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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 resolved a drainage conflict 

preventing implementation of the final restoration Project Element. Project Element 3, 

completed in 2011, was a dike setback in order to allow more of the agricultural area to 

be inundated by tidal and freshwater hydrology, increasing fish carrying capacity. 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. Now with five years of 

monitoring data and all restoration elements complete, we answered 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 habitat. 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 two years of monitoring 

after dike setback (2012 and 2013).  
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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. 

 

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 by relocating the Big Ditch siphon culvert, 

which was located underneath Fisher Slough within the future dike setback area. As part 

of the restoration project, the siphon was relocated to the edge of the project footprint in 

order to accommodate drainage issues 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 (Figures 1.2 and 

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. 
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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. 

YR Month Project Element 1 Project Element 2 Project Element 3 
Fish 

Monitoring 

Floodgate Management 

Period 

2
0
0
9
 

Jan 

   

 Fall/Winter Flood Control 

Period Feb 
   

2/27/09 
to 

8/12/09 

Mar 
   Spring Juvenile Chinook 

Migration Period 
Apr 

   May 
   June 
   

Summer Irrigation Period 
July 

   Aug 

   Sept New floodgate 
installed 9/24/09 

to 11/25/09 

  
 

Oct 
  

 

Fall/Winter Flood Control 
Period 

Nov 
  

 

Dec 
   

 

2
0
1
0
 

Jan 

   

 

Feb 

   

2/5/10 
to 

7/13/10 

Mar 
   Spring Juvenile Chinook 

Migration Period Apr 

   May 

   

June 

 

Out of water work 6/14/10 to 7/21/10  

Summer Irrigation Period July 
 

Floodgate  disengaged and 
 in-water work 

7/21/10 to 10/21/10 

 
Out of water work  continued 7/21/10 to 

11/24/10 

Aug 
 

 

Sept 

 

 

Oct 
 

 

Fall/Winter Flood Control 

Period 

Nov 

 

 

Dec 

   

 

2
0
1
1
 

Jan 

   

 

Feb 

   
2/10/11 

to 
6/20/11 

Mar 

   Spring Juvenile Chinook 

Migration Period 
Apr 

 Out of water work 4/12/11 to 6/27/11, work 

related to both Project Elements 2 and 3 May 
 June 

 
Summer Irrigation Period 

July 
 

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

Project Elements 2 and 3 

 

Aug 
 

 

Sept 

 

 

Oct 

 

 

Fall/Winter Flood Control 
Period 

Nov 

   

 

Dec 

   

 

2
0
1
2
 

Jan 

   

 

Feb 
   

2/14/2012 
to 

7/24/2012 

Mar 

   
Spring Juvenile Chinook 

Migration Period 
Apr 

   May 
   June 
   

Summer Irrigation Period 

July 

  

.  

Aug 
  

Floodgate 
disengaged 8/3/12 to 

8/20/12 1 

Out of water work 
during August and 

September 

 

Sept 

  

 

Oct 
   

 

Fall/Winter Flood Control 

Period 

Nov 

   

 

Dec 

   

 

2
0
1
3
 

Jan 

   

 

Feb 
   

2/8/2013 
to 

8/13/2013 

Mar 
   

Spring Juvenile Chinook 

Migration Period 
Apr 

   May 

   June 

   
Summer Irrigation Period 

July 

   Aug 
   Sept 
   

 

Oct 

   

 
Fall/Winter Flood Control 

Period 
Nov 

   

 

Dec 

   

 

                                                 
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. 
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Figure 1.2. Restoration map of Fisher Slough provided by TNC.



  9 

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 forth 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 tidegate 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 and are included in this 

report. 

 

Now with five years of monitoring data and all restoration elements complete, we strive 

to answer the following five questions in this report: 

1. Did tidal habitat area increase following dike setback restoration at Fisher 

Slough? 

2. Does restoration at Fisher Slough influence water temperature and dissolved 

oxygen? 

3. Is juvenile Chinook salmon presence within Fisher Slough influenced by 

variable local environmental conditions, such as water temperature, dissolved 

oxygen, depth, and velocity? 

4. How did floodgate operation vary over the juvenile Chinook salmon 

monitoring period for all years? 

5. Did the dike setback restoration and floodgate operation influence juvenile 

Chinook salmon abundance, density and size? 

 

Chapters 3 through 7 deal with these questions in the format of analysis methods, results, 

and discussion. 

Description of floodgate 

The floodgate structure in operation at Fisher Slough during the 2010 through 2013 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 

(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 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, occurring February 27 to August 12, 2009, February 5 to July 13, 2010, February 

10 to June 20, 2011, February 14 to July 24, 2012 and February 8 to August 13, 2013 

(Table 2.1). 

 

Sampling was conducted once per month in February and then twice per month (March 

though 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) as in 2009-

2012 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. 

 

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 and 2013. 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 
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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 (Figures 2.2 and 2.3). 

 

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 and 2013 (two sets per sampling day). 

 

The site location for the data loggers measuring dissolved oxygen (DO), water surface 

elevation (WSE), water temperature and floodgate door openness 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. 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. Blind channel sampling transects (black lines with red dots at either end) were sampled with beach seines 

in 2012 and 2013. 
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Figure 2.2. Actual sample locations within Blind Ch 1 and Blind Ch 2 in 2012 and 2013. 
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Fish sampling 

Each fish sampling event in 2012 and 2013 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 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 and 2013 

occurred in the new blind channels, sampling at low slack tide and the first portion of the 

flood tide. 

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 1/8-

inch (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 

2013 are reported in Henderson and Wolf (2014), which is attached as Appendix A in this 

report. 

 

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. 
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Fyke trap 

In 2009 through 2013 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 (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 2.1. 
 

Table 2.1. 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. 

 

  

Strata Strata2 Location/Site 

Number of beach seine or 

fyke trap sets per 

sampling date 

Years 

Sampled 

U
p

st
re

a
m

 o
f 

fl
o

o
d

g
a

te
 

US FG 

Main 

Channel 

Fisher Sl Inside s1 1 2009-2013 

Fisher Sl Inside s2 1 2009-2013 

Fisher Sl Inside s3 1 2009-2013 

Fisher Sl Inside s4 1 2009-2013 

Fisher Sl Inside s6 1 2009-2011 

Fisher Sl Inside s7 1 2009-2011 

US FG 

Blind 1 Fisher Sl B1 (all random) 6 2012-2013 

US FG 

Blind 2 Fisher Sl B2 (all random) 6 2012-2013 

US FG 

Blind 3 

Fisher Sl B3 ( Fisher Sl Inside s5, 

non- random) 1 2009-2013 

Fisher Sl B3 (random) 1 2012-2013 

D
o

w
n

st
re

a
m

 

o
f 

fl
o

o
d

g
a

te
 

DS FG 

Main 

Channel 

Fisher Sl Tidegate Outside S 1 2009-2013 

Tom Moore Sl Upper Area 2 2009-2013 

DS FG Ref 

Blind Fisher Sl Blind Ch  1 2009-2013 
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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). 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 RE-

adjusted 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 m
2
. 

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 and the 

elevation of each logger is shown in Table 2.2. 
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Figure 2.4. Data logger locations at Fisher Slough in 2013. 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 both continual monitoring and 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.  

 

Continual monitoring was done utilizing two types of data loggers. Model 3001 

Levelogger Gold and/or Model 3001 Edge data loggers (Solinst Canada Ltd.) were 

placed in standpipes at three sites in 2009 to 2011 and in five sites in 2012 and 2013: one 

downstream of the floodgate on the floodgate headwall structure (Downstream 

Floodgate, 2009 to 2013), one upstream of the floodgate on the floodgate headwall 

(Upstream Floodgate, 2009-2010), one upstream of the floodgate near the historical Big 

Ditch Crossing (Blind Ch 3, 2009 to 2013), one in the new main channel upstream of the 

historical Big Ditch Crossing (Upper Main Channel, 2012 to 2013), and one in each of 

the two new blind channel lobes (Blind Ch 1 and Blind Ch 2, 2012 to 2013) (Figure 2.4). 

Water temperature was taken at the bottom of the water column. The elevation of the data 

loggers is shown in Table 2.2.  
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An INW (Instrumentation Northwest) data logger, model AquiStar® PS9805, was 

located on the upstream face of the floodgate headwall (Figure 2.4). Data from this logger 

were used for water temperature comparisons. This data logger, like the Model 3001 

Levelogger Gold and/or Model 3001 Edge data loggers, is a combination of a pressure 

transducer and thermometer. A Campbell Scientific data monitor, model CR1000 with 

software communication software version PC200W, was used to store and download 

data. Data were processed within the data logger and the results were converted to the 

desired units of pressure and temperature. Downloaded data contained values for both 

water temperature and WSE at the upstream side of the floodgates. The data logger was 

located at 1.00 ft NAVD88 and takes readings from the bottom of the water column. Data 

from this logger were used from 2009 through 2013. 

 

All Solinst loggers were set to automatically record the temperature at 15-minute 

intervals, seven days per week. The INW logger is set to record data at 1-minute intervals 

and gives a report of the 15 minute average of data. The daily range (maximum and 

minimum values) in degrees Celsius is reported, in order to compare the spot 

measurements taken at the time of sampling to those taken by the continuous-read Solinst 

data loggers and the INW AquiStar data logger. 
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Table 2.2. Spot measurement and continuous-read data logger site locations. Includes elevation 

of the continuous-read data loggers used for temperature and DO. 

Comparison Spot measurement site 
Continuous-read data 

logger measurement site 

Continuous-read 

data logger 

elevation 

(ft NAVD88) 

Downstream of 

floodgate 

Fisher Sl Floodgate Outside S 

Fisher Sl Blind Ch Downstream Floodgate 0.25 

Upstream of 

floodgate 

Fisher Sl Inside s1 

Fisher Sl Inside s2 Upstream Floodgate 1.0 

Fisher Sl Inside s4 Upper Main Channel 4.43 

Blind channel 

Random beach seine sets made 

within Blind Ch 1 Blind Ch 1 4.66 

Random beach seine sets made 

within Blind Ch 2 Blind Ch 2 4.86 

Fisher Sl Inside s5 and the 

random site within Blind Ch 3 Blind Ch 3 4.40 

 

The Solinst WSE and water temperature loggers, as well as the floodgate data logger, are 

in place year round, but only data collected during the fish monitoring period are 

reported. 

Dissolved oxygen  

Dissolved oxygen (DO) was measured by both continuous-read data loggers and 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. 

 

Continual monitoring was done using a model AquiStar® Dissolved Oxygen Sensor with 

a GDL data logger made by INW. The DO loggers were used from 2011 through 2013 

and were placed in perforated PVC standpipes at three sites in the main channel: one 

downstream of the floodgate (Downstream Floodgate, 2011 to 2013) secured to the 

floodgate headwall, one upstream of the floodgate (Upstream Floodgate, 2011 to 2013) 

secured to a highway bridge piling, and one further upstream at the Upper Main Channel 

site (2012 to 2013) (Figure 2.4). A fourth DO logger was rotated between the three blind 

channel areas approximately every two weeks during 2012 and 2013. Dissolved oxygen 

and water temperature readings were taken at the bottom of the water column. The 

AquiStar DO data loggers record the DO content as parts per million (ppm). This is the 

equivalent of mg/L values recorded by the YSI loggers. The DO values are reported as 

mg/L for the comparisons of the two methods.  

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) (Table 2.3). The two 

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). What is different for this 

analysis than presented in the annual Fisher Slough floodgate reports is that the 

recommended floodgate monitoring results (from floodgate reports) are calculated for 

periods much shorter (see below) than the multiple months of the floodgate management 

periods. This way we can examine within-season variability in floodgate operation, better 

detect annual difference in floodgate operation, and match floodgate operation with our 

juvenile Chinook monitoring data (collected every two weeks during the monitoring 

period). 

 

To determine the period of floodgate operation that should be matched with our every-

other-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 results for the week prior to fish sampling events as a 

proxy for fish passage conditions experienced at the Fisher Slough floodgate. Thus, we 

summarized floodgate operation results for the week prior to fish sampling events at 

Fisher Slough for all years of data. 
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Summary of analytical approach  

From the data described in the previous sections, we summarized all results (Chinook 

salmon, environment, floodgate operation, etc) into 35 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 815 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 

Our general analytical approach for environmental and floodgate analyses (Chapters 4, 5, 

and 6) used ANOVA to test for mixed effects (factor and covariate) on selected 

dependent variables. Scheffé 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 significant 

at the 0.05 level. For graphically-displayed results, we present least squares means plots 

of the groups used in the ANOVA model. The groups are based on factors within the 

model and their interactions. A Least Squares Mean is a mean estimated from a linear 

model for the dependent variable. Least squares means are adjusted for other terms in the 

model (i.e., covariates), and are less sensitive to missing values in the overall dataset. 

Least squares means are in contrast to a raw, or arithmetic means, which is a simple 

average of values, using no model. 
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Chinook salmon analyses 

We used R software (R Development Core Team 2012) to analyze juvenile Chinook 

abundance and density data because of the non-normal distribution of errors associated 

with the data, and the ease in which complex error structures can be incorporated into 

generalized linear models. The specific package of R used is reported in the analysis 

methods section of each analysis (Chapter 7). 

 

In chapter seven where we assess combined effects of the dike setback and floodgate 

operation on juvenile Chinook population abundance and individual size, we fit each 

candidate model using multiple regression and then ranked performance of each 

candidate model primarily using the bias-corrected Akaike information criterion (AICc) 

(Burnham and Anderson 2002). Models were ranked in order of increasing delta AICc 

(delta). Complementary to using AICc and straight log likelihood (logLik) for model 

selection, we also utilized R
2

 to test how much of the variability in observed data was 

explained by predictor variables included in each model. The resulting model weight was 

used to determine the probability of a particular candidate model being the best of all 

candidate models assessed. Finally, we calculated variable weights (i.e. sum of 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 (Burnham and Anderson, 2002) 

 

In addition to R
2
 and degrees of freedom (df), the following results are reported in 

Chapter 7 tables for AIC analyses: 

 logLik is log likelihood. The highest value is best. 

 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. 

 Model weight is the probability of an individual candidate model being the best 

model out of all candidate models fit to the data on a scale of 0 to 1. Higher 

values in the set reported are best. 

 

 



  27 

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 

Spatial 

Strata 
US FG (upstream of floodgate) 

DS FG (downstream of floodgate) 
Factor 

Strata2 
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 
Factor 

Site The individual sites within Strata and Strata2 

Replicates for 

Strata or 

Strata2 

Temporal 

Week Week when sample was collected 
Covariate or 

factor 

Month Month when sample was collected 
Covariate or 

factor 

Year Year when sample was collected Factor 

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

sampling event of that month 

Covariate or 

factor 

Site environment 

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

Surf DO (mg/L) Water dissolved oxygen just under the surface at time of fish sampling Dependent 

Floodgate Operation 

Upstream juvenile Chinook 

passage opportunity 

Non-ebb Opening 

(%CW) 

How wide the floodgate doors are open during the non-ebb period for the week prior to 

fish sampling, expressed as % of Fisher Slough channel width at the site of the 

floodgate; the one week period is based on Congleton et al. (1981) 

Covariate or 

Dependent 

Non-ebbPassOp 

(%wk) 

How much time floodgate doors are open during the non-ebb period for the week prior 

to fish sampling, expressed as % of a week; the one week period is based on Congleton 

et al. (1981) 

Covariate or 

Dependent 
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Variable Type Variable Name Description 

Use in 

Statistical 

Model 

EbbPassOp0.89 

(%wk) 

How much time ebb flow is less than 0.89ft/sec for the week prior to fish sampling, 

expressed as % of a week; the one week period is based on Congleton et al. (1981) 

Covariate or 

Dependent 

EbbPassOp1.1 

(%wk) 

How much time ebb flow is less than 1.1ft/sec for the week prior to fish sampling, 

expressed as % of a week; the one week period is based on Congleton et al. (1981) 

Covariate or 

Dependent 

Abiotic control 

AveRiver Q 
Average Skagit River gage level for period two weeks prior to fish sampling event 

(from USGS gage) 
Covariate 

AveTributary 

Inflow Q 

Average Nookachamps gage level for period two weeks prior to fish sampling event 

(from USGS gage) -- there is no gage on tributaries of Fisher Slough; the Nookachamps 

watershed has the same hydrograph shape and is a reasonable surrogate 

Covariate 

AveTributary DO 
Average dissolved oxygen (mg/L) in Carpenter Creek for period two weeks prior to fish 

sampling event (from Skagit County) 
Covariate 

AveTributary 

Temp 

Average temp (degrees C) in Carpenter Creek for period two weeks prior to sampling 

event (from Skagit County) 
Covariate 

AveRiver DO 
Average DO (mg/L) in South Fork Skagit River for period two weeks prior to fish 

sampling event (from Skagit County) 
Covariate 

AveRiver Temp 
Average temp (degrees C) in South Fork Skagit River for period two weeks prior to fish 

sampling event (from Skagit County) 
Covariate 

Strata2 environment 

Ave Logger Temp 
Average water temperature (degrees C) for period two weeks prior to fish sampling 

event (from logger) 
Dependent 

Max Logger Temp 
Maximum water temperature (degrees C) for period two weeks prior to fish sampling 

event (from logger) 
Dependent 

Ave Logger DO 
Average water dissolved oxygen (mg/L) for period two weeks prior to fish sampling 

event (from logger) 
Dependent 

Min Logger DO 
Minimum water dissolved oxygen (mg/L) for period two weeks prior to fish sampling 

event (from logger) 
Dependent 

Biotic control 

CK Migrants 
Number of juvenile Chinook migrants in two week period prior to sampling event (from 

WDFW trap) 
Covariate 

Cumulative 

Migrants 
Total number of juvenile Chinook migrants prior to sampling event (from WDFW trap) Covariate 



  29 

Variable Type Variable Name Description 

Use in 

Statistical 

Model 

CK sub-yearling 

population 
Total number of subyearling Chinook that migrated past the WDFW trap that year Covariate 

CK fry population Total number of fry sized Chinook that migrated past the WDFW trap that year Covariate 

Juvenile Chinook salmon 

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 

LogCK0+ Density Log transformed subyearling Chinook salmon density Dependent 

Chinook 

abundance 
Total number of subyearling Chinook salmon per Strata2 by sampling event Dependent 

LogCKabundance Log transformed Chinook abundance Dependent 
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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 post-

restoration 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 increase in habitat includes 1,494 m (4,902 ft) of new channel habitat for a 

total of 2,975 m (9,760 ft) of channel habitat (Henderson et al. 2014) (Figure 3.2). 

 
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.  
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Figure 3.2. Location of pre-restoration (2009, left frame) and post-restoration (2013, right frame) tidal channels in the tidal floodplain portion of 

the project site. Left panel: channel polygons are shown in yellow. Right panel: Numbers displayed give the channel length and area of each 

channel polygon. Each color of text represents the polygon of the same color. Note: The channel boundaries were stopped where the vegetation 

changes from decidedly wetland to clearly upland. The portions of the stream channels (Big Fisher and Little Fisher creeks) that climb out of the 

floodplain onto the alluvial fan are not shown. The area of the pond feature (orange) in the middle of the southeastern blind tidal channel (Blind 

Ch 2, aka Smith B) is approximate, because it is highly sensitive to water level. Red polygon is the project boundary. 

 

2013 
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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, likely have as strong an 

influence on water temperature and DO within Fisher Slough as any restoration or 

floodgate operation effect. Thus, our analyses of water temperature and DO account for 

possible external influences as covariates while testing effects of factors, such as dike 

setback. Analyses in this chapter are presented and discussed first for water temperature 

and then for dissolved oxygen. 

Temperature 

Analysis methods 

External and internal forces have the potential to influence water temperature at Fisher 

Slough. Forces external to Fisher Slough include: a) river and tributary inflows (and the 

temperature of that water), and b) time of year (e.g., summer is warmer than winter). 

Forces internal to Fisher Slough include: a) whether the dike is set back (more area, 

shallow, no shade) or not, and b) how much water the floodgate lets through (in both 

directions). We used variables listed in Table 2.3 to characterize external and internal 

forces at Fisher Slough to analyze three different water temperature results. 

We used ANOVA methodology to determine factor and covariate influences on three 

different dependent variables for water temperature: 1) water surface temperature, 2) 

average (continuous-read) logger temperature, and 3) maximum (continuous-read) logger 

temperature. We conducted separate analyses for each dependent variable, using the same 

factors and covariates for each model. Factors included in each ANOVA were: Dike 

Setback (before or after), Strata (location relative to the floodgate) or Strata2 (six sub-

area sampling regions), and Month. Covariates included in each ANOVA were: 

AveRiver Q (average Skagit River gage level), AveTributary Inflow Q (average 

Nookachamps gage level), AveTributary Temp (average Carpenter Creek temperature in 

degrees Celsius), AveRiver Temp (average temperature of the South Fork Skagit River in 

degrees Celsius), Non-ebbPassOp (%wk) (non-ebb fish passage opportunity as percent of 

a week), and EbbPassOp0.89 (%wk) (ebb fish passage opportunity where velocity < 0.89 

ft/sec as percent of a week) (Table 2.3). The average gage level and temperature variables 

for river and tributary are highly correlated with each other, so analyses were run 

separately using data from only the river or the tributary covariate dataset at a time. We 

included the two fish passage indicators as surrogates for floodgate operation, which is an 

indication of the amount of water being let in and out of Fisher Slough. 
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Results 

Water temperature results are presented in three sections based on the three different 

dependent variables (water surface temperature, average logger temperature, and 

maximum logger temperature), followed by a fourth section which is an analysis of 

spatial variation in water surface temperature after dike setback.  

 

We divided the temperature results into separate sections because the analyses of the 

different dependent variables have the ability to identify different aspects of water 

temperature in Fisher Slough. Water surface measurements were taken consistently 

throughout the five-year monitoring period at every sampling site with a handheld meter 

at the time of fish sampling (Table 2.3). However, they are spot measurements taken 

every two weeks and always during day time. The logger temperature values (average 

and maximum) recorded by continuous-read data monitors are from the two-week 

periods between fish sampling events (Table 2.3). The logger temperature results are 

better in some aspects than the spot measurements, but weaker in other aspects. The 

strength of the continuous-read logger data is temporal coverage, where many 

measurements (including night time measurements) are collected, which generates more 

accurate averages and maximums. A possible weakness in the continuous-read logger 

data is spatial extent. The spot measurements are from every site (n=24 after dike 

setback), but logger temperature is measured only at the level of Strata2 (n=6 after dike 

setback). The spot measurements are also taken in the exact same place and time as a 

known fish catch, whereas the logger measurements are not. We looked at spatial 

variation in water temperature using measurements of water surface temperature taken at 

the time of fish sampling because this dataset has better spatial coverage. 

 

Because monitoring is expensive, it is not always possible to have both sources of 

temperature data (loggers and spot measurements). At Fisher Slough, we have the 

opportunity to observe whether there is agreement in conclusions from analyses between 

the two different measurement methods. Lessons learned could be applied to future 

monitoring at Fisher Slough and other estuary restoration projects.  

Water surface temperature 
The final model uses 730 records of water surface temperature, has an R

2
 of 0.82, and 

retained significant covariates for river level and river water temperature as well as for 

both floodgate operation variables (Table 4.1). Model coefficients for covariates are: 

Non-ebbPassOp (%wk) (non-ebb fish passage opportunity as percent of a week) = -7.469, 

EbbPassOp0.89 (%wk) (ebb fish passage opportunity where velocity < 0.89 ft/sec as 

percent of a week) = -8.700, AveRiver Q (average Skagit River gage level) = 0.314, and 

AveRiver Temp (average temperature of the South Fork Skagit River in degrees Celsius) 

= 0.661.  

 

The two floodgate operation covariates were negatively correlated with surface water 

temperature (Non-ebbPassOp (%wk) = -7.469, EbbPassOp0.89 (%wk) = -8.700), which 

means longer times of floodgate closure equate to warmer Fisher Slough water. The 

positive coefficient associated with river level and temperature (AveRiver Q = 0.314, and 
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AveRiver Temp = 0.661) means higher and warmer river water equates to warmer water 

in Fisher Slough. 

 

There were strong influences on water surface temperature from Dike Setback (before or 

after) (Figure 4.1), Strata (location relative to the floodgate) (Figure 4.2), and Month 

(Figure 4.3). Overall, water surface temperature measured at the time of fish sampling in 

Fisher Slough was 2.2 °C warmer upstream of the floodgate than downstream. Dike 

setback increased water surface temperature by 2.3 degrees C in areas upstream of the 

floodgate but had no significant effect on water surface temperature downstream of the 

floodgate (Figure 4.4). 
 

Table 4.1. ANOVA significance results for water surface temperature recorded by a handheld 

meter during fish sampling. P-values significant at the 0.05 level are bolded. 

Variable Type Variable p-Value 

Factors 

Dike Setback 0.000 

Strata 0.000 

Month 0.000 

Interactions 

Dike Setback*Strata 0.000 

Dike Setback*Month 0.001 

Strata*Month 0.000 

Dike Setback*Strata*Month 0.120 

Covariates 

Non-ebbPassOp (%wk) 0.000 

EbbPassOp0.89 (%wk) 0.000 

AveRiver Q 0.000 

AveRiver Temp 0.000 
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Figure 4.1. Least squares means of water 

surface temperature (recorded by a handheld 

meter during fish sampling) by Dike Setback 

(before or after). 

Figure 4.2. Least squares means of water 

surface temperature (recorded by a handheld 

meter during fish sampling) by Strata 

(location relative to the floodgate). 

 
Figure 4.3. Least squares means of water 

surface temperature (recorded by a handheld 

meter during fish sampling) by Month. 
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Figure 4.4. Least squares means of water surface temperature (recorded by a handheld meter 

during fish sampling) by Dike Setback (before or after) and Strata (location relative to the 

floodgate). 

Average logger temperature 
The final model uses 154 records of average logger temperature, has an R

2
 of 0.95, and 

retained significant covariates for river water temperature and one floodgate operation 

variable (Table 4.2). Model coefficients for covariates are: Non-ebbPassOp (%wk) (non-

ebb fish passage opportunity as percent of a week) = -2.403 and AveRiver Temp (average 

temperature of the South Fork Skagit River in degrees Celsius) = 0.655. The negative 

coefficient associated with the floodgate operation variable means longer times of 

floodgate closure equate to warmer Fisher Slough water. The positive coefficient 

associated with river temperature means warmer river water equates to warmer Fisher 

Slough water. 

 

Overall, there are strong influences on average logger water temperature from Dike 

Setback (before or after) and Month but not from Strata (location relative to the 

floodgate) (Table 4.2, Figures 4.5-4.7). Average water temperature measured by 

continuous-read loggers at all sites in Fisher Slough is 0.7 °C cooler after dike setback 

(Figure 4.5). The most interesting result is the pattern of change in average logger water 

temperature by Dike Setback and Strata. After dike setback, average water temperature 

from loggers in areas upstream of the floodgate decreased by 1 °C but there was not a 

significant change in areas downstream of the floodgate (Table 4.3, Figure 4.8). 
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Table 4.2. ANOVA significance results for average water temperature recorded by continuous-

read logger. P-values significant at the 0.05 level are bolded. 

Variable type Variable p-Value 

Factors 

Dike Setback 0.001 

Strata 0.361 

Month 0.000 

Interactions 

Dike Setback*Strata 0.155 

Dike Setback*Month 0.085 

Strata*Month 0.986 

Dike Setback*Strata*Month 0.936 

Covariates 
Non-ebbPassOp (%wk) 0.005 

AveRiver Temp 0.000 

 

Table 4.3. Pairwise significance testing for the interaction of Dike Setback (before or after) and 

Strata (location relative to the floodgate) using Tukey's Honestly-Significant-Difference Test. 

Significant pairs are bolded. 

Dike Setback(i)*Strata(i) Dike Setback(j)*Strata(j) Difference p-Value 95% Confidence Interval 

Lower Upper 

after*DS FG before*DS FG -0.385 0.653 -1.135 0.365 

after*US FG before*US FG -0.981 0.001 -1.524 -0.437 

 
  



  38 

 

 
Figure 4.5. Least squares means of average 

water temperature (recorded by continuous-

read logger) by Dike Setback (before or 

after). 
 

Figure 4.6. Least squares means of average 

water temperature (recorded by continuous-

read logger) by Strata (location relative to 

the floodgate). 

 
Figure 4.7. Least squares means of average 

water temperature (recorded by continuous-

read logger) by Month. 
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Figure 4.8. Least squares means of average water temperature (recorded by continuous-read 

logger) by Dike Setback (before or after) and Strata (location relative to the floodgate). 

Maximum logger temperature 
The final model uses 152 records of maximum temperature, has an R

2
 of 0.91, and 

retained significant covariates for river water temperature and both floodgate operation 

variables (Table 4.4). Model coefficients for covariates are: Non-ebbPassOp (%wk) (non-

ebb fish passage opportunity as percent of a week) = -5.533; EbbPassOp0.89 (%wk) (ebb 

fish passage opportunity where velocity < 0.89 ft/sec as percent of a week) = -8.964; and 

AveRiver Temp (average temperature of the South Fork Skagit River in degrees Celsius) 

= 0.828. The negative coefficients associated with floodgate operation variables means 

longer times of floodgate closure equate to warmer Fisher Slough water. The positive 

coefficient associated with river temperature means warmer river water equates to 

warmer Fisher Slough water. 

 

There are strong influences on maximum water temperature from Dike Setback (before or 

after) (Figure 4.9) and Month (Figure 4.11) but not from Strata (location relative to the 

floodgate) (Figure 4.10). Overall, dike setback increased maximum water temperature by 

2.6 and 2.5 °C in areas upstream and downstream of the floodgate, respectively (Figure 

4.12). 
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Table 4.4. ANOVA significance results for maximum water temperature recorded by continuous-

read logger. P-values significant at the 0.05 level are bolded. 

Variable type Variable p-Value 

Factors 

Dike Setback 0.000 

Strata 0.496 

Month 0.000 

Interactions 

Dike Setback*Strata 0.856 

Dike Setback*Month 0.006 

Strata*Month 0.947 

Dike Setback*Strata*Month 0.586 

Covariates 

Non-ebbPassOp (%wk) 0.001 

EbbPassOp0.89 (%wk) 0.001 

AveRiver Temp 0.000 

 

 
Figure 4.9. Least squares means of 

maximum water temperature (recorded by 

continuous-read logger) by Dike Setback 

(before or after). 
 

Figure 4.10. Least squares means of 

maximum water temperature (recorded by 

continuous-read logger) by Strata (location 

relative to the floodgate). 
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Figure 4.11. Least squares means of 

maximum water temperature (recorded by 

continuous-read logger) by Month. 

 
Figure 4.12. Least squares means of maximum water temperature (recorded by continuous-read 

logger) by Dike Setback (before or after) and Strata (location relative to the floodgate). 
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Spatial variation in water surface temperature after dike setback 
The final model uses 399 records of water surface temperature, has an R

2
 of 0.93, and 

retained significant covariates for river water temperature and one floodgate operation 

variable (Table 4.5). Model coefficients for covariates are: Non-ebbPassOp (%wk) (non-

ebb fish passage opportunity as percent of a week) = -6.728 and AveRiver Temp (average 

temperature of the South Fork Skagit River in degrees Celsius) = 0.246. The negative 

coefficients associated with floodgate operation variables mean longer times of floodgate 

closure equate to warmer Fisher Slough water. The positive coefficient associated with 

river temperature means warmer river water equates to warmer Fisher Slough water. 

 

There are strong influences on water surface temperature from Strata2 (six sub-area 

sampling regions) (Figure 4.13) and Month (Figure 4.14). Overall, water temperatures in 

the blind channel lobes of Fisher Slough are the warmest areas; Blind Ch 1 and Blind Ch 

2 are the highest at 2.0 to 4.7 °C warmer than all other Strata2. These two lobes were 

created by dike setback while the other Strata2 were existing Fisher Slough channel 

habitat prior to dike setback. Temperatures begin to differentiate between Strata2 regions 

by April and remain variable through the end of sampling in August (Figure 4.15). In 

August in Blind Ch 1, simple mean water surface temperature was 27.4 °C, exceeding the 

lethal limit for juvenile Chinook salmon of 24.8 °C (McCullaugh 1999). 

 
Table 4.5. ANOVA significance results for water surface temperature (recorded by a handheld 

meter during fish sampling) after dike setback. P-values significant at the 0.05 level are bolded. 

Variable type Variable p-Value 

Factors 
Strata2 0.000 

Month 0.000 

Interaction Strata2*Month 0.000 

Covariates 
Non-ebbPassOp (%wk) 0.000 

AveRiver Temp 0.001 
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Figure 4.13. Least squares means of water 

surface temperature (recorded by a handheld 

meter during fish sampling) after dike 

setback by Strata2 (six sub-area sampling 

regions). 

Figure 4.14. Least squares means of water 

surface temperature (recorded by a handheld 

meter during fish sampling) after dike 

setback by Month. 
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Figure 4.15. Least squares means of water surface temperature (recorded by a handheld meter 

during fish sampling) after dike setback by Strata2 (six sub-area sampling regions) and Month. 
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Discussion 

Restoration influence on temperature 
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 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 4.16). 

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. 

External factors influencing temperature 
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 be colder than tributary water (Figure 4.16). 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. 

Floodgate influence on temperature 
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 
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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. The management plan for Fisher Slough 

floodgates during the summer irrigation period (June through September) is for the doors 

to be open 100% of the time. However, over the two years following Fisher Slough 

restoration, the floodgate doors were open less than 100% of the time during the summer 

irrigation period (87% in 2012; 91% in 2013). This was due to a variety of causes 

including dike district maintenance and variability in river flow and floodgate settings 

(Beamer and Henderson 2013, Henderson and Beamer 2014). 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 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. 

Monitoring and adaptive management  
Water sources outside of the Fisher Slough restoration area (i.e., Skagit River and 

tributary inflow such as Hill Ditch) influence water temperature within the restoration 

area. Temporal effects also have a strong influence. Our analyses needed to take these 

factors into account, as should ongoing targets for temperature at Fisher Slough. We 

recommend updating the restoration target for temperature accordingly.  

 

The monitoring plan for Fisher Slough has one water temperature restoration target: 

decreased temperatures after dike setback, especially during summer (TNC 2011). The 

temperature indicator suggested is the highest 7-day maximum temperature with the hope 

of achieving an average result within 12-14 °C, based on a recommendation for optimal 

water temperature conditions for fish (WDOE 2004). In order to make restoration targets 

achievable and reasonable they should be expressed in terms of limited change in water 

temperature due to dike setback and floodgate operation rather than simple standards that 

do not consider the baseline condition of the site nor environmental variation that is not 

controlled by the project (e.g., river and tributary flow and temperature). 

 

At Fisher Slough, we had the opportunity to observe whether there was agreement in 

conclusions from analyses using data from the two different measurement methods (spot 

measurements during daylight hours and continuous read loggers). While both methods 

identified the strong seasonal influence on water temperature, some important differences 

were found between methods. For both average temperature by spot measurement and 

maximum temperature by logger, water temperature was found to increase after dike 

setback restoration (likely caused by solar heating of water in the new and shallow dike 

setback area during day time hours of late spring and summer). However, the spot 

measurement method did not detect the overall decrease in average water temperature 

after dike setback because spot measurements were never taken at night time flood tides. 

When using spot measurement temperature data, care should be used when 
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stating/assuming what spot measurements represent with respect to the overall 

temperature regime in a system. This is especially important for tidal systems where 

multiple natural processes (day/night; flood/ebb tides) and different sources of water 

(river and tributary) influence water temperature. A lesson learned from this comparison 

is that spot measurements taken only in day time hours are limited in their ability to 

detect overall and diurnal changes in water temperature due to the complex nature of tidal 

systems.  

 

 
Figure 4.16. 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 

Analysis methods 

External and internal forces have the potential to influence water DO at Fisher Slough. 

Forces external to Fisher Slough include: a) river and tributary inflows, (and the DO of 

that water), and b) time of year (e.g., summer has lower DO than winter). Forces internal 

to Fisher Slough include: a) whether the dike is set back (more area, shallow, no shade 

allowing photosynthesis to occur if aquatic vegetation or algae are present) or not, and b) 

how much water the floodgate lets through (in both directions). We used variables listed 

in Table 2.3 to characterize external and internal forces at Fisher Slough to analyze three 

different water DO results. 

We used ANOVA methodology to determine factor and covariate influences on three 

different dependent variables for water DO: 1) water surface DO, 2) average (continuous-

read) logger DO and 3) minimum (continuous-read) logger DO. Water surface DO 

measurements were taken by a handheld meter during daylight hours at the time of fish 

sampling. Average and minimum DO values, recorded by continuous-read data monitors, 

are from the two-week periods between fish sampling events. We conducted separate 

analyses for each dependent variable. However, we used the same factors and covariates 

for each model. Factors included in each ANOVA were: Dike Setback (before or after), 

Strata (location relative to the floodgate) or Strata2 (six sub-area sampling regions) and 

Month. Covariates included in each ANOVA were: AveRiver Q (average Skagit River 

gage level), AveTributary Inflow Q (average Nookachamps gage level), AveTributary 

DO (average Carpenter Creek DO in mg/L), AveRiver DO (average DO of the South 

Fork Skagit River in mg/L), Non-ebbPassOp (%wk) (non-ebb fish passage opportunity as 

percent of a week), and EbbPassOp0.89 (%wk) (ebb fish passage opportunity where 

velocity < 0.89 ft/sec as percent of a week) (Table 2.3). The average gage level and DO 

variables for river and tributary are highly correlated with each other, so analyses were 

run separately using data from only the river or the tributary covariate dataset at a time. 

We included the two fish passage indicators as surrogates for floodgate operation which 

is an indication of the amount of water being let in and out of Fisher Slough. 

Results 

Water DO results are presented in three sections based on the three different dependent 

variables (water surface DO, average logger DO, minimum logger DO) and then 

followed by a fourth section which is an analysis of spatial variation in water surface DO 

after dike setback.  

 

We divided the DO results into separate sections because the analyses of the different 

dependent variables have the ability to identify different aspects of DO in Fisher Slough. 

Water surface DO measurements were taken consistently throughout the five-year 

monitoring period at every sampling site with a handheld meter at the time of fish 

sampling (Table 2.3). However, they are spot measurements taken every two weeks and 

always during day time. The logger DO values (average and minimum) recorded by 

continuous-read data monitors are from the two-week periods between fish sampling 
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events (Table 2.3). The logger DO results are better in some aspects than the spot 

measurements, but weaker in other aspects. The strength of the continuous-read logger 

data is temporal coverage, where many measurements (including night time 

measurements) are collected, which generates more accurate averages and minimums. A 

possible weakness in the continuous-read logger data is spatial extent. The spot 

measurements are from every site (n=24 after dike setback), but logger DO is measured 

only at the level of Strata2 (n=6 after dike setback). The spot measurements are also 

taken in the exact same place and time as a known fish catch, whereas the logger 

measurements are not. We looked at spatial variation in DO using measurements of water 

surface DO taken at the time of fish sampling because this dataset has better spatial 

coverage than the logger dataset which has temporal gaps by Strata2 due to the roving 

nature of logger deployment. 

Water surface DO 
The final model uses 667 records of water surface dissolved oxygen, has an R

2
 of 0.48, 

and retained significant covariates for tributary flow and tributary water DO as well as for 

one floodgate operation variable (Table 4.6). Model coefficients for covariates are: Non-

ebbPassOp (%wk) (non-ebb fish passage opportunity as percent of a week) = 2.444; 

AveTributary Inflow Q (average Nookachamps gage level) = -0.106, and AveTributary 

DO (average Carpenter Creek DO in mg/L) = 0.804. The positive coefficient associated 

with the floodgate operation variable means longer times of floodgate opening equate to 

higher DO water in Fisher Slough. The negative coefficient associated with tributary flow 

means higher tributary flow equates to lower DO water in Fisher Slough, especially in 

August. The positive coefficient associated with tributary DO means higher tributary DO 

equates to higher DO water in Fisher Slough. 

 

The final model did not retain Strata (location relative to the floodgate) as a significant 

factor so overall, there is no difference in water surface DO between all monitored areas 

of Fisher Slough up- and downstream of the floodgate when all years are combined. 

There are strong influences on water surface DO from two factors: Dike Setback (before 

or after) and Month, and the interaction of Dike Setback * Month (Table 4.6). Water 

surface DO in Fisher Slough increased by 1.4 mg/L after dike setback (Figure 4.17) and 

was relatively high in all months before August. It was always above the minimum water 

quality standard in Washington State for DO in freshwater bodies with salmonid rearing 

and migration (6.5 mg/L) (Figure 4.18). In August and after dike setback water surface 

DO was higher than the water quality standard and increased by 6.6 mg/L (Figure 4.19).  
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Table 4.6. ANOVA significance results for water surface DO recorded by a handheld meter 

during fish sampling. P-values significant at the 0.05 level are bolded. 

Variable type Variable p-Value 

Factors 
Dike Setback 0.000 

Month 0.000 

Interaction Dike Setback*Month 0.000 

Covariates 

Non-ebbPassOp (%wk) 0.000 

AveTributary Inflow Q 0.017 

AveTributary DO 0.000 

 
 

 
 

Figure 4.17. Least squares means of water 

surface DO (recorded by a handheld meter 

during fish sampling) by Dike Setback 

(before or after). 
 

Figure 4.18. Least squares means of water 

surface DO (recorded by a handheld meter 

during fish sampling) by Month. 
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Figure 4.19. Least squares means of water surface DO (recorded by a handheld meter during fish 

sampling) by Dike Setback (before or after) and Month. 

Average and minimum DO 
We ran separate models for Fisher Slough average and minimum DO. Each model used 

55 records from continuous-read loggers. Final model results for average DO levels had 

an R
2
 of 0.60 while final model results for the minimum DO levels had an R

2
 of 0.32. No 

model for average logger DO found significant effects from factors or their interaction 
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(Table 4.7), suggesting dike setback did not change the overall average DO for Fisher 

Slough. However, the model for minimum logger DO detected a significant effect from 

dike setback (Table 4.8). After dike setback minimum logger DO decreased by 2.6 mg/L 

and averaged less than the minimum water quality standard in Washington State for 

dissolved oxygen in freshwater bodies with salmonid rearing and migration (6.5 mg/L) 

(Figure 4.20). Both models found significant influences from tributary and floodgate 

covariates (Tables 4.7 and 4.8). Due to temporal limitation in the data caused by the 

roving nature of logger deployment, we were unable to include Month as a factor. 

 
Table 4.7. ANOVA significance results for average DO from continuous-read logger data. P-

values significant at the 0.05 level are bolded. 

Variable type Variable p-Value 

Factors 
Dike Setback 0.264 

Strata 0.680 

Interaction Dike Setback*Strata 0.056 

Covariates 

Non-ebbPassOp (%wk) 0.000 

AveTributary Inflow Q 0.001 

AveTributary DO 0.000 

 
Table 4.8. ANOVA significance results for minimum DO from continuous-read logger data. P-

values significant at the 0.05 level are bolded. 

Variable type Variable p-Value 

Factors 
Dike Setback 0.005 

Strata 0.189 

Interaction Dike Setback*Strata 0.916 

Covariates 
Non-ebbPassOp (%wk) 0.015 

AveTributary DO 0.001 

 
Figure 4.20. Least squares means of minimum water DO (recorded by continuous-read logger) by 

Dike Setback (before/after). 
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Spatial variation in water surface DO after dike setback 
The final model uses 399 records of water surface DO, has an R

2
 of 0.60, and retained 

significant covariates for tributary inflow and DO as well as for one floodgate operation 

variable (Table 4.9). Model coefficients for covariates are: Non-ebbPassOp (%wk) (non-

ebb fish passage opportunity as percent of a week) = 2.485, AveTributary Inflow Q 

(average Nookachamps gage level) = -0.229, and AveTributary DO (average Carpenter 

Creek DO in mg/L) = 0.439. The positive coefficient associated with the floodgate 

operation variable means longer times of floodgate opening equate to higher DO water in 

Fisher Slough. The negative coefficient associated with tributary flow means higher 

tributary flow equates to lower DO water in Fisher Slough. The positive coefficient 

associated with tributary DO means higher tributary DO equates to higher DO water in 

Fisher Slough. 

 

There are strong influences on water surface DO from the two factors: Strata2 (six sub-

area sampling regions) and Month, and their interaction (Table 4.9). Overall, blind 

channel lobe 3 had the lowest water surface DO (9.8 mg/L least squares means) of the six 

Strata2 (Figure 4.21). Water surface DO remained high (11 mg/L least squares means) 

through June. After June, water surface DO declined by approximately 1 mg/L per month 

to the end of our sampling in August (Figure 4.22). Dissolved oxygen levels begin to 

differentiate between Strata2 (six sub-area sampling regions) regions by April, with blind 

channel lobe 3 being the lowest, and remain variable through the end of sampling in 

August (Figure 4.23). 

 
Table 4.9. ANOVA significance results for water surface DO (recorded by a handheld meter 

during fish sampling) after dike setback. P-values significant at the 0.05 level are bolded. 

Variable type Variable p-Value 

Factors 
Strata2 0.000 

Month 0.000 

Interaction Strata2*Month 0.000 

Covariates 

Non-ebbPassOp (%wk) 0.002 

AveTributary Inflow Q 0.000 

AveTributary DO 0.000 
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Figure 4.21. Least squares means of water 

surface DO (recorded by a handheld meter 

during fish sampling) after dike setback by 

Strata2 (six sub-area sampling regions). 
 

Figure 4.22. Least squares means of water 

surface DO (recorded by a handheld meter 

during fish sampling) after dike setback by 

Month. 
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Figure 4.23. Least squares means of water surface DO (recorded by a handheld meter during fish 

sampling) after dike setback by Strata2 (six sub-area sampling regions) and Month. 
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Discussion  

Restoration influence on DO 
Dike setback restoration influenced dissolved oxygen in Fisher Slough. 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, 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 4.16). We found evidence of tidal influences on Fisher Slough 

DO in both 2011 and 2012 (Beamer et al. 2013b and 2013c). 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. We found evidence of day/night influences on Fisher Slough DO in 

2012 (Beamer et al. 2013c).  

 

We have data limitations with the continuous-read data logger results (too few 

observations for all time periods and all Strata2 sub-areas) because we did not monitor 

DO with continuous-read data loggers for the full monitoring period, had logger 

malfunctions, and used a roving logger methodology. However, the existing continuous-

read logger data suggests there is no overall change in average DO between Strata 

(location relative to the floodgate) or after dike setback, but there is a reduction in 

minimum DO after dike setback. 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. 

External factors influencing DO 
There is a strong seasonal influence on DO, which is expected and well known. 

Dissolved oxygen levels are higher in the spring and decrease during the summer and 

early fall.  

 

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 
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lowest DO water influencing Fisher Slough, with DO sometimes as much as 6 mg/L 

lower than the South Fork Skagit River (Figure 4.16). Higher tributary DO equates to 

higher dissolved oxygen water in Fisher Slough.  

Floodgate influence on DO  
Floodgate operation influences water DO in Fisher Slough. The model coefficients for 

floodgate operation variables mean longer times of floodgate opening equates to 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 4.16). Having the floodgates open during this time 

improves DO in Fisher Slough. 

 

Given that our analysis detects a significant influence on water DO by floodgate 

operation, keeping the floodgate doors open as long as possible can help mitigate for 

times of low DO in Fisher Slough. The management plan for Fisher Slough floodgates 

during the summer irrigation period (June through September) is for the doors to be open 

100% of the time. However, over the two years following Fisher Slough restoration, the 

floodgate doors were open less than 100% of the time during the summer irrigation 

period (87% in 2012; 91% in 2013). This was due to a variety of causes including dike 

district maintenance and variability in river flow and floodgate settings (Beamer and 

Henderson 2013, Henderson and Beamer 2014). 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. 

Monitoring and adaptive management  
Water sources outside of the Fisher Slough restoration area (i.e., Skagit River and 

tributary inflow such as Hill Ditch) influence water DO within the restoration area. 

Temporal effects are also significant. Our analyses needed to take these factors into 

account, as should ongoing targets for DO at Fisher Slough. The current restoration target 

for DO is ‘increased DO during summer; daily minimum will be greater than 8.0mg/L 

upstream of the floodgates by 2015’. The restoration target for Fisher Slough DO is 

expressed in terms of limited change in DO due to dike setback and floodgate operation 

and does include a simple standard for DO. It appears the restoration target is not being 

met fully after dike setback restoration. However, using our results in a predictive model 

could determine what level of floodgate operation or tributary/river conditions would 

achieve the restoration target. Likely, the month where the restoration target of 8.0mg/L 

will be most difficult to achieve is August. Dissolved oxygen and temperature are 

correlated, so the strategies to mitigate for high temperature will also likely work to 

minimize low DO.  
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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 and downstream 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. In Chapter 5 we examine whether variability in the local 

environment at Fisher Slough influenced juvenile Chinook presence. 

Analysis methods 

Analysis using juvenile Chinook density as the response variable does not reveal 

anything clear with respect to juvenile Chinook salmon responding to variation in their 

local environment. The reason is because so many zero-Chinook catches are confounding 

analysis. Therefore, we stratified our 814 fish catch records at Fisher Slough by whether 

or not juvenile Chinook salmon were present. The test is whether there is a difference in 

local environment between samples with or without juvenile Chinook salmon present in 

the catch.  

We used ANOVA modeling to test the following dependent variables for local 

environment: depth, velocity, temperature, and DO. Factors in the analysis were Chinook 

presence (yes/no) and Month. Month was included because Chinook may respond to their 

local environment differently based on season (e.g., as fish get larger over time they may 

be able to withstand stronger water velocity, different temperatures, or deeper water, 

etc.). Month could not be included as a covariate in the model because it correlates with 

many environmental variables. Covariates in the analysis are the other environmental 

variables, excluding any that correlate with the dependent variable (e.g., we did not 

include temperature and DO in the same model because of their strong negative 

correlation). We ran initial ANOVA models with all possible covariates and then 

eliminated covariates that were not statistically significant to the 0.05 level, and re-ran 

the model. Final models tested any significant factors and their interactions. We 

conducted pairwise analysis on significant (p<0.05) fixed effects or interactions of 

interest. 

Results 

Maximum depth at the time of fish capture 
The initial maximum depth model did not find water velocity a significant covariate so 

velocity was excluded from the final model. The final model used 781 records of 

maximum depth, has an R
2
 of 0.15, and retained the covariate: surface water temperature 

(Table 5.1). There is no difference in maximum depth as a function of juvenile Chinook 
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presence (Figure 5.1) or its interaction with Month (Figure 5.2), including correction by 

the significant covariate (water surface temperature). We conclude juvenile Chinook 

presence is not influenced by variability in water depth for the Fisher Slough fish 

monitoring dataset. 

 
Table 5.1. ANOVA significance results for maximum water depth and juvenile Chinook 

presence/absence. P-values significant at the 0.05 level are bolded. 

Variable type Variable p-Value 

Factors 
CK0+ Present 0.106 

Month 0.000 

Interaction CK0+ Present*Month 0.133 

Covariate Surf Temp °C 0.000 

 

 
Figure 5.1. Least squares means of maximum water depth by juvenile Chinook presence. 
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Figure 5.2. Least squares means of maximum water depth by juvenile Chinook presence and 

Month. 
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Velocity at the time of fish capture 
The final model used 697 records of water velocity, has an R

2
 of 0.09, and retained the 

covariate: surface water temperature (Table 5.2). There is no difference in water velocity 

as a function of juvenile Chinook presence (Figure 5.3) or its interaction with Month 

(Figure 5.4), including correction by the significant covariate (water surface 

temperature). We conclude juvenile Chinook presence is not influenced by variability in 

water velocity for the Fisher Slough fish monitoring dataset. 

 
Table 5.2. ANOVA significance results for water surface velocity and juvenile Chinook 

presence/absence. P-values significant at the 0.05 level are bolded. 

Variable type Variable p-Value 

Factors 
CK0+ Present 0.495 

Month 0.000 

Interaction CK0+ Present*Month 0.188 

Covariates Surf Temp °C 0.000 

 

 
Figure 5.3. Least squares means of water surface velocity by juvenile Chinook presence. 

 



  62 

 
Figure 5.4. Least squares means of water surface velocity by juvenile Chinook presence and 

Month. 

  



  63 

Surface temperature at the time of fish capture 
The final model used 697 records of water surface temperature, has an R

2
 of 0.76, and 

retained the significant covariates: water depth and velocity (Table 5.3). There is no 

difference in water surface temperature as a function of juvenile Chinook presence 

(Figure 5.5) but there is a difference in water surface temperature and the interaction term 

with Month (CK0+ Present (subyearling Chinook salmon presence)*Month). However, 

pairwise testing reveals no same month pairings are significantly different, although 

August is close (Figure 5.6, Table 5.4). We conclude juvenile Chinook presence is not 

influenced by variability in water surface temperature for the Fisher Slough fish 

monitoring dataset, except maybe for the month of August. August is when temperature 

is the greatest (arithmetic mean = 19.6 °C) and also when juvenile Chinook salmon are 

fewest. 

 
Table 5.3. ANOVA significance results for water surface temperature and juvenile Chinook 

presence/absence. P-values significant at the 0.05 level are bolded. 

Variable type Variable p-Value 

Factors 
CK0+ Present 0.155 

Month 0.000 

Interaction CK0+ Present*Month 0.008 

Covariates 
MaxWaterDepth (m) 0.000 

Surf Vel (ft/s) 0.000 

 
Figure 5.5. Least squares means of water surface temperature by juvenile Chinook presence. 
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Figure 5.6. Least squares means of water surface temperature by juvenile Chinook presence and 

Month. 
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Table 5.4. Pairwise results of water surface temperature and juvenile Chinook presence/absence 

using Tukey's HSD Test. P-values significant at the 0.05 level are bolded. 

CK0+ Present(i)*Month(i) CK0+ Present(j)*Month(j) Difference p-Value 95% Confidence Interval 

Lower Upper 

No*2 Yes*2 -0.827 0.994 -3.053 1.398 

No*3 Yes*3 -0.796 0.828 -2.201 0.608 

No*4 Yes*4 -0.070 1.000 -1.605 1.464 

No*5 Yes*5 -0.139 1.000 -1.681 1.402 

No*6 Yes*6 -0.397 1.000 -1.850 1.056 

No*7 Yes*7 0.877 0.991 -1.385 3.139 

No*8 Yes*8 3.857 0.064 -0.076 7.789 

Surface DO at the time of fish capture  
The final model used 637 records of water surface DO, has an R

2
 of 0.29, and retained 

significant covariates: depth and velocity (Table 5.5). There is no difference in water 

surface DO as a function of juvenile Chinook presence (Figure 5.7) but there is a 

difference in DO with the interaction term (CK0+Present (subyearling Chinook salmon 

presence)*Month). However, pairwise testing reveals no corresponding month to month 

pairs of CK0+Present*Month (e.g., No Chinook*February compared to Yes 

Chinook*February; etc.) are significantly different (Figure 5.8). We conclude juvenile 

Chinook presence is not influenced by variability in water surface DO for the Fisher 

Slough fish monitoring dataset. 

 
Table 5.5. ANOVA significance results for water surface DO and juvenile Chinook 

presence/absence. P-values significant at the 0.05 level are bolded. 

Variable type Variable p-Value 

Factors 
CK0+ Present 0.555 

Month 0.000 

Interaction CK0+ Present*Month 0.022 

Covariates 
MaxWaterDepth (m) 0.003 

Surf Vel (ft/s) 0.000 

 
Figure 5.7. Least squares means of water surface DO by juvenile Chinook presence. 
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Figure 5.8. Least squares means of water surface DO by juvenile Chinook presence and Month. 

Minimum Logger DO 
The final model used 248 records of minimum logger DO, has an R

2
 of 0.19, and did not 

retain any significant covariates (Table 5.6). There is no difference in minimum logger 

DO as a function of juvenile Chinook presence (Figure 5.9) or its interaction with Month 

(Figure 5.10). We conclude juvenile Chinook presence is not influenced by variability in 

minimum logger DO for the Fisher Slough fish monitoring dataset. 
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Table 5.6. ANOVA significance results for minimum DO (recorded by continuous-read loggers) 

and juvenile Chinook presence/absence. P-values significant at the 0.05 level are bolded. 

Variable type Variable p-Value 

Factors 
CK0+ Present 0.173 

Month 0.000 

Interaction CK0+ Present*Month 0.703 

 

 
Figure 5.9. Least squares means of minimum DO (recorded by continuous-read loggers) by 

juvenile Chinook presence. 
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Figure 5.10. Least squares means of minimum DO (recorded by continuous-read loggers) by 

juvenile Chinook presence and Month. 

Maximum Logger Temperature 
The final model used 702 records of maximum logger temperature, has an R

2
 of 0.87, and 

retained significant covariates: depth and velocity (Table 5.7). There is no difference in 

maximum logger temperature as a function of juvenile Chinook presence (Figure 5.11) or 

its interaction with Month (Figure 5.12), including correction by significant covariates. 

We conclude juvenile Chinook presence is not influenced by variability in maximum 

logger temperature for the Fisher Slough fish monitoring dataset. 
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Table 5.7. ANOVA significance results for maximum water temperature (recorded by 

continuous-read loggers) and juvenile Chinook presence/absence. P-values significant at the 0.05 

level are bolded. 

Variable type Variable p-Value 

Factors 
CK0+ Present 0.672 

Month 0.000 

Interaction CK0+ Present*Month 0.164 

Covariates 
MaxWaterDepth (m) 0.000 

Surf Vel (ft/s) 0.000 

 

 
Figure 5.11. Least squares means of maximum water temperature (recorded by continuous-read 

loggers) by juvenile Chinook presence. 
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Figure 5.12. Least squares means of maximum water temperature (recorded by continuous-read 

loggers) by juvenile Chinook presence and Month. 
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Discussion  

Juvenile Chinook salmon presence is not influenced by variability in water depth, 

velocity, water surface DO, or minimum DO. However, while Chinook salmon 

presence/absence was not different by surface temperature (except possibly in August 

when few fish are around) nor by maximum temperature, the maximum values did 

exceed the 15 °C temperature thought to be stressful to juvenile Chinook salmon (Fresh 

2006) and in some cases exceeded the 24.8 °C lethal temperature for juvenile Chinook 

salmon (McCullaugh 1999) (Figure 5.12). Since the maximum temperature values are 

from continuous-read data loggers and not measured at the exact place and time of fish 

capture, we suspect fish must be able to move around within Fisher Slough to avoid 

maximum temperatures if they are stressful or lethal. It is also possible that juvenile 

salmon can compensate for stressful temperatures over short periods of time if food is 

abundant and temperature refugia are also available. We discuss these ideas extensively 

in Chapter 8. 

From our environmental analysis, we know that dike setback and floodgate operation 

influence temperature. Dike setback increased maximum temperature in summer; 

floodgate operations that result in more time with closed doors in summer also increase 

temperature. Also, we know there is significant spatial variability in temperature within 

Fisher Slough with the dike setback areas (Blind Ch 1 and Blind Ch 2) having the highest 

temperature. Thus, while our current Chinook salmon data do not seem to be influenced 

by maximum temperature, the area upstream of the floodgate has the potential to 

adversely influence Chinook salmon due to high temperature if: 

1. the floodgates are not operated in a fashion that mitigates temperature, 

2. there are not temperature refuge areas within Fisher Slough, and 

3. fish do not have free access to find temperature refuge areas within Fisher Slough. 

None of the three above conditions appear to be an issue for the majority of juvenile 

Chinook salmon using Fisher Slough in our monitored years. Juvenile Chinook salmon 

were leaving Fisher Slough (and the Skagit River tidal delta) at the same time that the 

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 do not 

seem to be behaving differently than in other places in the Skagit delta. However, other 

salmonids (coho and cutthroat) are within Fisher Slough over the summer and could be 

exposed to thermal stress depending on their own physiological limits. 

 

The Chapter 5 analyses are important because if we found variation in the local 

environment significantly influenced juvenile Chinook salmon presence at Fisher Slough, 

we would have to structure analyses of restoration and floodgate operation effects on 

juvenile Chinook (Chapter 7) to include significant local environment covariates or we 

would have to trim our data. 
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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). 

Analysis methods 

We used ANOVA modeling to test the four floodgate operation (fish passage 

opportunity) variables by Year as a factor and Week as a covariate. The four dependent 

variables are: 1) non-ebb floodgate door opening as percent of channel width (Non-ebb 

Opening (%CW)), 2) non-ebb fish passage opportunity as percent of a week (Non-

ebbPassOp (%wk), 3) ebb passage opportunity where velocity < 0.89ft/sec 

(EbbPassOp0.89 (%wk), and 4) ebb passage opportunity where velocity < 1.1 ft/sec 

(EbbPassOp1.1 (%wk). In addition to Week, we included the remaining three fish 

passage variables as possible covariates. We excluded correlations in our data from 

analyses (Table 6.1). Non-ebbpassOp (non-ebb fish passage opportunity) is not correlated 

with either EbbPassOp (ebb fish passage opportunity) indicator. EbbPassOp indicators 

are positively correlated with each other so only one of the ebb indicators was used as a 

covariate at a time. Neither EbbPassOp indicator is correlated with Non-ebb Opening 

(non-ebb floodgate door opening). Non-ebbpassOp is not correlated with Non-ebb 

Opening. Week is not correlated with any fish passage opportunity indicator. We ran 

initial ANOVA models with all possible covariates and then eliminated covariates that 

were not statistically significant to the 0.05 level, and re-ran the model. Final models 

tested any significant fixed effects and their interactions. We conducted pairwise analysis 

on significant (p<0.05) factors. 

Table 6.1. Pearson Correlation Matrix of floodgate variables and week. P-values significant at the 

0.05 level are bolded. 

 Week Non-ebb Opening 

(%CW) 

Non-ebbPassOp 

(%wk) 

EbbPassOp0.89 

(%wk) 

EbbPassOp1.1 

(%wk) 

Week 1.000 
    

Non-ebb Opening 

(%CW) 
0.136 1.000 

   

Non-ebbPassOp 

(%wk) 
0.190 0.245 1.000 

  

EbbPassOp0.89 

(%wk) 
0.196 0.020 -0.044 1.000 

 

EbbPassOp1.1 

(%wk) 
0.175 0.111 -0.062 0.960 1.000 
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Results 

Non-ebb fish passage opportunity 
Non-ebb fish passage opportunity expressed as the percent of time in a week (Non-

ebbPassOp (%wk)) is available for all years (2009 through 2013). The final model found 

significant effects for Year and included Week as a covariate (Table 6.2). The year 2009 

(prior to restoration) had better non-ebb fish passage opportunity than all other years, but 

there was no difference in all other year combinations (Table 6.3, Figure 6.1). 

 
Table 6.2. ANOVA significance results for non-ebb fish passage opportunity expressed as the 

percent of time in a week (Non-ebbPassOp (%wk)). P-values significant at the 0.05 level are 

bolded. 

Variable type Variable p-Value 

Factor Year 0.002 

Covariate Week 0.000 

 
Figure 6.1. Least squares means of Non-ebb fish passage opportunity expressed as the percent of 

time in a week (Non-ebbPassOp (%wk)) by year. Note that on the Y axis 1.0 equals 100%. 

Possible values range from 0.0 to 1.0. 
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Table 6.3. Post Hoc Test of non-ebb fish passage opportunity expressed as the percent of time in 

a week (Non-ebbPassOp (%wk)) using least squares means and Tukey's Honestly-Significant-

Difference Test. Years significantly different are bolded. 

Year(i) Year(j) Difference p-Value 95% Confidence Interval 

Lower Upper 

2009 2010 0.112 0.001 0.035 0.188 

2009 2011 0.092 0.017 0.012 0.171 

2009 2012 0.071 0.082 -0.005 0.148 

2009 2013 0.090 0.011 0.014 0.166 

2010 2011 -0.020 0.962 -0.100 0.060 

2010 2012 -0.040 0.613 -0.117 0.037 

2010 2013 -0.021 0.946 -0.098 0.056 

2011 2012 -0.020 0.959 -0.101 0.060 

2011 2013 -0.001 1.000 -0.082 0.079 

2012 2013 0.019 0.963 -0.058 0.096 

Non-ebb floodgate door opening 
Non-ebb floodgate door opening expressed as the percent of channel width (Non-ebb 

Opening (%CW)) is available for only three years (2011 through 2013). It is standardized 

measurement of floodgate door openness and was a recommended indicator the WY2011 

Fisher Slough Floodgate Report (Beamer and Henderson 2012) and used for analysis in 

the “fish friendly tidegate” report (Greene at al. 2012). It is calculated as follows: Fisher 

Slough channel width averages approximately 58 ft in the vicinity of the floodgate 

structure. Floodgate door opening distance averaged: 7.5 ft, 5.8 ft, and 5.8 ft respectively 

for the north, middle, and south doors on non-ebb tidal stages in the Spring Juvenile 

Chinook Migration period of WY2011. This means, on average, there is 19.1 feet of open 

water channel width within the 58 foot-wide channel; about 33% of the channel width is 

open for fish to find a way upstream. The WY2011 floodgate report calculated Non-ebb 

Opening (%CW) over the entire management period, whereas in this report it is 

calculated by week for each year. 

 

The final model found significant effects for Year and included an ebb fish passage 

variable as a covariate (Table 6.4). The year 2011 had poorer non-ebb floodgate door 

opening than 2012 and 2013 (Table 6.5, Figure 6.2). Years 2012 and 2013 are not 

different from each other. 

 
Table 6.4. ANOVA results for non-ebb floodgate door opening expressed as the percent of 

channel width (Non-ebb Opening (%CW)). P-values significant at the 0.05 level are bolded. 

Variable type Variable p-Value 

Factor Year 0.000 

Covariate EbbPassOp0.89 (%wk) 0.005 
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Figure 6.2. Least squares means of non-ebb floodgate door opening expressed as the percent of 

channel width (Non-ebb Opening (%CW)) by year. Note that on the Y axis 1.0 equals 100%. 

Possible values range from 0.0 to 1.0. 

 

Table 6.5. Post Hoc Test of Non-ebb floodgate door opening expressed as the percent of channel 

width (Non-ebb Opening (%CW)) using least squares means and Tukey's Honestly-Significant-

Difference Test. Years significantly different are bolded. 

Year(i) Year(j) Difference p-Value 95% Confidence Interval 

Lower Upper 

2011 2012 -0.209 0.000 -0.291 -0.128 

2011 2013 -0.240 0.000 -0.321 -0.158 

2012 2013 -0.030 0.633 -0.108 0.048 
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Ebb fish passage opportunity where velocity < 0.89 ft/sec 
Ebb fish passage opportunity where velocity < 0.89 ft/sec, expressed as the percent of 

time in a week (EbbPassOp0.89 (%wk)) is available for all years (2009 through 2013). 

The 0.89 ft/sec velocity threshold is from Flagg and Smith (1979) where the critical 

fatigue swimming speed for small juvenile Chinook (45 mm fork length) was estimated 

to be 0.27 m/sec (0.89 ft/sec). It is a recommended indicator from Beamer and Henderson 

(2012). 

 

The final model found significant effects for Year and included Week as a covariate 

(Table 6.6). Years 2012 and 2013 (post-construction years) are the highest in ebb fish 

passage opportunity and the same as each other (Table 6.7, Figure 6.3). Years 2009 and 

2010 are the lowest in ebb fish passage opportunity and the same as each other. All other 

year combinations are different. 

 
Table 6.6. ANOVA significance results for ebb fish passage opportunity where velocity < 0.89 

ft/sec, expressed as the percent of time in a week (EbbPassOp0.89 (%wk)). P-values significant at 

the 0.05 level are bolded. 

Variable type Variable p-Value 

Factor Year 0.000 

Covariate Week 0.037 

 

 
Figure 6.3. Least squares means of ebb fish passage opportunity where velocity < 0.89 ft/sec, 

expressed as the percent of time in a week (EbbPassOp0.89 (%wk)) by year. Note that on the Y 

axis 1.0 equals 100%. Possible values range from 0.0 to 1.0. 
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Table 6.7. Post Hoc Test of Ebb fish passage opportunity where velocity < 0.89 ft/sec, expressed 

as the percent of time in a week (EbbPassOp0.89 (%wk)) using least squares means and Tukey's 

Honestly-Significant-Difference Test. Years significantly different are in bold font. 

Year(i) Year(j) Difference p-Value 95% Confidence Interval 

Lower Upper 

2009 2010 -0.027 0.686 -0.083 0.029 

2009 2011 -0.126 0.000 -0.185 -0.067 

2009 2012 -0.247 0.000 -0.304 -0.191 

2009 2013 -0.205 0.000 -0.261 -0.148 

2010 2011 -0.099 0.000 -0.158 -0.039 

2010 2012 -0.220 0.000 -0.277 -0.163 

2010 2013 -0.177 0.000 -0.234 -0.121 

2011 2012 -0.122 0.000 -0.181 -0.062 

2011 2013 -0.079 0.003 -0.138 -0.019 

2012 2013 0.043 0.245 -0.014 0.099 

Ebb fish passage opportunity where velocity < 1.1 ft/sec 
Ebb fish passage opportunity where velocity < 1.1 ft/sec, expressed as the percent of time 

in a week (EbbPassOp1.1 (%wk)) is available for all years (2009 through 2013). The 1.1 

ft/sec velocity threshold is from Bates (1999), cited in Giannico and Souder (2005), as a 

recommended maximum water velocity through structures like floodgates for salmon fry 

less than 60 mm in fork length. It is a recommended indicator from Beamer and 

Henderson (2012). 

 

The final model found significant effects for Year but did not include any covariates 

(Table 6.8). Years 2012 and 2013 (post-restoration) are the highest in ebb fish passage 

opportunity and the same as each other (Table 6.9, Figure 6.4). Years 2009 and 2010 are 

the lowest in ebb fish passage opportunity and the same as each other. All other year 

combinations are different. 

 
Table 6.8. ANOVA significance results for Ebb fish passage opportunity where velocity < 1.1 

ft/sec, expressed as the percent of time in a week (EbbPassOp1.1 (%wk)). P-values significant at 

the 0.05 level are bolded. 

Variable type Variable p-Value 

Factor Year 0.000 
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Figure 6.4. Least squares means of ebb fish passage opportunity where velocity < 1.1 ft/sec, 

expressed as the percent of time in a week (EbbPassOp1.1 (%wk)) by year. Note that on the Y 

axis 1.0 equals 100%. Possible values range from 0.0 to 1.0. 

 
Table 6.9. Post Hoc Test of ebb fish passage opportunity where velocity < 1.1 ft/sec, expressed as 

the percent of time in a week (EbbPassOp1.1 (%wk)) using least squares means and Tukey's 

Honestly-Significant-Difference Test. Years significantly different are bolded. 

Year(i) Year(j) Difference p-Value 95% Confidence Interval 

Lower Upper 

2009 2010 -0.035 0.537 -0.098 0.027 

2009 2011 -0.150 0.000 -0.215 -0.085 

2009 2012 -0.272 0.000 -0.334 -0.209 

2009 2013 -0.249 0.000 -0.311 -0.186 

2010 2011 -0.115 0.000 -0.181 -0.049 

2010 2012 -0.237 0.000 -0.299 -0.174 

2010 2013 -0.213 0.000 -0.276 -0.151 

2011 2012 -0.122 0.000 -0.187 -0.056 

2011 2013 -0.099 0.000 -0.164 -0.033 

2012 2013 0.023 0.855 -0.040 0.086 

Discussion 

For the non-ebb period, floodgate doors were open a higher percentage of time in 2009 

(prior to restoration) than in all other years. However, for the three years when we 

monitored how wide floodgate doors were open, doors were open wider after restoration 

was complete in 2012 and 2013 than in 2011 (during construction and prior to completion 

of Project Element 3) during the non-ebb period (when doors were open). During the ebb 

tide stage, years 2012 and 2013 (post restoration) were equal and best for upstream fish 

passage opportunity. 

 

We calculated floodgate operation results related to non-ebb and ebb periods by week for 

each year. We presented yearly statistical results, but more importantly, floodgate 
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operation results can now be matched with juvenile Chinook salmon density and 

abundance 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. If significant positive relationships with non-ebb indicators and 

juvenile Chinook salmon density or abundance are found in Chapter 7 that would suggest 

that fry sized Chinook are taking advantage of the non-ebb tide period when floodgate 

doors are open. If significant positive relationships with ebb indicators and juvenile 

Chinook salmon density or abundance are found in Chapter 7 that would suggest that fry 

sized Chinook are moving against the water current during ebb tide periods.  

 

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 (Chapter 4). However, it is important to know that current floodgate 

operation has a large degree of variability (Figure 6.5) 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. 

 
Figure 6.5. Boxplot of non-ebb fish passage opportunity expressed as the percent of time in a 

week (Non-ebbPassOp (%wk)) by year. 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, 25
th
 and 75

th
 

percentiles. Whiskers show the 5
th
 and 95

th
 percentile. 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 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 

salmon density, 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 outmigration population size each year) 

 How well the floodgate allows juvenile Chinook salmon access to the project area 

 Differences in the local environment that might restrict juvenile Chinook use to 

certain areas or times due to the species’ habitat preferences or physiological 

limitation (not the case per our conclusion from Chapter 5) 

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 or density as 

a function of dike setback, floodgate operation, and location (up- or downstream of the 

floodgate). 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). 

Wild juvenile Chinook salmon outmigration population 

The Washington Department of Fish and Wildlife operates a downstream migrant trap in 

the lower Skagit River near the town of Burlington to estimate the population size of 

outmigrating juvenile Chinook salmon each year. The subyearling component of the 

juvenile Chinook salmon outmigration include fish that rear in the Skagit estuary and 

places like the Fisher Slough restoration site. The point estimates for the wild subyearling 

Chinook salmon outmigration has ranged from 1.61 to 5.64 million fish over the five year 

monitoring period at Fisher Slough (Table 7.1). 
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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 Wild subyearling Chinook salmon migrants 

2009 2.80 (2.48-3.11) 

2010 1.61 (1.41-1.82) 

2011 3.68 (2.94-4.41) 

2012 4.55 (3.46-5.64) 

2013 5.64 (3.88-7.41) 

Chinook abundance and density 

In this section we examine juvenile Chinook salmon abundance and density in Fisher 

Slough before and after dike setback and upstream and downstream of the floodgate. 

Analysis methods 

We used an information-theoretic framework to evaluate a suite of competing models 

with plausible combinations of variables from two separate global models predicting 

juvenile Chinook abundance and density in the study area upstream of the floodgate. All 

model selection was implemented in the MuMIn package in R software (R Development 

Core Team 2012) due to simplicity in model construction, selection, and comparison 

within R. Initially we tested for the influence of total Chinook migrating past the 

Burlington smolt trap two weeks prior to the sampling date using the following full 

model: 

 

                                                          (1) 

 

In this model, a is the intercept and b1, b2 (etc) are coefficients corresponding to the 

defined variables. Chinook abundance or density in the study area upstream of the 

floodgate (yt) is a function of pre- versus post-dike setback (zt), floodgate operation (Qt) 

measured as the percentage of a week the gate was open to fish passage during the non-

ebb period, total fingerling Chinook migrating past the Burlington smolt trap two weeks 

prior to a sampling event (st), and three potential interaction terms including floodgate 

operation × pre- versus post-dike setback (Q × z), Chinook migrants × pre- versus post-

dike setback (s × z), and floodgate operation × Chinook migrants (Q × s). A total of 38 

candidate models developed as special cases of full model 1 were tested. 

 

We tested for a significant relationship between Month and Chinook abundance in the 

study area by replacing Chinook migrants with Month using the following full model: 

 

                                     (2) 

 

 In this model, Chinook abundance in the study area upstream of the floodgate is a 

function of pre- versus post-dike setback (zt), floodgate operation during the non-ebb 

period (Qt) measured as the percentage of a week the gate was open to fish passage 

during the non-ebb period, Month (mt), and an interaction term for floodgate operation × 

pre- versus post-dike setback (Q × z). Month was modeled as a quadratic function to 

account for curvature in the relationship between juvenile Chinook abundance and 
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Month. A total of 37 candidate models developed as special cases of full model 2 were 

tested. To account for overdispersion in the Chinook abundance data, a negative binomial 

error distribution (ε t) was applied to each model. For both models (1 and 2), floodgate 

operation during the ebb tide stage was tested but was excluded from all top candidate 

models with substantial or considerable support. 

 

We compared all candidate models using bias-corrected Akaike information criterion 

(AICc)  such that models with ΔAICc < 2 were considered to have substantial support, and 

models with 2 < ΔAIC < 4 were considered to have considerable support (Burnham and 

Anderson 2002).   

 

We utilized the top performing candidate model between the two full models assessed to 

conduct a simulation exercise in which we modeled juvenile Chinook abundance across a 

range in floodgate operation scenarios during the non-ebb period from low to high (20% 

and 60% of the total time in a week), and pre- versus post-dike setback. We selected 20% 

and 60% because they approximate two contrasting (very low = the 5
th

 percentile, very 

high = the 95
th

 percentile) fish passage opportunity results present in the five-year dataset 

(Figure 6.5). 

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 7.1A). Specifically, average juvenile Chinook 

abundance in Fisher Slough above the floodgate for years 2009 – 2011 was 4,275 fish 

compared to 51,865 fish for years 2012 and 2013 post-dike setback. The highest Chinook 

migrant numbers also occurred in 2012 – 2013 (Table 7.1).  

 

In both models, we found that the effect of dike setback explained most of the increase in 

juvenile Chinook abundance relative to other model predictors (variable weight = 1.0, 

Tables 7.2 – 7.5), despite there being more fingerling Chinook migrants during years 

following the dike setback. Furthermore, floodgate operation during the non-ebb period 

had a positive effect on juvenile Chinook abundance and was equal in importance relative 

to the effect of the dike setback (variable weight = 1). Specifically, top candidate models 

selected from each full model based on information theoretic criterion (Chinook migrants 

versus Month as predictors) resulted in the effect of dike setback and floodgate operation 

during the non-ebb period being retained in the top candidate models for each full model 

subjected to information theoretic criterion (Tables 7.3 and 7.5).  

 

Conversely, using the same two full models to predict juvenile Chinook density resulted 

in a change in the importance of specific predictors (Tables 7.2, 7.4, 7.6 and 7.7). 

Specifically, we found that floodgate operation during the non-ebb period explained most 

of the temporal variation in juvenile Chinook density (variable weight = 1) relative to 

Chinook migrants (variable weight = 0.82) and pre- versus post-dike setback (variable 

weight = 0.21) for the model where Chinook migrants was used as a continuous predictor 

variable (full model 1). Furthermore, in the model where Month was used as a continuous 

variable, Month was the most significant predictor of juvenile Chinook density (variable 
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weight = 1) whereas pre- versus post-dike setback and floodgate operation during the 

non-ebb period were nearly equal in importance (variable weight = 0.77 versus 0.76). 

 

Although Chinook migrants were retained in models considered to have substantial 

support (ΔAICc < 2; Tables 7.3 and 7.6), the top candidate model replacing Chinook 

migrants with Month as a predictor for juvenile Chinook abundance and density resulted 

in a significantly better fit to the data relative to the top candidate model where Chinook 

migrants was included as a predictor (abundance model: AICc = 966 versus AICc = 987; 

density model: AICc = 691 versus AICc = 721; Tables 7.3, 7.5, 7.6 and 7.7). 

Furthermore, the overall variable weight for Chinook migrants was relatively low relative 

to floodgate operation (0.74 and 0.63 in global models 1 and 2 respectively), indicating 

that both the effect of the dike setback and operation of the floodgate during the non-ebb 

period had a more significant positive effect on Chinook abundance than did total 

juvenile Chinook migrants. Conversely, while floodgate operation was still included 

within the models with substantial support (ΔAICc < 2), our results indicate that floodgate 

operation, juvenile Chinook migrant abundance, and Month were all relatively important 

in explaining variability in juvenile Chinook density in the study area of Fisher Slough 

upstream of the floodgate (Tables 7.6 and 7.7).  

 

Simulation results illustrate the importance of the dike setback on juvenile Chinook 

abundance in Fisher Slough relative to floodgate operation. Specifically, under a pre-dike 

setback scenario under low (20%) and high (60%) non-ebb fish passage opportunity 

regimes, the model predicted a mean juvenile Chinook abundance of 1,600 fish for the 

low regime and 4,800 fish for the high regime. Conversely, under a post-dike setback 

scenario, the model predicted a mean juvenile Chinook abundance of 27,000 fish for the 

low regime and 79,000 fish for the high regime. 

Interestingly, no significant difference in density was detected between upstream versus 

downstream Strata in years following the dike setback, corroborating the modeling results 

that both floodgate operation and the abundance of Chinook migrants are the most 

important factors determining the overall density of juvenile Chinook in Fisher Slough. 

Furthermore, because the dike setback significantly increased the area of potential rearing 

habitat for juvenile Chinook, no significant increase in density was detected in the 

upstream Strata despite there being more juvenile Chinook captured in the years 

following the dike setback. Both Year and Strata (upstream versus downstream of the 

floodgate within Fisher Slough) were important predictors of juvenile Chinook density 

(Table 7.8). However, only during year 2010 was there a statistically significant 

difference in Chinook density between upstream versus downstream Strata within Fisher 

Slough (0.79 fish/ha upstream versus 1.78 fish/ha downstream; p ≤ 0.05, Tukey’s 

Honestly-Significant-Difference Test (HSD)) (Figure 7.2). 
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Table 7.2. Variable weights based on models fitted to juvenile Chinook abundance and density 

data using juvenile Chinook migrant abundance as a continuous predictor variable. 

Variable Parameter 
Akaike weight 

Sign of variable coefficients 
Abundance Density 

Q, Non-ebbPassOp (%wk) b1 1 1 positive 

s, Chinook Migrants b2 0.56 0.82 positive 

z, Dike Setback b3 1 0.21 positive (post - pre dike setback) 
 

Q x s, Non-ebbPassOp 

(%wk) x Chinook Migrants 
b6 0.13 0.21 positive 

Q x z, Non-ebbPassOp 

(%wk) x Dike Setback 
b4 0.23 0.1 positive (post - pre dike setback) 

s x z, Chinook Migrants x 

Dike Setback 
b5 0.12 0.07 positive (post - pre dike setback) 

 

Table 7.3. Candidate models fitted to Chinook abundance data ranked in order of decreasing 

support specifically testing for the effect of Chinook migrants on juvenile Chinook encounters in 

the area of Fisher Slough above the floodgate (increasing ΔAICc). 

Model R
2
 df logLik AICc delta 

Model 

weight 

Non-ebbPassOp (%wk) + Dike Setback 0.54 4 -488.85 986.55 0.00 0.17 

Non-ebbPassOp (%wk) + Chinook Migrants + Dike 

Setback  
0.56 5 -487.84 986.98 0.43 0.14 

Non-ebbPassOp (%wk) +  Non-ebbPassOp (%wk)^2 

+Dike Setback  
0.55 5 -488.29 987.88 1.33 0.09 

Non-ebbPassOp (%wk) + Dike Setback  + Non-

ebbPassOp (%wk) x Dike Setback 
0.55 5 -488.74 988.79 2.24 0.06 

Non-ebbPassOp (%wk) + Chinook Migrants  + Dike 

Setback   
0.57 6 -487.47 988.80 2.25 0.05 

Non-ebbPassOp (%wk) + Chinook Migrants  + Non-

ebbPassOp (%wk) x Chinook Migrants 
0.56 6 -487.77 989.40 2.85 0.04 

Non-ebbPassOp (%wk) + Chinook Migrants  + Non-

ebbPassOp (%wk) x Chinook Migrants 
0.56 6 -487.84 989.54 2.99 0.04 

NPassOp (%wk) + Chinook Migrants  +  Dike 

Setback + Non-ebbPassOp (%wk) x Dike Setback 
0.56 6 -487.84 989.55 2.99 0.04 

Non-ebbPassOp (%wk) +  Non-ebbPassOp (%wk)^2 

+ Dike Setback + Non-ebbPassOp (%wk) x Dike 

Setback 

0.56 6 -488.17 990.21 3.66 0.03 

Non-ebbPassOp (%wk) +  Non-ebbPassOp (%wk)^2 

+ Chinook Migrants + Dike Setback + Non-

ebbPassOp (%wk) x Dike Setback 

0.57 7 -487.46 991.47 4.92 0.01 
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Table 7.4. Variable weights based on models fitted to juvenile Chinook abundance and density 

data using Month as a continuous predictor variable.  

Variable Parameter 
Akaike weight 

Sign of variable coefficients 
Abundance Density 

m, Month b1 1 1 mixed 

z, Dike Setback b3 1 0.77 
positive (post - pre dike 

setback) 

Q, Non-ebbPassOp (%wk) b2 1 0.76 positive  

Q x z, Non-ebbPassOp 

(%wk) x Dike Setback 
b4 0.21 0.12 

positive (post - pre dike 

setback) 

 

Table 7.5. Candidate models fitted to Chinook abundance data ranked in order of decreasing 

support (increasing ΔAICc) specifically testing for the effect of Month on juvenile Chinook 

encounters in the area of Fisher Slough above the floodgate. 

Model R
2
 df logLik AICc delta 

Model 

weight 

Month + Month^2 + Non-ebbPassOp (%wk) + Dike 

Setback 
0.72 6 -476.25 966.37 0.00 0.50 

Month + Month^2 + Non-ebbPassOp (%wk) + Dike 

Setback +  Non-ebbPassOp (%wk) x Dike Setback 
0.72 7 -476.23 969.01 2.64 0.13 

Non-ebbPassOp (%wk) + Dike Setback 0.54 4 -488.85 986.55 20.18 0.00 

Month + Month^2 + Non-ebbPassOp (%wk)  0.56 5 -488.11 987.52 21.15 0.00 

Non-ebbPassOp (%wk) + Non-ebbPassOp (%wk)^2 

+ Dike Setback 
0.55 5 -488.29 987.88 21.51 0.00 

Month + Non-ebbPassOp (%wk) + Non-ebbPassOp 

(%wk)^2 + Dike Setback 
0.57 6 -487.07 988.01 21.64 0.00 

Month + Month^2 + Non-ebbPassOp (%wk) + Non-

ebbPassOp (%wk)^2  
0.57 6 -487.19 988.25 21.87 0.00 

Month + Non-ebbPassOp (%wk) + Dike Setback + 

Non-ebbPassOp (%wk) x Dike Setback 
0.57 6 -487.33 988.52 22.15 0.00 

Non-ebbPassOp(%wk) + Dike Setback +  Non-

ebbPassOp (%wk) x Dike Setback 
0.55 5 -488.74 988.79 22.42 0.00 

EbbPassOp (%wk) + Non-ebbPassOp (%wk)^2  + 

Dike Setback + EbbPassOp (%wk) x Dike Setback 
0.56 6 -488.17 990.21 23.84 0.00 
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Table 7.6. Candidate models fitted to Chinook density data ranked in order of decreasing support 

(increasing ΔAICc) specifically testing for the effect of Chinook migrant abundance on juvenile 

Chinook encounters in the area of Fisher Slough above the floodgate. 

Model R
2
 df logLik AICc delta Model weight 

Non-ebbPassOp (%wk)  + Chinook Migrants 0.34 4 -356.12 721.09 0.00 0.36 

Non-ebbPassOp (%wk)  + Chinook Migrants+ 

Dike Setback  
0.35 5 -355.74 722.78 1.69 0.15 

Non-ebbPassOp (%wk)  + Non-ebbPassOp (%wk) 

x Chinook Migrants 
0.34 5 -355.96 723.23 2.13 0.12 

Non-ebbPassOp (%wk) + Dike Setback   0.30 4 -357.65 724.16 3.06 0.08 

Non-ebbPassOp (%wk)  0.27 3 -358.86 724.23 3.13 0.08 

Non-ebbPassOp (%wk)  + Chinook Migrants+ 

Dike Setback + Non-ebbPassOp (%wk) x Chinook 

Migrants 

0.35 6 -355.57 725.01 3.92 0.05 

Non-ebbPassOp (%wk)  + Chinook Migrants+ 

Dike Setback + Chinook Migrants  x Dike Setback  
0.35 6 -355.73 725.32 4.23 0.04 

Non-ebbPassOp (%wk)  + Chinook Migrants+ 

Dike Setback + Non-ebbPassOp (%wk)  x Dike 

Setback  

0.35 6 -355.74 725.35 4.25 0.04 

 
Table 7.7. Candidate models fitted to Chinook density data ranked in order of decreasing support 

(increasing ΔAICc) specifically testing for the effect of Month on juvenile Chinook encounters in 

the area of Fisher Slough above the floodgate. 

Model R
2
 df logLik AICc delta Model weight 

Month + Month^2 + Non-ebbPassOp (%wk) + 

Dike Setback 
0.66 6 -338.89 691.65 0.00 0.34 

Month + Month^2 + Non-ebbPassOp (%wk) + 

Non-ebbPassOp (%wk)^2 + Dike Setback 
0.66 7 -338.57 693.69 2.04 0.12 

Month + Month^2 + Non-ebbPassOp (%wk)  0.63 5 -341.29 693.89 2.25 0.11 

Month + Month^2 + Non-ebbPassOp (%wk)  + 

Dike Setback + Non-ebbPassOp (%wk) x Dike 

Setback  

0.66 7 -338.85 694.25 2.61 0.09 

Month + Month^2 + Non-ebbPassOp (%wk) + 

Non-ebbPassOp (%wk)^2  
0.64 6 -340.47 694.80 3.16 0.07 

Month + Month^2 + Non-ebbPassOp (%wk) + 

Non-ebbPassOp (%wk)^2 + Dike Setback + 

Non-ebbPassOp (%wk) * Dike Setback 

0.66 8 -338.57 696.48 4.84 0.03 
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Table 7.8. ANOVA results for test of effects of Strata (location relative to the floodgate), 
Year, and Strata*Year interaction on log10 transformed juvenile Chinook densities observed in the 

Fisher Slough study area.  

Variable type Variable p-Value 

Factors 
Strata 0.000128 

Year 0.000183 

Interaction Strata*Year 0.021097 

 

 
Figure 7.1. A) Fitted model predictions (black lines) of juvenile Chinook encounters to observed 

values (grey dots) using the top candidate model including Month, floodgate operation during the 

non-ebb period, and pre- versus post-dike setback. B) Monthly projections of juvenile Chinook 

encounters in the area of Fisher Slough upstream of the floodgate under low fish passage (20 % 

of the total time in a week) and  pre- versus post-dike setback restoration, and high fish passage 

(60 % of the total time in a week) and pre- versus post-dike setback restoration scenarios. 
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Figure 7.2. Comparison of log transformed densities of juvenile Chinook fingerlings upstream 

versus downstream of the floodgate in Fisher Slough between 2009 and 2013. Asterisks denote a 

statistically significant difference between upstream and downstream Strata (p ≤ 0.05, Tukey’s 

HSD). 

Discussion 

Restoration from dike setback increased juvenile Chinook salmon abundance upstream of 

the floodgate approximately 1 order of magnitude (10x) relative to abundance during pre-

dike setback years (Figure 7.1A). 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 – 

7.5, Figure 7.1B). 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 

encounters in Fisher Slough. 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 floodgate operation during the non-ebb period influenced the number of 

juvenile Chinook salmon upstream of the floodgate, which was apparent in both models 

for juvenile Chinook abundance and density. Longer periods of floodgate door openness 
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during the non-ebb period resulted in more juvenile Chinook salmon upstream of the 

floodgate. Floodgate operation during the ebb tide did not have a significant effect on 

juvenile Chinook density or abundance, suggesting that the majority of movement by 

juvenile Chinook into the area upstream of the floodgate occurred as a result of increased 

fish passage opportunity during the non-ebb period only.  

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, Figures 4.1 & 4.13), this variable was excluded from model.  

Results 

Month had a significant positive effect on fork length such that mean fork length of 

juvenile Chinook rearing in Fisher Slough increased substantially during the spring and 

summer months, when temperatures were energetically more favorable for growth (see 

Chapter 4, Figures 4.3, 4.7, and 4.11; Table 7.9, Figure 7.3). Consistent with increases in 

magnitude and spatial variability in water surface temperature within Fisher Slough 

associated with the dike setback, mean fork length of juvenile Chinook rearing in Fisher 

Slough was significantly higher following the dike setback (least squares means of 58 

mm versus 61 mm 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 summer 

months when both increases in magnitude and spatial variability in water temperature 

(see Chapter 4, Figure 4.15) likely supported optimal growth conditions (Figure 7.3). 

Specifically, while mean fork length of juvenile Chinook was higher as a result of the 

dike setback for Chinook sampled between May and August, mean fork length was 

significantly higher in May and July as a result of the dike setback (May: 54 mm before 

and 57 mm after; July: 76 mm before and 85 mm after; p <0.05, Tukey’s HSD).    

 
Table 7.9. 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.  

Variable type Variable p-Value 

Factors 
Dike Setback 0.0 

Month < 2.2e-16 

Interaction Dike Setback*Month 0.01 
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Figure 7.3. Comparisons of least squares model predictions with 95% confidence intervals testing 

the effects of Dike Setback and Month on observed mean fork length of estuarine resident 

Chinook captured in the Fisher Slough study area. Asterisks denote a statistically significant 

difference between mean Chinook fork lengths observed pre versus post dike setback (p ≤ 0.05, 

Tukey’s HSD)   

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 seasonal water surface temperature but more importantly due to the 

increased spatial variability in water surface temperature associated with the dike setback 

(see Chapter 4, Figure 4.15). For example, during the month of May when juvenile 

Chinook were most abundant, temperatures ranged from 8 
o
C – 14 

o
C respectively (see 

Chapter 4, 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 variations, thereby inferring a growth advantage. For example, juvenile 
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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 
o
C) then moving to habitats where temperatures are energetically favorable to 

assimilate their prey (e.g. 17 
o
C) (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 
o
C, remaining juvenile Chinook rearing in the area still have 

thermal refuge in cooler areas of Fisher Slough. While we weren’t able to 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. 

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: 





L

Fm

mmnDC    

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 
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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: 

LC = 
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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 five years when Fisher Slough monitoring has occurred (Figure 7.4). 

Depending on the year, landscape connectivity explains 38% 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). 
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Wild juvenile Chinook salmon, 2013

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 2013. 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. 
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Discussion 

Before floodgate replacement (year 2009) the Fisher Slough monitoring sites generally 

clustered within the scatter of the Skagit River long term monitoring sites. In both years 

after floodgate replacement, most Fisher Slough sites located upstream of the floodgate 

fell outside (lower) of the scatter of the Skagit River long term monitoring sites. In 

contrast, the Fisher Slough sites located downstream of the floodgate are clustered within 

the scatter of the Skagit River long term monitoring sites. This graphically-displayed 

result using the weight of evidence from all the long-term Skagit River delta monitoring 

sites suggests juvenile Chinook salmon use of Fisher Slough upstream of the floodgate 

was disrupted from the normal pattern observed at all other Skagit River delta sites after 

the floodgate was replaced (2010 and 2011). In contrast, scatter plot results from 2012 

and 2013 (Figure 7.4, panels D and E) show that Fisher Slough sites (both up- and 

downstream of the floodgate) are within the normal pattern observed at all other Skagit 

sites, suggesting there was no disruption at the site of the floodgate after completion of 

dike setback restoration. Clearly, after dike setback at Fisher Slough, seasonal juvenile 

Chinook use upstream of the floodgate is more consistent with what is observed at other 

estuary sites throughout the Skagit tidal delta. 

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 2013 compared to model-

generated carrying capacity estimates for juvenile Chinook salmon. Fish abundance was 

calculated as: fish density multiplied by the wetted area of Strata2 (six sub-area sampling 

regions) 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 Strata2 (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 Strata2, resulting in average daily 

juvenile Chinook salmon abundance for the entire monitoring period (February 8 through 

August 13 = 186 days). Average juvenile Chinook salmon abundance was multiplied by 

the 186-day period, yielding an estimate of fishdays, then divided by the average resident 
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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 Strata2 habitat area during the 2013 

monitoring period. 

Results 

We updated juvenile Chinook salmon carrying capacity estimates for Fisher Slough as all 

three restoration elements have been completed (Beamer et al. 2013c). We now compare 

the carrying capacity estimates to juvenile Chinook salmon abundance estimates from our 

2013 monitoring results including results from other year comparisons reported in 

Beamer et al. (2013c). 

 

Juvenile Chinook salmon carrying capacity is based on two variables: 1) tidal channel 

area available to fish and 2) landscape connectivity. The methods are described in 

Beamer et al. (2005) (page 89). Fisher Slough has 4.8 acres (1.943 hectares) of tidal 

channel upstream of the floodgate now that all three restoration elements have been 

completed (Beamer et al. 2013a, Hypothesis 7). This amount of tidal channel has the 

capacity to support 38,773 or 23,935 tidal delta-rearing Chinook salmon smolts annually, 

depending on which landscape connectivity values are used (Table 7.10).  

 

The updated carrying capacity and observed fish population estimates for juvenile 

Chinook salmon at Fisher Slough must be considered in the context of landscape 

connectivity and outmigrating smolt population size: 

1) Landscape connectivity – We demonstrated that landscape connectivity to Fisher 

Slough may have changed from what was reported in the Skagit Chinook Recovery 

Plan (Beamer et al. 2010); therefore we estimated juvenile Chinook carrying capacity 

using two different landscape connectivity values. Our analysis of juvenile Chinook 

density and landscape connectivity supports the idea that fish are taking the longer 

pathway, which predicts the smaller of the two carrying capacity estimates found in 

Table 7.10. The smaller carrying capacity estimate (23,953 fish) is lower than the 

point estimate (48,166 fish) for the number of juvenile wild Chinook salmon that used 

habitat upstream of the floodgate in 2013, but is within the 95% confidence intervals 

of the point estimate (Table 7.11). 

2) Skagit River Chinook salmon smolt outmigration – The point estimate for wild 

juvenile Chinook salmon outmigration size in 2013 is 5.64 million fish (3.88-7.41 

million 95% CI), which is 110% of the juvenile Chinook population size (5.1 million) 

determined by stock production analysis to fully seed the Skagit River tidal delta with 

juvenile Chinook salmon (Beamer et al. 2005). Because Skagit River tidal delta 

habitat should be completely filled by juvenile Chinook salmon in 2013 during the 

estuary rearing period, the expectation was that Fisher Slough habitat would be used 

at or near carrying capacity by juvenile Chinook salmon in 2013 if habitat conditions 

were suitable and fish passage opportunity was adequate through the floodgate. The 

point estimate for juvenile wild Chinook salmon population size in tidal habitat of 

Fisher Slough upstream of the floodgate in 2013 was 48,166 (Table 7.11) and is 

greater (i.e., 124%) than the higher carrying capacity estimate found in Table 7.10. 
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Both carrying capacity estimates are within the 95% confidence intervals of juvenile 

Chinook salmon population size estimated for 2013.  
 

Table 7.10. Juvenile wild Chinook salmon carrying capacity model results for tidal habitat 

upstream of Fisher Slough floodgate after completion of all three restorations elements. Channel 

area is from Beamer et al. (2013a). This is a repeat of Table 13 in Beamer et al. 2013c. 

Connectivity comment 
Landscape 

connectivity 

Channel 

(ha) 

Smolts 

annually 

 Fish migration pathway via upper end of Tom 

Moore Slough 0.0416 1.943 38,773 

 Assume logjam denies access via upper end of 

Tom Moore; dominant fish migration pathway is 

via lower end of Tom Moore Slough 0.0258 1.943 23,935 

 
Table 7.11. Population estimate of individual juvenile wild Chinook salmon that used habitat 

upstream of the Fisher Slough floodgate during the 2013 monitoring period (Feb 8-August 13, 

186 days) based on expansion of juvenile wild Chinook density results from sites upstream of the 

floodgate (US FG) in 2013. 

Strata2 

Seasonal Chinook abundance 

in fishdays 

 

Point estimate 

(upper & lower 95% CI) 

Average 

Chinook 

delta 

residence 

period 

(days) 

Juvenile Chinook 

population 

 

Point estimate 

(upper & lower 95% CI) 

US FG Blind 1 1,409,801 (9,608-2,829,211) 

35
a
 

 

 

40,280 (275-80,835) 

US FG Blind 2 248,573 (107,157-389,989) 7,102 (3,062-11,143) 

US FG Blind 3 7,947 (2,780-13,114) 227 (79-375) 

US FG Main Channel 19,491 (6,963-32,018) 557 (199-915) 

Total 48,166 (3,065-93,267) 

a – based on juvenile Skagit Chinook salmon otolith results reported in Beamer et al. (2000). 

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) are summarized in Table 7.12. 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). 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. 
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Table 7.12. Summary of Fisher Slough juvenile Chinook salmon abundance and carrying capacity 

estimates. ‘US of FG’ is Upstream of floodgate. 

Monitor-

ing 

Year 

or 

Source 

of 

estimate 

Juvenile Chinook 

monitoring results 

Juvenile Chinook salmon 

Carrying Capacity and 

production estimates 

Juvenile Chinook salmon 

Carrying Capacity model 

inputs 

Skagit River 
juvenile 

Chinook 

outmigration 
level (% of 

carrying 

capacity of 
Skagit 

estuary) 

Wild juvenile 
Chinook 

population size US 

of FG 

Wild juvenile 

Chinook carrying 
capacity US of FG 

Estimate 
of new 

smolt 

production 
due to 

restor-

ation 
(smolts 

annually) 

Landscape 

Connectivity 

Tidal Channel area 

US of FG 

Point 

Estimate 
(smolts 

annually

) 

% of 

best 
carry-

ing 

capa-

city 

esti-

mate 

High 

Estimate 
(smolts 

annually

) 

Low 

Estimate 

(smolts 

annually) 

High Low 

Total 

Tidal 

Chan
-nel 

Habi-

tat 
(ha) 

New 

Tidal 

Channel 

Habitat 

Skagit 

Chinook 
Recovery 

Plan 
 

  
  

16,431 0.423 
 

2.186 

0.81 
hectares 

estimated 

to be 
restored 

2009
1
 54% 8,236 48% 27,459 16,950 

No new 

fish 
0.0416 0.0258 1.376 

No new 

habitat 

2012 88% 37,999 98% 

38,773 23,935 21,823
2
 0.0416 0.0258 1.943 

0.567 

hectares 
actually 

restored 
2013 110% 48,166 124% 

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. 

 
Our model for estimating carrying capacity for juvenile Chinook salmon is based on 

landscape connectivity and tidal channel area. The Skagit Chinook Recovery Plan 

estimate of juvenile Chinook carrying capacity for the conceptual Fisher Slough 

Restoration project used a different estimate for landscape connectivity (0.0423) than 

actual (either 0.0416 or 0.0258, depending on pathway). Also, the Recovery Plan 

assumed 0.81 hectares of new tidal channel habitat would be created at Fisher Slough 

whereas the actual amount of habitat is less (0.567 hectares of new tidal channel). 

 

These two higher-than-actual values resulted in the 16,431-fish estimate found in the 

Chinook Recovery Plan of new juvenile Chinook to be produced by the Fisher Slough 

restoration project. This fish estimate is higher than the value that is now predicted by 

subtracting the before/after restoration estimates for carrying capacity. Estimates of the 

change in juvenile Chinook salmon carrying capacity before (2009) and after restoration 

(2012) are 6,445 fish (38,773 minus 32,328 for the estimates based on high landscape 

connectivity) or 3,979 fish (23,935 minus 19,956 for the estimates based on low 

landscape connectivity). Both estimates are much lower than the original estimate of 

16,431 fish. 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 



  98 

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).  

 

The best estimate of changed carrying capacity is based on monitoring data where we 

found consistency in the percentage of carrying capacity between the Skagit estuary and 

Fisher Slough for a given year. The percentage of carrying capacity is monitored fish 

population size divided by carrying capacity estimate. We believe this is a good approach 

because it considers how fish actually use the site in a given year. 
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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 habitat 

(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 20% and 60% of the time 
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during the slack and flood tidal cycle showed that juvenile Chinook abundance was 

indeed affected by the floodgate. This suggests that the floodgate under current operation 

(i.e. on average, being open 40-50% of the slack and flood tide cycle, see Chapter 6, 

Figure 6.1) is still limiting the 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
 o

C and 19
 o

C, 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 
o
C and 15 

o
C (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 
o
C and maximum temperatures of 25 

o
C 

(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.  
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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 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.  

 

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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Appendix A. 2013 All Fish Tech Memo. 
 

March 24, 2014 

 

Joelene Boyd 

The Nature Conservancy 

410 N. 4
th

 Street 

Mount Vernon, WA  98273 

 

Re: Results for all fish by areas within the Fisher Slough Project during the 2013 

monitoring period as stipulated in Contract WA-S-131022-001-2, Task - 2013 Fish 

Technical Memo 

 

Fish monitoring at Fisher Slough was conducted from February 8 through August 13, 

2013. The fish sampling methods and site selection are described in detail in Beamer et 

al. (2013). This technical memo gives the results of the fish species captured in 2013 and 

includes a brief summary of the salmonid species captured. Figure 1 shows the location 

of sample site groupings referred to in this report. This memo does not include details of 

the wild sub-yearling Chinook salmon. They will be reported in a separate report. 

 
Figure 1. Location of sample site groupings at Fisher Slough used for the 2013 monitoring. 
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Fish assemblage  

There were 61,270 fish representing 20 fish species found in the sampling at Fisher 

Slough from February 8 to August 13, 2013. In addition to the fish species, two non-fish 

species, rough-skinned newts and freshwater mussels, were identified and counted. The 

catch for all species is shown in Table 1. 
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Table1. Total catch by species at Fisher Slough sites February 8 through August 13, 2013.  Mean 

catch per unit effort (beach seine set or fyke trap daily catch) is in parentheses. 

 

Gear: beach seine fyke trap 

Strata: Upstream of floodgate 

Downstream of 

floodgate 

Strata2: 

Blind Ch 1 

sites 

Blind Ch 2 

sites 

Blind Ch 

3 sites 

Main 

channel 

sites 

Main 

channel 

sites 

Fisher Sl 

Blind Ch 

Salmonid species: 
      Chinook salmon, unmarked subyearling 

Oncorhynchus tshawytscha  
1137 

(15.79) 243 (3.38) 91 (3.79) 36 (0.75) 115 (3.19) 296 (24.67) 

Chinook salmon, hatchery origin, all 

marks and ages combined   

Oncorhynchus tshawytscha 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 1 (0.03) 0 (0.00) 

Coho salmon, unmarked subyearling  

Oncorhynchus kisutch 
702 

 (9.75) 
1368 

(19.00) 
   1830 
(76.25) 

340  
(7.08) 

117 
 (3.25) 

156 
 (13.00) 

Coho salmon, unmarked yearling 

Oncorhynchus kisutch 4 (0.06) 8 (0.110 14 (0.58) 0 (0.00) 0 (0.00) 5 (0.42) 

Chum salmon subyearling  

Oncorhynchus keta  24 (0.33) 8 (0.110 0 (0.00) 5 (0.10) 5 (0.14) 6 (0.50) 

Cutthroat trout, all ages  

Oncorhynchus clarki 1 (0.01) 7 (0.10) 5 (0.21) 16 (0.33) 6 (0.17) 3 (0.25) 

Native Char, all ages   

Salvelinus sp. (malma or confluentus 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 3 (0.25) 

Steelhead salmon, unmarked yearling 

Oncorhynchus mykiss 0 (0.00) 0 (0.00) 0 (0.00) 1 (0.02) 0 (0.00) 0 (0.00) 

Unidentified  trout, subyearling  

Oncorhynchus mykiss or clarki 49 (0.68) 18 (0.25) 4 (0.17) 1 (0.02) 1 (0.03) 0 (0.00) 

Whitefish, all ages 
 Prosopium williamsoni 6 (0.08) 2 (0.28) 3 (0.13) 

 
0 (0.00) 4 (0.11) 1 (0.08) 

Total salmonids: 1923 1654 1947 399 249 470 

Other fish species: 
      Three-spine stickleback  

Gasterosteus aculeatus 
17505 

(242.13) 
22935 

(318.54) 
1621 

 (67.54) 
9113 

(189.85) 
44  

(1.22) 
557  

(46.42) 

Peamouth chub 

 Mylocheilus caurinus 6 (0.08) 
1677 

(23.29) 15 (0.63) 11 (0.23) 3 (0.08) 395 (32.92) 

Fathead minnow   Pimephales promelas 0 (0.00) 4 (0.06) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

Redside shiner Richardsonius balteatus 137 (1.90) 124 (1.72) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 

Prickly sculpin Cottus asper 11 (0.15) 3 (0.04) 8 (0.33) 16 (0.33) 15 (0.42) 192 (16.00) 

Pacific staghorn sculpin 

 Leptocottus armatus 0 (0.00) 0 (0.00) 0 (0.00) 1 (0.02) 0 (0.00) 0 (0.00) 

Starry flounder Platichthys stellatus 14 (0.19) 22 (0.31) 3 (0.13) 14 (0.29) 7 (0.19) 1 (0.08) 

Pumpkinseed Lepomis gibbosus 0 (0.00) 4 (0.06) 7 (0.29) 0 (0.00) 0 (0.00) 0 (0.00) 

Unidentified juvenile sunfish 0 (0.00) 127 (1.76) 19 (0.70) 0 (0.00) 0 (0.00) 0 (0.00) 

Largescale sucker  

Catostomus macrocheilus 6 (0.08) 2 (0.03) 3 (0.13) 0 (0.00) 0 (0.00) 2 (0.17) 

Brown bull head 0 (0.00) 2 (0.03) 1 (0.04) 0 (0.00) 0 (0.00) 0 (0.00) 

Yellow perch 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00) 1 (0.08) 

Total other fish: 17679 24900 1677 9155 69 1148 

Total fish catch: 19602 26554 3624 9554 318 1618 

Other non-fish species: 
      

Roughskin newt Taricha granulosa 0 (0.00) 0 (0.00) 6 (0.25) 0 (0.00) 0 (0.00) 0 (0.00) 

Freshwater mussel Anodonta spp. 0 (0.00) 0 (0.00) 1 (0.04) 0 (0.00) 0 (0.00) 1 (0.08) 

Total non-fish: 0 0 7 0 0 1 

Total catch: 19602 26554 3631 9554 318 1619 
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Yearling coho salmon 
Upstream of the floodgate 

Yearling coho salmon were present in Fisher Slough upstream of the floodgate when 

sampling started in February but were found only in Blind Channel 1 at that time. Coho 

salmon were present in April and May in Blind Ch 2 and Blind Ch 3. The peak density 

for the upstream floodgate area occurred in Blind Ch 3 in May, with a monthly average 

density of 242 fish per hectare of area seined (Figure 1, panel A). Coho salmon were not 

found in the blind channel areas after the sampling in May. Coho salmon were not found 

in the main channel area upstream of the floodgate at any time in 2013. 

 

Downstream of the floodgate 

Yearling coho salmon were only found downstream of the floodgate at the Reference 

Blind Channel site and were present from March through May. The peak abundance was 

338 fish per hectare occurring in April (Figure 1, panel A).  

Sub-yearling coho salmon 
Upstream of the floodgate 

Coho salmon fry were found in beach seine catches upstream of the floodgate when 

sampling began in February (Figure 1, panel B). Density steadily increased, peaking in 

July in Blind Ch 3 with 39,308 fish per hectare of area seined. This value was driven by a 

catch of 1,395 fish in one set made on July 10. Coho salmon were still found in Blind Ch 

3 when sampling ended in August. 

 

Downstream of the floodgate 

Sub-yearling coho salmon were found at sites downstream of the floodgate starting in 

March at Downstream Reference Blind Channel and in April at the Main Channel sites 

(Figure 1, panel B). Peak density occurred in July with an average of 8,765 fish per 

hectare of area sampled at the Reference Blind Ch site. Coho salmon fry were still 

present when sampling stopped in August with a monthly average density of 362 and 196 

fish per hectare in the Main Channel sites and Reference Blind Ch site, respectively. 

Chum salmon 
Upstream of the floodgate 

Chum salmon were observed upstream of the floodgate from March through June. The 

peak density was in April in Blind Ch 1 with a monthly average of 636 fish per hectare of 

area seined. Chum salmon were not found during July or August, nor were they found in 

Blind Ch 3 (Figure 2, panel A).  

 

Downstream of the floodgate 

Chum salmon were observed downstream of the floodgate only in March and April. The 

peak density was in April with a monthly average of 636 fish per hectare of area seined in 

Reference Blind Ch (Figure 2, panel A). 

Cutthroat trout 
Cutthroat trout were present in the catch upstream of the floodgate every month during 

sampling except February. The peak catch was in August in the combined Main Channel 

sites, with a monthly average density of 154 fish per hectare of area seined. Cutthroat 



  109 

trout were found downstream of the floodgate in every month except April. The 

downstream peak density of cutthroat trout, 111 fish per hectare of area seined, was in 

February at the Reference Blind Ch site (Figure 2, panel B). 

 Hatchery-origin salmon 
There was one hatchery-origin Chinook salmon caught at Fisher Slough in 2013, found 

downstream of the floodgate during June. It was sacrificed in order to read the Coded 

Wire Tag (CWT) located in its snout and it was determined that it was released from the 

WDFW hatchery at Marblemount on the Skagit River.  

Steelhead 
One juvenile yearling steelhead salmon was found during sampling in 2013. It was 

captured upstream of the floodgate in the Main Channel sites in July. 

Native Char 
Three native char were found during sampling in 2013. They were caught downstream of 

the floodgate at the Reference Blind Ch site in March (n=1) and April (n=2). 

White fish 
Sixteen white fish were found during sampling in 2013. They were caught upstream of 

the floodgate in all three blind channel areas from February to May (Blind Ch 1 n= 6, 

Blind Ch 2 n=2 and Blind Ch 3 n= 3) as well as downstream of the floodgate at the 

Reference Blind Ch site (n=1 in March) and in the main channel areas (n=4 in June). 
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Figure 1. Comparison of the monthly average density of coho salmon found in the combined upstream main channel sites, the blind channel sites, 

the combined downstream main channel sites and the Reference Blind Channel at Fisher Slough in 2013. Error bars are one standard deviation. 

Note the different scales on the y axes. 
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Figure 2. Comparison of the monthly average density of chum salmon and cutthroat trout found in the combined upstream main channel sites, the 

blind channel sites, the combined downstream main channel sites and Reference Blind Channel at Fisher Slough in 2013. Error bars are one 

standard deviation. There was only one sampling event in February; hence there is no error bar for that month at the Downstream of Floodgate 

Reference Blind Ch site. 
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