Name
Floodgate Open % Non-ebb
Stage

Non-ebb % Day

Floodgate Open during nonebb stage (hours in day)

Definition
percent of time floodgate doors are open
during the non-ebb stage for a day. Values
could range from 0% (gates closed) to
100% (gates held open)
percent of the day the tidal stage is nonebb
total number of hours floodgate door(s)
were open during the non-ebb period over
1 day period
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Measurement of what?
Variation in the human
influence on floodgate
operation
Natural variation in tidal
stage cause by river flow,
trib inflow, and tides
Variation in upstream
juvenile salmon passage
opportunity

Results
Floodgate Open % Non-ebb Stage
The final model used 1,065 records of daily Floodgate Open % Non-ebb Stage, has an R2 of
0.53, and finds year and month are both significant (Table 6.2; Figure 6.1). Pairwise testing
reveals that Floodgate Open % Non-ebb Stage was lowest in 2009 and 2010 and these years were
not significantly different from each other (Table 6.3). Floodgate Open % Non-ebb Stage was
highest in 2015, which was unique from all other years. Floodgate Open % Non-ebb Stage was
intermediate in years 2011, 2012, and 2013; these years were not significantly different from
each other.
Table 6.2. ANOVA significance results for Floodgate Open % Non-ebb Stage. P-values
significant at the 0.05 level are bolded.
Variable type
Factor
Covariate

Variable
Year
month

p-Value
<0.001
<0.001

Table 6.3. Pairwise results of Floodgate Open % Non-ebb Stage and Year using Tukey's HSD
Test. P-values significant at the 0.05 level are bolded.
Year (i)

Year (j)

Difference

p-Value

2009
2009
2009
2009
2009
2010
2010
2010
2010
2011
2011
2011
2012
2012
2013

2010
2011
2012
2013
2015
2011
2012
2013
2015
2012
2013
2015
2013
2015
2015

0.025
-0.102
-0.074
-0.124
-0.189
-0.127
-0.1
-0.149
-0.214
0.028
-0.022
-0.087
-0.05
-0.115
-0.065

0.842
<0.001
0.005
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.813
0.926
0.001
0.176
<0.001
0.016
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95% Confidence Interval
Lower
Upper
-0.034
0.085
-0.165
-0.04
-0.134
-0.015
-0.184
-0.064
-0.246
-0.132
-0.19
-0.064
-0.16
-0.039
-0.209
-0.089
-0.272
-0.157
-0.035
0.091
-0.085
0.041
-0.147
-0.027
-0.11
0.01
-0.172
-0.057
-0.123
-0.008

Figure 6.1. Boxplot of Floodgate Open % Non-ebb Stage by year (top panel) and month for each year
(bottom six panels). Note that on the Y axis 1.0 equals 100%, therefore 0.8 equals 80% and so on.
Possible values range from 0.0 to 1.0. Boxes show median, 25th and 75th percentiles. Whiskers show

the 5th and 95th percentiles. Stars are observations that are still within the full distribution. Circles
(if present) are outliers, i.e., observations outside the statistical distribution.
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Non-ebb % Day
The final model used 1,065 records of daily Non-ebb % Day, has an R2 of 0.62, and finds year
and month are both significant (Table 6.4; Figure 6.2). Pairwise testing reveals that Non-ebb %
Day was lowest in 2015 and highest in 2009 (Table 6.5). Non-ebb % Day was intermediate in
years 2011, 2012, and 2013; these years were not significantly different from each other. Nonebb % Day in 2010 was less than 2009 and higher than 2015, and not significantly different than
2011-2013.
Non-ebb % Day results could range from 0-100% but realistically in a tidal system there needs to
be a net ebb flow so that water flows out of the estuary to marine waters so extreme values for
non-ebb tidal stage (i.e., near 0 and 100%) should be very rare. The more extreme values likely
happen when tides and river flows (Figure 6.3) are at their extremes. In fact, multiple regression
analysis reveals that Skagit River flow (p<0.001) and change in Skagit River flow (p<0.001)
have a strong significant influence on the length of the non-ebb tide stage at Fisher Slough.
Larger river flows equate to longer non-ebb periods. Rising river flows equate to longer non-ebb
periods while dropping river flows equate to shorter non-ebb periods (Figure 6.4).
Table 6.4. ANOVA significance results for Non-ebb % Day. P-values significant at the 0.05
level are bolded.
Variable type
Factor
Covariate

Variable
Year
month

p-Value
<0.001
<0.001

Table 6.5. Pairwise results of Non-ebb % Day and Year using Tukey's HSD Test. P-values
significant at the 0.05 level are bolded.
Year (i)

Year (j)

Difference

p-Value

2009
2009
2009
2009
2009
2010
2010
2010
2010
2011
2011
2011
2012
2012
2013

2010
2011
2012
2013
2015
2011
2012
2013
2015
2012
2013
2015
2013
2015
2015

0.152
0.131
0.137
0.17
0.314
-0.021
-0.015
0.017
0.162
0.006
0.038
0.183
0.033
0.177
0.145

<0.001
<0.001
<0.001
<0.001
<0.001
0.679
0.87
0.814
<0.001
0.999
0.088
<0.001
0.163
<0.001
<0.001
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95% Confidence Interval
Lower
Upper
0.114
0.191
0.091
0.172
0.099
0.175
0.131
0.208
0.278
0.351
-0.062
0.02
-0.054
0.023
-0.022
0.056
0.125
0.199
-0.035
0.046
-0.002
0.079
0.144
0.222
-0.006
0.071
0.14
0.214
0.108
0.182

Figure 6.2. Boxplot of Non-ebb % Day by year (top panel) and month for each year (bottom six panels).
Note that on the Y axis 1.0 equals 100%, therefore 0.8 equals 80% and so on. Possible values range from
0.0 to 1.0. Boxes show median, 25th and 75th percentiles. Whiskers show the 5th and 95th

percentiles. Stars are observations that are still within the full distribution. Circles (if present) are
outliers, i.e., observations outside the statistical distribution.
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Figure 6.3. Boxplot of daily average Skagit River flow (cfs) at Mount Vernon (USGS gage
12200500) by month and year. Boxes show median, 25th and 75th percentiles. Whiskers show the
5th and 95th percentiles. Stars are observations that are still within the full distribution. Circles (if
present) are outliers, i.e., observations outside the statistical distribution.
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Figure 6.4. Examples of rising and falling river flow influence on the length of the non-ebb tidal
stage at Fisher Slough. Note the different secondary y-axis.
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Floodgate Open during non-ebb stage (hours in day)
The final model used 1,065 records of daily Floodgate Open during non-ebb stage (hours in day)
has an R2 of 0.39, and finds year and month are both significant (Table 6.6; Figure 6.2). Pairwise
testing reveals that Floodgate Open during non-ebb stage (hours in day) was lowest in 2015
which unique from all other years (Table 6.7). Floodgate Open during non-ebb stage (hours in
day) was highest in 2009 and 2011 which were not significantly different than each other.
Floodgate Open during non-ebb stage (hours in day) was intermediate in years 2010, 2012, and
2013.
Table 6.6. ANOVA significance results for Floodgate Open during non-ebb stage (hours in day).
P-values significant at the 0.05 level are bolded.
Variable type
Factor
Covariate

Variable
Year
month

p-Value
<0.001
<0.001

Table 6.7. Pairwise results of Floodgate Open during non-ebb stage (hours in day) and Year
using Tukey's HSD Test. P-values significant at the 0.05 level are bolded.
Year (i)

Year (j)

Difference

p-Value

2009
2009
2009
2009
2009
2010
2010
2010
2010
2011
2011
2011
2012
2012
2013

2010
2011
2012
2013
2015
2011
2012
2013
2015
2012
2013
2015
2013
2015
2015

2.773
0.659
1.38
2.418
4.177
-2.115
-1.394
-0.355
1.403
0.721
1.759
3.518
1.039
2.797
1.759

<0.001
0.585
0.004
<0.001
<0.001
<0.001
0.004
0.936
0.002
0.479
<0.001
<0.001
0.063
<0.001
<0.001
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95% Confidence Interval
Lower
Upper
1.685
3.862
-0.481
1.799
0.291
2.468
1.36
3.477
3.138
5.216
-3.263
-0.966
-2.491
-0.296
-1.423
0.713
0.355
2.452
-0.428
1.87
0.639
2.88
2.416
4.62
-0.029
2.106
1.748
3.846
0.741
2.776

Figure 6.5. Boxplot of Floodgate Open during non-ebb stage (hours in day) by year (top panel)
and month for each year (bottom six panels). Boxes show median, 25th and 75th percentiles.
Whiskers show the 5th and 95th percentiles. Stars are observations that are still within the full
distribution. Circles (if present) are outliers, i.e., observations outside the statistical distribution.
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Discussion
We calculated floodgate operation results related to non-ebb by day for each year. We presented
yearly statistical results, but more importantly, floodgate operation results can now be matched
with juvenile Chinook salmon data at the fish collection date level for each year to statistically
test whether floodgate operation influenced juvenile Chinook salmon at Fisher Slough. We do
this as part of Chapter 7.
Dike setback clearly increased the abundance of habitat in Fisher Slough upstream of the
floodgate (Chapter 3). We also found current floodgate operation does influence water
temperature and DO (Beamer et al. 2014, discussed in Chapter 4). However, it is important to
know that current floodgate operation has a large degree of variability (Figure 6.1) and while the
floodgate has been operated in sync with at least part of the natural tidal cycle, current floodgate
operation has never mimicked a completely natural tidal channel system, nor was it ever
designed or intended to because of the need to protect adjacent land from flooding.
Floodgate Open % Non-ebb Stage results (Figure 6.1) show how well floodgate management
actions worked at keeping the doors open during the non-ebb tidal stage which is hypothesized to
be when fry sized salmon can migrate upstream (Figure 2.5). However, Floodgate Open % Nonebb Stage results alone do not tell the whole story for upstream juvenile salmon passage
opportunity because only part of the tidal cycle is non-ebb stage and we show that non-ebb tidal
stage varies annually and seasonally due to river flow and tidal dynamics (Figure 6.2 and 6.3).
Floodgate Open during non-ebb stage, expressed as hours in a day, is a useful indicator as an
independent variable for upstream juvenile salmon passage potential for habitat upstream of the
the Fisher Slough Floodgate. We found it varied by year and seasonally (Figure 6.5).
Interestingly, 2015 had the worst upstream juvenile salmon passage opportunity of all the years
(Figure 6.5) even though floodgate operation was the best (Figure 6.1). The upstream juvenile
salmon passage opportunity window is when the gates are open during the non-ebb stage (not
over any tidal stage). In 2015, the non-ebb stage was naturally very short, thus the fish passage
opportunity window was also very short in 2015 compared to the other years. This illustrates the
importance of natural variation in the length of the non-ebb tide stage within a tidal delta,
especially an area as far upstream as Fisher Slough which is subject to river flow variation much
more than areas downstream which have stronger tidal influence. In years with low river flow,
overall upstream fish passage potential will be limited regardless of how good floodgate
operation is.
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Chapter 7: Juvenile Chinook Response to Restoration
and Floodgate Operation
In this chapter we answer the question:
Did the dike setback restoration and floodgate operation influence juvenile Chinook
abundance and size?
The following physical and biological mechanisms have the potential to influence juvenile
Chinook salmon abundance, density, and/or size at Fisher Slough:
• The amount of habitat that is available and where the habitat is located in relation to the
floodgate
• The effects of seasonal differences in juvenile Chinook use of tidal habitat
• The number of juvenile Chinook salmon available to colonize the project area (this is
some subset of the subyearling outmigration population size each year)
• How well the floodgate allows juvenile Chinook salmon access to the project area
We used variables from Table 2.3 to analyze potential influences from these mechanisms on
dependent variables for juvenile Chinook salmon abundance, density, and size within Fisher
Slough. First, we report wild juvenile Chinook salmon outmigration population size. Next, we
present analyses for changes in juvenile Chinook abundance as a function of dike setback and
floodgate operation. We also examine the effect of dike setback on juvenile Chinook salmon
size. Lastly, we compare juvenile Chinook density estimates to estimates from other monitoring
sites within the Skagit tidal delta and compare juvenile Chinook abundance estimates to carrying
capacity estimates. The carrying capacity estimates are the predicted benefits of restoration at
Fisher Slough for juvenile Chinook salmon and fit into a larger estuary restoration strategy for
Skagit Chinook salmon recovery (SRSC and WDFW 2005).
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Wild juvenile Chinook salmon outmigration population
Existing research and long-term monitoring in the Skagit River demonstrate that multiple
juvenile life history types exist within the wild Chinook population (Beamer et al. 2003; Beamer
et al. 2005; Beamer et al. 2013; Zimmerman et al. 2015). The distinct juvenile life history types
of Skagit Chinook salmon occur based on branching by juvenile Chinook patterns (i.e., whether
the fish remains or migrates) within three main ecological zones (freshwater, natal estuary, and
marine nearshore). Branching occurs in each zone, resulting in multiple juvenile life history
types (Greene et al. 2016). Simply explained, each year cohorts of Chinook salmon fry emerge
from their gravel egg pockets in the Skagit River and its tributaries during the winter and early
spring months. Some fry migrate downstream without doing any appreciable rearing in the
freshwater environment. Fry remaining in freshwater branch into two main life history types
after an extended freshwater residence period. Some fish remain in freshwater for a few months
and migrate downstream as parr, while others remain in the freshwater environment for over a
year and migrate the following spring as yearlings. Of the fry that migrate downstream, some
establish residence in the Skagit River estuary for a period of time while others migrate into the
more marine waters of Skagit Bay, part of the Whidbey Basin. For the purposes of evaluating
Fisher Slough, we are most concerned about the number of fry migrants passing the Washington
Department of Fish and Wildlife (WDFW) operated downstream migrant trap in the lower Skagit
River near the town of Burlington (Zimmerman et al. 2015). The fry migrant component of the
Skagit River’s outmigration are the fish that can take up residence in tidal delta habitat such as
Fisher Slough. The point estimates for the total wild subyearling Chinook salmon outmigration
has ranged from 1.13 to 5.64 million fish over the six-year monitoring period at Fisher Slough
(Table 7.1). The fry migrant component has ranged from 50% to 90% of the total subyearling
outmigration population, with a low of 0.80 million and a high of 4.60 million fry migrants.
Table 7.1. Wild subyearling Chinook salmon outmigration population size by Year. All estimates are
from J. Anderson and C. Kinsel (WDFW, personal communication). Results are in millions of fish with
the 95% confidence intervals shown in parentheses.
Year
2009
2010
2011
2012
2013
2015

Total subyearling migrants
2.80 (2.48-3.11)
1.61 (1.41-1.82)
3.68 (2.94-4.41)
4.55 (3.46-5.64)
5.64 (3.88-7.41)
1.13 (0.91-1.35)
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Fry migrant contribution
1.58
0.80
3.18
3.90
4.60
1.02

Figure 7.1. Unmarked (wild) juvenile Chinook salmon timing in the Skagit tidal delta for the
years when Fisher Slough Restoration monitoring was completed. Data are from Skagit
Intensively Monitored Watershed sites (Greene et al. 2016). Week 5 = 1st week of February;
week 15 = 2nd week of April; week 25 = 3rd week of June; week 35 = end of August.
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Chinook abundance
In this section we examine juvenile Chinook salmon abundance in Fisher Slough before and after
dike setback and upstream and downstream of the floodgate. Because the site-specific
monitoring data are extremely noisy, containing a large number zero count observations, we
aggregated the temporal estimates of juvenile Chinook abundance upstream of the floodgate per
the following two step approach. First, we averaged abundance estimates across all sites within
each of the six sub-area sampling regions (i.e., Strata2, upstream of floodgate) by sampling event
and year. Second, we generated a total abundance estimate of juvenile Chinook upstream of the
floodgate for each sampling event and year combination by summing the average Chinook
abundance across all of the six sub-area sampling regions (e.g., Strata2) upstream of the
floodgate.

Analysis methods
We examined the relationship between juvenile Chinook abundance in the entire area upstream
of the floodgate in Fisher Slough and the effect of the dike setback, floodgate operation, and the
abundance of Chinook fry migrants using generalized additive models (GAMs). GAMs allow for
incorporation of non-parametric smoothers to be applied to model covariates such as time. In this
case, to account for the non-linear seasonal dynamics of juvenile Chinook migration timing, we
applied a cubic regression spline smoother to sampling event. This allowed us to focus solely on
the effects of dike setback, floodgate operation, and the abundance of Chinook fry migrants on
total juvenile Chinook observed in the habitat area upstream of the floodgate. The full model is
𝑦𝑡 = 𝑎 + 𝑏1 𝑧𝑡 + 𝑏2 𝑆𝑡 + 𝑏3 𝑄𝑡 + 𝑏4 (𝑄𝑡 ×𝑍𝑡 ) + 𝑏5 (𝑆𝑡 ×𝑍𝑡 ) + 𝑠(𝑚) + 𝜀𝑡 (1)
Here: yt is Chinook abundance in the study area upstream of the floodgate; a is the intercept and
b1, b2… are coefficients corresponding to the effects of each covariate included in the model.
Chinook abundance in the study area upstream of the floodgate (yt) is a function of:
• floodgate operation (Qt) measured as the total number of hours the floodgate was open to
fish passage during the non-ebb period over a specified period (1, 5, or 15 days) prior to
a sampling event;
• pre- versus post-dike setback (Zt); and
• total estimates of Chinook fry migrants during the week prior to a sampling event (St).
The model also includes two potential interaction terms: 1) floodgate operation × pre- versus
post-dike setback (Qt × Zt), and 2) Chinook fry migrants × pre- versus post-dike setback (St ×
Zt); and the nonparametric smoother applied to sampling event (m). To account for
overdispersion in the Chinook abundance data, we assumed negative binomially distributed
residual errors (𝜀𝑡 ).
A total of 18 candidate models were fit to the data as special cases of the full model.
We used an information-theoretic framework to evaluate a suite of competing models with
plausible combinations of variables explaining variability in juvenile Chinook abundance in the
study area upstream of the floodgate. We compared all candidate models using bias-corrected
Akaike information criterion (AICc) such that models with ΔAICc < 2 were determined to have
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substantial support, and models with 2 < ΔAICc < 4 were determined to have considerable
support (Burnham and Anderson 2002).
We utilized the best fit candidate model (see results) to conduct a scenario based exercise in
which we modeled juvenile Chinook abundance in the area upstream of the floodgate across two
lengths of average floodgate opening during the non-ebb period over the 15 days preceding the
sampling event from low to high (114 hours and 170 hours), under pre- versus post-dike setback
conditions. We selected 114 and 170 hours because they approximate two contrasting (very low
= 10th percentile, very high = 80thth percentile) fish passage opportunity results present in the sixyear dataset.

Results
Juvenile Chinook abundance in Fisher Slough upstream of the floodgate increased significantly
in years 2012 – 2013 following the dike setback relative to years 2009 – 2011 prior to the dike
setback (Figure 7.2A). Specifically, average juvenile Chinook abundance in Fisher Slough above
the floodgate for pre-dike setback years (2009 – 2011) was 630 fish compared to 6,592 fish for
years post-dike setback (2012-2013 and 2015). The highest Chinook migrant numbers also
occurred in 2012 – 2013 (Table 7.1).
Of the 18 candidate models tested, the model with the strongest support retained only
coefficients for the effect of the dike setback and floodgate operation (Table 7.2). However, the
next best model (ΔAICc < 2) included a covariate for the effect of Chinook fry migrant
abundance. Although the second best model explained a higher percentage of the observed
deviance than the top model (0.53 vs 0.51), the addition of the covariate for the effect of Chinook
fry migrants resulted in an overall slightly lower data support (higher AICc score). Nonetheless,
both models received considerable data support relative to the other models tested. Within the
top model, the magnitude of the effect of dike setback was strongly negative (coefficient = -2.81,
P < 0.0001) indicating that the Chinook abundance upstream of the floodgate was significantly
higher post- versus pre- dike setback (Table 7.3). Furthermore, Chinook abundance upstream of
the floodgate was positively correlated with the total hours of floodgate opening 15 days prior to
each sampling event (coefficient = .03, P < 0.0001). Models with the second and third highest
support retaining coefficients for the effect of dike setback, floodgate operation, and the
abundance of Chinook fry migrants the week prior to each sampling event show a significant
positive effect of both floodgate operation and Chinook fry migrants on the abundance of
juvenile Chinook upstream of the floodgate.
Model predictions of each restoration and floodgate operation scenario illustrate the importance
of the dike setback on juvenile Chinook abundance in Fisher Slough relative to floodgate
operation (Figure 7.2B). Specifically, under a pre-dike setback scenario under low (114 hours)
and high (170 hours) non-ebb fish passage opportunity regimes, the model predicted a mean
peak juvenile Chinook abundance of 411 fish for the low regime and 1,703 fish for the high
regime. Conversely, under a post-dike setback scenario, the model predicted a mean peak
juvenile Chinook abundance of 6,723 fish for the low regime and 28,765 fish for the high
regime.
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Table 7.2. Candidate models fitted to Chinook abundance data ranked in order of decreasing support specifically testing for the effect of Chinook
migrants and floodgate operation on juvenile Chinook abundance in the area of Fisher Slough above the floodgate (increasing ΔAICc).
model
DikeSetback + TotalhoursFloodgateOpen_15 + s(Sampling event)
DikeSetback + TotalhoursFloodgateOpen_15 + ckMigrants + s(Sampling event)
DikeSetback*(TotalhoursFloodgateOpen_15 + ckMigrants) + s(Sampling event)
DikeSetback + TotalhoursFloodgateOpen_1 + s(Sampling event)
DikeSetback + TotalhoursFloodgateOpen_5 + s(Sampling event)
DikeSetback + TotalhoursFloodgateOpen_5 + ckMigrants + s(Sampling event)
DikeSetback + TotalhoursFloodgateOpen_1 + s(Sampling event)
DikeSetback *TotalhoursFloodgateOpen_1 + s(Sampling event)
DikeSetback + s(Sampling event)
DikeSetback *TotalhoursFloodgateOpen_5 + s(Sampling event)
DikeSetback + ckMigrants + s(Sampling event)
DikeSetback*(TotalhoursFloodgateOpen_5 + ckMigrants) + s(Sampling event)
DikeSetback*(TotalhoursFloodgateOpen_1 + ckMigrants) + s(Sampling event)
ckMigrants + s(Sampling event)
TotalhoursFloodgateOpen_5 + s(Sampling event)
TotalhoursFloodgateOpen_15 + s(Sampling event)
1 + s(Sampling event)
TotalhoursFloodgateOpen_1 + s(Sampling event)
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explained
deviance
0.51
0.53
0.60
0.48
0.47
0.49
0.48
0.48
0.44
0.47
0.46
0.50
0.48
0.43
0.32
0.31
0.29
0.30

AICc
932.89
934.54
936.18
938.16
938.88
939.65
939.78
940.10
940.71
940.78
941.43
943.53
943.88
952.49
956.03
956.59
957.40
958.86

delta AICc
0.00
1.65
3.29
5.27
5.99
6.76
6.88
7.21
7.82
7.89
8.54
10.64
10.99
19.60
23.13
23.70
24.51
25.97

AICc weight
0.52
0.23
0.10
0.04
0.03
0.02
0.02
0.01
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Table 7.3. Estimated regression parameters, standard errors, z-values for the best Negative Binomial
GAM fit to Chinook abundance in the area upstream of the floodgate. The significance of the
nonparametric smoother for sampling event is also shown (Chi.sq and P-value).

Intercept
Dike Setback Before Restoration
Total Hours Floodgate Open 15d prior
to sampling

s(Sampling event)

Estimate
4.17
-2.81
0.03

Std. error
0.97
0.45
0.01

z value
4.29
-6.27
3.83

edf
3.45

Ref.df
4.24

Chi.sq
67.08

P-value
1.78E-05
3.69E-10
1.30E-04

P-value
2.44E-13

Figure 7.2. A) Fitted model predictions (black lines) of juvenile Chinook encounters to observed values
(grey dots) using the top candidate model including sampling event, total hours of floodgate opening
during the non-ebb period 15 days prior to a sampling event, and pre- versus post-dike setback. B)
Monthly projections of juvenile Chinook abundance in the area of Fisher Slough upstream of the
floodgate under low fish passage (114 hours) and pre- versus post-dike setback restoration, and high fish
passage (170 hours) and pre- versus post-dike setback restoration scenarios. The shaded areas represent
the 95% confidence interval of the model prediction for each scenario.
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Discussion
Restoration from dike setback was associated with increased juvenile Chinook salmon
abundance upstream of the floodgate by approximately 1 order of magnitude (10x) relative to
abundance during pre-dike setback years (Figure 7.2A). While our analyses indicate that total
Chinook migrants may have influenced the number of juvenile Chinook encountered in the study
area upstream of the floodgate, model selection suggests that this influence is relatively small
when compared to the effects of the dike setback and floodgate operation (Tables 7.2 – 7.3,
Figure 7.2B). This suggests that, compared to the more local influences on Chinook salmon at
Fisher Slough (e.g., restoration treatment, floodgate operation), there was a relatively constant
supply of juvenile Chinook salmon available to colonize Fisher Slough. This result provides
evidence for density dependent limitation on juvenile Chinook salmon in estuarine habitat given
the magnitude of increase in juvenile Chinook abundance in Fisher Slough after the dike setback.
Specifically, habitat restoration from the dike setback likely increased the availability of rearing
habitat which allowed more juveniles to utilize the area.
We found that the total number of hours of floodgate opening during the non-ebb period 15 days
prior to each sampling event better explained variability in the number of juvenile Chinook
salmon upstream of the floodgate than the other floodgate operation metrics calculated over 1
and 5 days prior to each sampling event (Table 7.2). Specifically, the longer the duration when
the floodgate was open to fish passage during the non-ebb period across the 15 days prior to each
sampling event resulted in more juvenile Chinook salmon upstream of the floodgate.
Although thermal extremes may have influenced habitat use by juvenile Chinook in the area
upstream of the floodgate, we did not test for the influence of temperature on Chinook
abundance. The phenology of stream temperature and juvenile Chinook migration timing are
likely linked but also asynchronous with respect to timing; the abundance Chinook fry migrants
in the Skagit estuary peaks in March or April each year (Figure 7.1) whereas maximum annual
stream temperature is reached in August or September (Figure 4.2). Therefore, the seasonality of
both Chinook fry migrants and stream temperature prevented us from testing the influence of
temperature on juvenile Chinook abundance in the area upstream of the floodgate.

Change in fork length after dike setback
Analysis methods
To test whether both increase in magnitude and spatial variability of surface water temperature
associated with the dike setback (see Chapter 4) had an effect on growth of juvenile Chinook
rearing in the Fisher Slough area, we fit a simple linear model using Dike Setback, Month, and
an interaction between Month and Dike Setback as predictor variables for mean fork length.
Because water surface temperature in Fisher Slough was already determined to increase in
magnitude and spatial variability as a result of the dike setback (see Chapter 4), this variable was
excluded from model.

Results
Month, dike setback (before or after), and their interaction were all statistically significant (Table
7.4). Month had a significant positive effect on fork length such that mean fork length of juvenile
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Chinook rearing in Fisher Slough increased substantially during the spring and summer months,
when temperatures were energetically more favorable for growth (Figure 7.3). Mean fork length
of juvenile Chinook rearing in Fisher Slough was significantly higher following the dike setback
(a 5.2 mm increase based on least squares means of pre- versus post-dike setback). Comparison
of mean juvenile Chinook fork length between pre- versus post-dike setback across months
revealed that the effect of the dike setback on increasing growth rate was prevalent during the
spring and early summer months. Specifically, mean fork length was significantly higher in
April, May and June (p <0.05, Tukey’s HSD).
Table 7.4. ANOVA results testing the combined effects of dike setback and month on observed
mean fork length of estuarine resident Chinook captured in the Fisher Slough study area. Data
are for upstream of the floodgate only. P-values significant at the 0.05 level are bolded.
Variable type

Variable
Dike Setback
Month
Dike Setback*Month

Factors
Interaction

p-Value
<0.001
<0.001
<0.001

Figure 7.3. Comparisons of juvenile Chinook fork length before and after dike setback at Fisher
Slough by month. Error bars are standard error. Asterisks denote a statistically significant
difference between mean Chinook fork lengths observed pre- versus post-dike setback (p ≤ 0.05,
Tukey’s HSD). Data are for upstream of the floodgate only.

Discussion
Increased mean fork length observed in juvenile Chinook salmon rearing in Fisher Slough
associated with the dike setback was likely not only a result of the increase in magnitude in
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seasonal water surface temperature but more importantly due to the increased spatial variability
in water surface temperature associated with the dike setback (Beamer et al. 2014, see Figure
4.15). For example, during the month of May when juvenile Chinook were most abundant,
temperatures ranged from 8 oC – 14 oC respectively (Beamer et al. 2014, see Figure 4.15). The
increase in the upper range of observed water surface temperature associated with the addition of
new habitat as a result of the dike setback likely inferred a growth advantage to juvenile Chinook
utilizing the newly accessible habitat.
Because temperature is arguably one of the most pervasive factors governing productivity of fish
(Magnuson et al. 1979, Brett 1971), increases in both seasonal magnitude and spatial variability
of water temperature associated with the dike setback is likely an important mechanism driving
the observed increase in mean fork length of juvenile Chinook rearing in Fisher Slough. Other
salmonid species have been shown to exploit spatial thermal variability, thereby inferring a
growth advantage. For example, juvenile coho salmon are able to exploit spatial thermal
variation by feeding in habitats where common prey are superabundant but temperatures don’t
support optimal assimilation of prey (e.g. 5 oC) then moving to habitats where temperatures are
energetically favorable to assimilate their prey (e.g. 17 oC) (Armstrong et al. 2013). Similarly, in
addition to increasing habitat area as a result of the dike setback, the increase in temperature
during the months when juvenile Chinook are most abundant likely increases growth potential
provided prey are readily available. Conversely, during the later summer months when
temperatures exceed 20 oC, remaining juvenile Chinook rearing in the area still have thermal
refuge in cooler areas of Fisher Slough. While we couldn’t quantify instantaneous growth rates
of individuals, a growth benefit as a result of the dike setback is inferred from increasing mean
fork lengths of juvenile Chinook following the dike setback.
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Comparison to other Skagit sites
This section reports the comparison of Fisher Slough monitoring sites for juvenile Chinook
salmon density to the long term Skagit River delta monitoring sites.

Analysis methods
Landscape connectivity, or large-scale connectivity, refers to the relative distances and pathways
that salmon must travel to find habitat over a very large area. As this concept is applied in the
Skagit River delta, landscape connectivity is a function of both the distance and complexity of
the pathway that salmon must follow to specific habitat areas (e.g., sites within Fisher Slough).
Connectivity decreases as complexity of the route the fish must swim increases and the distance
the fish must swim increases. Within the delta, the complexity of the route fish must take to find
habitat is measured by the distributary bifurcation order and distance traveled. Habitat that is less
connected to the source of fish has lower densities of fish. By determining landscape
connectivity to various sites, comparisons of juvenile Chinook salmon usage results from Fisher
Slough with that of other sites throughout the Skagit River tidal delta can be made in order to
determine whether Fisher Slough is functioning consistently with the rest of the Skagit River
delta.
The season-long density of juvenile Chinook salmon at all Fisher Slough monitoring sites and at
other long-term monitoring sites located throughout the Skagit River tidal delta was estimated.
This fish density statistic is termed cumulative Chinook salmon density. Cumulative Chinook
salmon density was estimated for the periods February 1 through August 15 for timing curves of
juvenile Chinook salmon in Skagit River tidal delta habitat. The exact start and end dates used
for all data (Fisher Slough sites and Skagit long term monitoring sites) is based on the start and
ending dates of sampling at Fisher Slough. Cumulative Chinook salmon density (C)
(fish*days*ha-1) was calculated as:

C

L

D

m F

m

nm

where Dm is the average monthly density, nm is the number of days in the month, and F and L are
the first and last months (m) sampled, respectively. In years when the full monitoring period was
not implemented at Fisher Slough, fishdays were calculated for Fisher Slough sites and the
Skagit long term monitoring sites based on the Fisher Slough monitoring period.
The cumulative Chinook salmon density by landscape connectivity was plotted to graphically
determine whether juvenile Chinook salmon are using the habitat up- and downstream of the
floodgate in Fisher Slough at different densities than at natural tidal channel sites within the
Skagit tidal delta.
Landscape connectivity (LC) for each site is calculated:
1
LC =

jend
 (Oj * Dj )
j 1
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where Oj = distributary channel order for channel segment j, Dj = distance along segment j of
order Oj, j = count (1...jend) of distributary channel segments, and jend = total number of channel
segments at destination or sample point.

Results
There is a positive relationship between seasonal wild juvenile Chinook salmon density and
landscape connectivity for the long-term monitoring sites throughout the Skagit River delta for
each of the six years when Fisher Slough monitoring has occurred (Figure 7.4). Depending on
the year, landscape connectivity explains 36% to 74% of the variation in seasonal juvenile
Chinook salmon density at the Skagit River delta long-term monitoring sites. Before floodgate
replacement (year 2009) the Fisher Slough monitoring sites generally cluster within the scatter of
the Skagit River long term monitoring sites (Figure 7.4, panel A). The first two years after
floodgate replacement (2010 and 2011), most Fisher Slough sites located upstream of the
floodgate plot outside (i.e., lower) of the scatter of the Skagit River long term monitoring sites
(Figure 7.4, panels B and C). In contrast, the Fisher Slough sites located downstream of the
floodgate plot within of the scatter of the Skagit River long term monitoring sites during these
same years (2010 and 2011).
In 2012 (the first year of after-floodgate-replacement and dike setback restoration) all Fisher
Slough monitoring sites plot within the scatter of the Skagit River long term monitoring sites
(Figure 7.4, panel D). In 2013 (the second year of after-floodgate-replacement and dike setback
restoration) all Fisher Slough monitoring sites plot within the scatter of the Skagit River long
term monitoring sites (Figure 7.4, panel E). In 2015 (the third year of monitoring after floodgate
replacement and dike setback restoration) all Fisher Slough monitoring sites plot within the
scatter of the Skagit River long term monitoring sites (Figure 7.4, panel F).

Discussion
The results for years after floodgate replacement but before dike setback suggests that Fisher
Slough habitat upstream of the floodgate was not utilized by juvenile Chinook consistent with
other areas within the Skagit tidal delta. In contrast, the results for years after floodgate
replacement and after dike setback suggests that Fisher Slough habitat upstream of the floodgate
is utilized by juvenile Chinook consistent with other areas within the Skagit tidal delta.
Recommendations: Periodic monitoring of landscape connectivity to Fisher Slough should
happen. It will be needed if carrying capacity updates are done (see next section) and should
coincide with years when habitat extent measurement are updated for Fisher Slough.
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Figure 7.4. Relationship between landscape connectivity and seasonal Chinook salmon density
for Skagit River delta long-term monitoring sites and Fisher Slough monitoring sites, 2009
through 2015. All panels show connectivity calculated to Fisher Slough sites based on fish
migration pathways using the downstream end of Tom Moore Slough (avoiding the current log
jam at the north end of Tom Moore). Note the different scale on the y-axis in panels A and E.
Also note the differing number of Fisher Slough data points between before and after dike
setback years. The before dike setback period averaged the result by site (see Beamer et al. 2010)
whereas the after dike setback period averaged the result by six spatial sampling locations
(upstream, downstream and different sampling sites)due to the increased number of sites
sampled after dike setback (see Beamer et al. 2013).
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Chinook abundance compared to carrying capacity
Analysis methods
Juvenile wild Chinook salmon abundance estimates were made to determine the number of fish
that reared in habitat upstream of the floodgate in 2015 compared to model-generated carrying
capacity estimates for juvenile Chinook salmon. Fish abundance was calculated as: fish density
multiplied by the wetted area of six sub-area sampling regions (Strata2) during the time of
sampling.
Fish abundance was calculated for each set on each sampling date because wetted area and
juvenile Chinook salmon catches varied by six sub-area sampling regions and sampling date.
Blind channel lobes 1 and 2 vary in water surface area by tidal stage, Skagit River discharge,
gate closure setting, and tributary discharge. For each fish sampling day the wetted area of blind
channel lobes 1 and 2 was estimated in order to estimate the fish population size that used each
lobe over the monitoring season. Wetted area was calculated using water surface elevation
(WSE) during the time of fish sampling, along with the as-built topography. A WSE-to-wetted
area relationship was developed for both blind channel lobes and can be found in Appendix D of
Beamer et al.. (2013c). Wetted area for blind channel lobe 3 and main channels upstream of the
floodgate were always within bankfull area during the time of fish sampling, so we used channel
area for these Strata2 to expand fish density to fish abundance. Channel area for blind channel
lobe 3 and main channels upstream of the floodgate are 0.104 and 1.359 hectares, respectively.
Individual fish abundance estimates were averaged by sub-area sampling region (Strata2),
resulting in average daily juvenile Chinook salmon abundance for the entire monitoring period
(Feb 10 to August 17, 188 days). Average juvenile Chinook salmon abundance was multiplied
by the 188-day period, yielding an estimate of fishdays, then divided by the average resident
time (35 days) of individual juvenile Chinook salmon rearing in Skagit River tidal delta habitat
(Beamer et al. 2000). This calculation procedure is an estimate of the population of juvenile
Chinook salmon that used each sub-area sampling region habitat area during the 2015
monitoring period.

Results
We updated juvenile Chinook abundances estimates for restored habitat upstream of the Fisher
Slough floodgate with 2015 results (Table 7.5). Based on monitoring results after dike setback
(2012 and 2013), the best estimate of increased carrying capacity as a result of Fisher Slough
restoration is 21,823 juvenile Chinook salmon annually, which is derived from the high carrying
capacity estimate post-restoration (38,773 fish) minus the low carrying capacity estimate before
restoration (16,950 fish). In summary, the additional juvenile Chinook smolt carrying capacity
that is a result of the Fisher Slough restoration project is 21,823, based on two years of
monitoring after dike setback (2012 and 2013) when the Skagit River juvenile Chinook
outmigration was high enough to reasonably seed habitat throughout the Skagit tidal delta.
Monitoring results from 2015 do not support a conclusion of lower carrying capacity. In fact, the
juvenile Chinook abundance result for 2015 – while comparable to abundance in 2009 – supports
the carrying capacity estimate of 21,823. This is because the result in 2015 is consistent with all
other monitored years in terms of abundance being expressed as a percent of the carry capacity
estimate for restored habitat of Fisher Slough and the outmigration year (Table 7.6, Figure 7.5).
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In 2015 the low fish abundance (6,813 fish) is consistent with the low outmigration (1.13
million).

Discussion
Dike setback increased tidal habitat area upstream of the floodgate in Fisher Slough. The first
year when juvenile salmon and other fish could occupy this new tidal habitat was 2012. Wild
juvenile Chinook salmon abundance and carrying capacity results for before (2009) and after
restoration (2012, 2013, and 2015) are summarized in Table 7.6. In summary, the additional
juvenile Chinook smolt carrying capacity that is a result of the Fisher Slough restoration project
is 21,823, based on two years of monitoring after dike setback (2012 and 2013) when the Skagit
River juvenile Chinook outmigration was high enough to reasonably seed habitat throughout the
Skagit tidal delta. However, carrying capacity could change based on: 1) how fish find the area
each year (i.e., fluctuations in habitat connectivity) and 2) how channel/impounded areas change
over time within the restoration project area.
Monitoring results from 2015 do not support a conclusion of lower carrying capacity. In fact, the
juvenile Chinook abundance results for 2015 – while comparable to abundance in 2009 – support
the carrying capacity estimate of 21,823. This is because the result in 2015 is consistent with all
other monitored years in terms of abundance being expressed as a percent of the carrying
capacity estimate for restored habitat of Fisher Slough and the outmigration year (Table 7.6,
Figure 7.5). In 2015 the low fish abundance at Fisher Slough (6,813 fish) is consistent with the
low outmigration (1.13 million).
Recommendations: Additional fish monitoring is not necessary at Fisher Slough to determine
juvenile Chinook carrying capacity of the current habitat available. However, long term carrying
capacity of the restored site could change based on: 1) how fish find the area each year (i.e.,
fluctuations in habitat connectivity); and 2) how channel/impounded areas change over time
within the restoration project area. Thus, periodic updates to channel/impounded area within the
restored area should be completed and used to update carrying capacity estimates. Continued
monitoring of floodgate operation (or setting the gate to be open 100% of the time during the
spring and summer management periods) should continue because of its importance to allowing
juvenile Chinook salmon access to restored habitat.
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Table 7.5. Population estimate of individual juvenile wild Chinook salmon that used habitat
upstream of the Fisher Slough floodgate during the 2015 monitoring period (Feb 10 to August
17, 188 days) based on expansion of juvenile wild Chinook density results from sites upstream of
the floodgate (US FG) in 2015.
Seasonal Chinook abundance in
fishdays
Strata2

US FG Blind 1
US FG Blind 2
US FG Blind 3
US FG Main Channel

Point estimate
(upper & lower 95% CI)
140,688 (18,436-262,940)
60,324 (20,365-100,283)
861 (26-1,697)
36,572 (10,917-62,227)

Average
Chinook delta
residence
period
(days)

Juvenile Chinook population
Point estimate
(upper & lower 95% CI)

4,020 (527-7,513)
1,724 (582-2,865)
35
25 (1-48)
1,045 (312-1,778)
Total
6,813 (1,421-12,204)
a – based on juvenile Skagit Chinook salmon otolith results reported in Beamer et al. (2000).
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a

Table 7.6. Summary of Fisher Slough juvenile Chinook salmon abundance and carrying capacity estimates. ‘US of FG’ is upstream of
floodgate.
Juvenile Chinook monitoring results

Monitoring
Year
or
Source of
estimate

Skagit River juvenile
Chinook
outmigration level
(% of carrying
capacity of Skagit
estuary)

Wild juvenile Chinook
population size US of FG

Point estimate
(smolts
annually)

% of best
carrying
capacity
estimate

Juvenile Chinook salmon carrying
capacity and production estimates

Wild juvenile Chinook carrying
capacity US of FG

High
estimate
(smolts
annually)

Low
estimate
(smolts
annually)

Skagit Chinook
Recovery Plan
20091

54%

8,236

48%

2012

88%

37,999

98%

2013

110%

48,166

124%

2015

22%

6,813

18%

Juvenile Chinook salmon carrying capacity
model inputs

Landscape connectivity
Estimate of new
smolt production
due to restoration
(smolts annually)
High

16,431

0.423

Low

Tidal channel area US of FG

Total
tidal
channel
habitat
(ha)

New tidal
channel habitat

2.186

0.81 hectares
estimated to be
restored

27,459

16,950

No new fish

0.0416

0.0258

1.376

No new habitat

38,773

23,935

21,8232

0.0416

0.0258

1.9433

0.567 hectares
actually restored

1

The carrying capacity estimates for 2009 were re-calculated from what was reported in the 2009 fish report (Beamer et al. 2010) based on updated estimates of
tidal channel area upstream of the floodgate.
2
The additional smolt production is the result of subtracting the low carrying capacity estimate in 2009 from the high carrying capacity estimate in 2012, which
most closely matches the observed fish monitoring results in both years.
3
carrying capacity estimates are from Beamer et al. (2013c) which coincide to habitat conditions after the first year of dike setback (2012 conditions).
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Figure 7.5. Relationship of juvenile Chinook salmon abundance upstream (US) of the Fisher
Slough floodgate (FG) by year as a function of Skagit River juvenile Chinook outmigration.
Monitoring year is shown above each data point.
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Chapter 8: Synthesis
The restoration of estuarine habitat connectivity within Fisher Slough as a result of the dike
setback in combination with current floodgate operation provided significant benefits to
fingerling Chinook salmon rearing in the Skagit River estuary. In addition to creating 45.9 acres
of additional juvenile rearing habitat (Chapter 3), the combined effects of the dike setback and
current floodgate operation significantly changed the seasonal dynamics of dissolved oxygen and
water temperature (Chapter 4) in a way that provided significant ecological benefit to estuarine
resident Chinook utilizing the full 55.7 acre site (Chapter 7). Specifically, additional habitat
complexity introduced from the dike setback increased water temperature in both magnitude of
seasonal maximum and spatial variation upstream of the floodgate in a way that likely allowed
mobile juvenile Chinook to maximize growth opportunity during the spring and early summer
growth period (May – June), detectable from inferred growth through changes in size distribution
of juvenile Chinook pre- versus post-dike setback. Furthermore, current floodgate operation
timed with at least part of the natural flood tide cycle replenished the water upstream of the
floodgate, thereby providing a cooling effect and replenishing dissolved oxygen to optimal levels
during the spring and early summer months. We detected an order of magnitude (10×) increase
in habitat use by juvenile Chinook salmon in Fisher Slough upstream of the floodgate, consistent
with habitat use observed at other reference sites throughout the Skagit tidal delta. This increase
is predominantly associated with the dike setback and current operation of the floodgate to allow
fish passage during slack and flood stages of the tide cycle (Chapter 7). Finally, increased rearing
habitat associated with the dike setback and current floodgate operation translated to an increase
in the smolt carrying capacity of Fisher Slough by 21,823 estuary-rearing Chinook salmon
smolts per year, which is 1.3 times a greater benefit to Skagit Chinook salmon than predicted by
the Skagit Chinook Recovery Plan (SRSC and WDFW 2005).
While the dike setback clearly increased the abundance of habitat in Fisher Slough upstream of
the floodgate, increased availability of habitat for juvenile Chinook rearing likely would not have
been as significant had the floodgate not been operated in sync with at least part of the natural
tidal cycle, thereby increasing habitat connectivity between the newly restored area upstream of
the floodgate and the areas downstream of the floodgate. There are two important mechanisms
by which the current operation of the floodgate enabled juvenile Chinook salmon to benefit from
the restoration of floodplain connectivity resulting from the dike setback. First, opening of the
floodgate during the slack and at least partial flood stages of the tidal cycle allowed juvenile
Chinook to move upstream of the floodgate, accessing the newly connected tidal freshwater
habitat. Increased access to floodplain habitats, including tidal freshwater habitat like Fisher
Slough, provides significant benefits to rearing juvenile Chinook due to increased productivity of
floodplains relative to adjacent mainstem river habitat (Jeffres et al. 2008, Sommer et al. 2001),
and to refuge for the Chinook from high flow. Second, because the mainstem Skagit is
significantly cooler on average than areas of Fisher Slough upstream of the floodgate during
spring and summer months, keeping the floodgate open during the slack and at least partial flood
tide provides a cooling effect as well as increased dissolved oxygen.
Simulations using models to predict juvenile Chinook abundance in Fisher Slough upstream of
the floodgate with the doors open a low (the 10th percentile) and high (80th percentile) amount of
the time during the slack and flood tidal cycle showed that juvenile Chinook abundance was
indeed affected by the floodgate. This suggests that the floodgate operation limits the
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longitudinal connectivity of habitat within Fisher Slough, thereby limiting the capacity of the
system to support juvenile Chinook production.
The Fisher Slough Restoration Project was never envisioned as a project where natural
hydrologic processes would be completely undisturbed due to needs to protect adjacent lands
from flooding. Our analysis of Fisher Slough quantifies the effects of both dike setback and
floodgate operation, which can be used moving forward as an adaptive management tool for
possible new balancing of floodgate operation with Chinook salmon habitat usage and flood
protection. Possibly more important, the findings at Fisher Slough can be used to predict
Chinook salmon responses of other restoration projects in planning stages that are considering
flood prevention or tidal muting structures as part of their design.
The restoration of lateral connectivity of habitat resulting from the dike setback not only created
more habitat for rearing juvenile Chinook, but also increased habitat complexity in the form of
spatial thermal variation upstream of the floodgate. In effect, this additional complexity allows
juvenile salmon to capitalize on warm water when food is abundant and take refuge in cooler
areas when temperatures approach lethal limits during the summer months (Jeffres et al. 2008,
Sommer et al. 2001). The increase in diurnal and spatial variability in temperature caused by the
combined effects of restoration from the dike setback and floodgate operation may provide
benefits to juvenile Chinook through enhanced growth and foraging opportunity. For example,
juvenile Chinook may take advantage of the increase in thermal variability by maximizing
assimilation of prey during time or places where a temperature advantage for food assimilation
exists and then move into cooler habitat areas following the inundation of cooler water with the
tidal cycle.
The assimilative capacity of most Pacific salmon species, including juvenile Chinook, peaks
between 14 oC and 19 oC, when individuals are able to feed at roughly 60% - 80% of satiation.
The capacity declines at progressively higher temperatures (Brett 1971, Marine and Cech 2004).
The addition of three blind channels following the dike setback resulted in a temperature
differential between 8 oC and 15 oC (measured throughout the restoration area) during the
months of May and June, which included the peak of juvenile Chinook abundance in the area of
Fisher Slough upstream of the floodgate. The spatial variation in water temperature upstream of
the floodgate after dike setback may allow juvenile Chinook salmon to take advantage of a
preferred temperature regime, whether it is for assimilation of prey or thermal refuge (Myrick
and Cech 2004). Consistent with other studies documenting substantial growth by juvenile
Chinook rearing in a floodplain despite daily average temperatures exceeding 21 oC and
maximum temperatures of 25 oC (Jeffres et al. 2008), the observed increase in mean fork length
as an indicator of inferred growth following the dike setback suggests that juvenile Chinook
rearing in Fisher Slough have indeed benefitted from both the increase in magnitude of peak
temperatures and spatial variability in temperature that includes places of thermal refuge.
In cases where thermal variation between low and high temperatures is prevalent at relatively
fine spatial or temporal scales, rearing juvenile salmon may benefit from high temperatures for
short periods of time that would normally be stressful because they are able to assimilate prey at
higher rates than normal, thereby allowing more continuous feeding during periods of high prey
availability (e.g. late spring and early summer months) (Matthews and Berg 1997, Armstrong et
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al. 2013). This mechanism would be especially important in floodplains where connectivity is
intact because temperature variability in floodplain habitats typically exceeds that of neighboring
mainstem river habitat (Sommer et al. 2001). Studies have shown that juvenile coho salmon are
able to exploit landscape thermal variation by feeding in cool areas where prey are readily
available but temperatures are suboptimal for growth, and then move into warmer water habitat
to assimilate prey (Armstrong et al. 2010, Armstrong et al. 2013). Specifically, Armstrong et al.
(2013) showed that juvenile coho salmon that readily moved between cold and warm water
habitats in this pattern inferred a significant growth advantage to those individuals that remained
in one thermal regime (warm versus cool) for the duration of the growing season. Because the
rearing season for estuarine juvenile Chinook salmon is relatively short (February – August) and
the majority of fish growth appears to occur April through July, this added habitat complexity in
the form of increased thermal variation may allow juvenile Chinook rearing in Fisher Slough to
maximize their growth potential more easily than in years prior to the dike setback when the
temperature regime was less variable. However, due to the importance of floodgate operation
(i.e., allowing cooler river water into habitat upstream of the floodgate), observed increases in
thermal variation following the dike setback would not be observed without management of the
floodgate to remain open for significant periods of time during flood tides.
The additional year of monitoring in 2015 revealed two important issues related to the
performance of Fisher Slough as juvenile Chinook rearing habitat.
1. Floodgate operation in 2015 was the best of all years (the doors were held open 100% of the
time much of the season), yet fish passage potential results were the worst of all years. The
length of slack and flooding tidal cycles in 2015 were short, hence the actual length of time
when juvenile Chinook are expected to swim upstream past the floodgate structure was
relative short compared to other years. The main cause for this is river flow dynamics. In
years with low river flows, overall upstream fish passage potential at Fisher Slough will be
limited due to natural causes regardless of floodgate operation efforts.
2. Year 2015 was the warmest of all years monitored and the only year where juvenile Chinook
presence/absence patterns were influenced by temperature in Fisher Slough and reference
sites throughout the Skagit tidal delta (Chapter 5). We also observed a truncated Chinook use
curve within the Skagit tidal delta with fish gone by early June (Figure 7.1). Timing of
migration out of the tidal delta may be a life history adaptation by Chinook salmon to avoid
temperature or metabolic stress, or the high temperatures may be triggering a movement
response by individual Chinook salmon so that they avoid hot areas. Possibly, warm years
means the rearing opportunity for juvenile Chinook salmon in tidal delta habitat is truncated
by a month or more because environmental conditions become stressful or not conducive to
growth such that the fish migrate to marine habitats earlier than normal years.
These two interesting results, observed only in 2015, may be shedding light on how fish will
respond to climate change pressures of lower summer flows and higher water temperature within
estuarine rearing habitat.
In summary, restoration of the connectivity of the Fisher Slough floodplain in conjunction with
current operation of the floodgate in sync with tidal cycles has provided a clear benefit to
juvenile estuary rearing Chinook smolts. Specifically, increased habitat connectivity has allowed
juvenile Chinook to effectively utilize and benefit from the increased habitat complexity
associated with the dike setback.
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