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Introduction
This report, and associated GIS data, is fulfillment of Task 3 of the agreement between the SRSC
Research Program and the NOAA/WRCO SRFB Skagit Hydrodynamic Model (SHDM) Project
(P104051-A102542-n/a). Task 3 is “calculate changes in delta connectivity as a result of the North
Fork avulsion in a new distributary.”
This report is divided into three sections covering four separate parts of our scope of work:
1. We created a new GIS fish_path layer based on the 2013 orthophoto. This data layer quantifies
distributary bifurcation order (Bi) and position within the entire Skagit tidal delta for 2013
(Section 1).
2. We discuss differences in the North Fork Skagit tidal delta between the 2004 and 2013
fish_path layers (Section 2).
3. Based on the 2004 and 2013 fish_path layers, and all orthophotos between 2004 and 2015, we
calculated landscape connectivity to five fish sampling sites within the North Fork Skagit tidal
delta. Each site has a long term dataset on juvenile Chinook salmon density (Section 3).
4. We graphically examined the temporal trend in landscape connectivity for the five fish
sampling sites and plotted landscape connectivity by seasonal juvenile Chinook salmon
densities for each year (Section 3).
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1. GIS landscape connectivity data layers
The Skagit Chinook Recovery Plan (SRSC and WDFW 2005) used the concept of habitat
connectivity to help predict the benefits of specific areas for Chinook salmon recovery planning
within the Skagit tidal delta and Skagit Bay nearshore ecosystems. Specifically, the metric
‘landscape connectivity’ was calculated for each restoration project in the recovery plan and was
used in a juvenile Chinook salmon carrying capacity model to predict the project’s benefit.
Landscape connectivity is defined as a function of both the length and the complexity of the
pathway that juvenile Chinook salmon must follow to access certain types of habitat, like blind
tidal channels in the tidal delta or pocket estuaries in the adjacent nearshore. Landscape
connectivity decreases as the complexity of the route fish must swim increases (i.e., the number
and size of channel branches) and as the distance the fish must swim increases.
We created a GIS fish_path layer for the Skagit tidal delta for the 2013 time period to be compared
with the existing 2004 fish_path layer (Figure 1). These data layers quantify distributary
bifurcation order (Bi) and position within the entire Skagit tidal delta for each time period.
Metadata for these fish_path themes can be found in Appendix 1. These data layers can be used to
calculate landscape connectivity to any location within the Skagit tidal delta for two time periods:
2004 and 2013. The 2004 layer was used by SRSC and WDFW (2005). The 2013 layer was created
as part of the SHDM project because it is thought channel changes within the Skagit tidal delta
occurring after 2004 may have significantly changed landscape connectivity within the delta. Each
GIS arc layer reflects the pathways juvenile Chinook salmon are expected to move through the
delta channel network and along the nearshore to find and colonize habitat. Per methods described
in Appendix D.V, page 79 of Beamer et al. (2005), values for channel bifurcation order were
assigned to each channel arc. Landscape connectivity (LC) for each fish sampling site is calculated:
1
LC = jend

 (Oj * Dj )
j 1

where Oj = bifurcation order for distributary channel or nearshore segment j, Dj = distance along
segment j of order Oj, j = count (1...jend) of distributary channel or nearshore segments, and jend =
total number of distributary channel or nearshore segments at destination or sample point.
Measurements of channel width were made at each bifurcating (splitting) channel, and used to
determine channel order per Table D.V.1, page 80 in Beamer et al. (2005). Rules followed for
determining bifurcation order (and subsequent Bi values) are shown in Appendix 1. Arc pathway
locations and directions outside of the Skagit tidal delta were determined based on ebb tide flow
direction originating from individual distributary slough mouths. Drift buoy trials in 2004 were
used to determine flow direction (see Appendix D.VI in Beamer et al. 2005). Rules for arc order
outside of the tidal delta are also shown in Appendix 1.
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Figure 1. Fish_path GIS data layers in the Skagit River tidal delta for 2004 (upper panel) and 2013
(lower panel).
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Table 1 shows attributes used for landscape connectivity calculations. Possible landscape
connectivity values range from greater than 0 to less than 1, but never achieving 0 or 1. Higher
values of landscape connectivity are more connected (i.e., have a shorter and/or less complex
pathway) to the source of fish.
Table 1. Attributes used to calculate landscape connectivity, and their descriptions.
Attribute
Bi
Length_km
Km_x_bi
Sum
Landscape Connectivity

Description
Index bifurcation order of route arc
Length of route arc in kilometers
“Length_km” multiplied by “Bi”
Sum of all “Km_x_bi” values for a specific fish migration pathway
1/Sum

2. Landscape connectivity in the North Fork Skagit River
Using available orthophotos, we see a new distributary forming in 2006 on the North Fork Skagit
River. This new distributary was predicted by Hood (2010) to reach a maximum inlet width (the
point of bifurcation with the North Fork) of approximately 50 meters. By 2013 its inlet width
measured 41 meters. Our GIS layers show that by 2013 this new distributary created an entirely
new fish migration pathway directly to the Craft Island area that is shorter and more direct than
the previous pathway, though not significantly different in Bi (Figure 2).
The North Fork Skagit River main distributary has a Bi of 2 for both time periods. As a result,
connectivity to Swinomish Channel through the jetty gap remains the same with a Bi of 10 (Figure
2).
Distributary Bi increased for the Dunlap Bay / Sullivan Slough area in 2013 compared to 2004
(meaning connectivity is lower). This has potential ramifications for fish using the Dunlap Bay /
Sullivan Slough area but also for future fish migration pathways should Swinomish Channel be
connected to channels within the Dunlap Bay / Sullivan Slough area (Figure 2).
Distributary channel length in the Dunlap Bay / Sullivan Slough area decreased slightly from 2004
to 2013. However, the lower order channels have shifted from a bifurcation order of 5 in 2004 to
6 in 2013. This suggests connectivity is decreased for this area in 2013 compared to 2004 (Figure
3).
For the marshes south of the North Fork Skagit River, distributary channel length has decreased
by 0.6 km from 2004 to 2013. There has been an increase in lower order channels and a reduction
of higher order channels in 2013 compared to 2004. This suggests connectivity is increased for
this area in 2013 compared to 2004 (Figure 3).
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Figure 2. Distributary channel bifurcation order in the North Fork Skagit tidal delta before (top
panel) and seven years after (bottom panel) the formation of the new distributary channel.
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Figure 3. Total distributary channel length by bifurcation order for marshes in the (top panel)
Dunlap Bay / Sullivan Slough area and (bottom panel) south of the North Fork Skagit River.
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3. Landscape connectivity patterns to fish sampling sites
within the North Fork Skagit tidal delta and Fir Island bay
fringe
For this section, we calculated landscape connectivity to five fish sampling sites within the North
Fork Skagit tidal delta (surrounding the new distributary channel). Each site has a long-term
dataset on juvenile Chinook salmon density. We graphically examined the temporal trend in
landscape connectivity for the five fish sampling sites and plotted landscape connectivity by
seasonal juvenile Chinook salmon densities for each year to determine whether the new
distributary has significantly changed the distribution of juvenile Chinook salmon.
Source of existing fish data - The Skagit Intensively Monitored Watershed (IMW) project (Greene
et al. 2016) monitors Skagit River Chinook salmon via a long-term interagency program involving
sampling of outmigrants at Mount Vernon (WDFW), fyke trapping of fish rearing in the tidal delta
(SRSC), beach seining of nearshore habitats in Skagit Bay (SRSC), and townetting of offshore
areas in Skagit Bay (Northwest Fisheries Science Center (NWFSC)). The Skagit IMW project
provides data for a system-wide analysis of patterns of juvenile abundance and life history
diversity across the juvenile outmigration season from late winter to fall of each year. From the
Skagit IMW dataset we used natural origin juvenile Chinook density data spanning the years 2002
through 2015 from five tidal delta fyke traps (Figure 4). Fyke trap sampling in the tidal delta occurs
from February through August each year. Methods for fish data collection are described in Greene
et al. (2016) and not repeated here.
Summary of fish data by site and year: For each fyke trap site/year combination, we calculated the
season-long density of juvenile Chinook salmon. This fish density statistic is termed seasonal
juvenile Chinook density. Seasonal juvenile Chinook density was estimated for the periods
February 1 through August 15 for timing curves of juvenile Chinook salmon in Skagit River tidal
delta habitat. Cumulative Chinook salmon density (C) (fish*days*ha-1) was calculated as:

C

L

D

m F

m

nm

where Dm is the average monthly density, nm is the number of days in the month, and F and L are
the first and last months (m) sampled, respectively.
Landscape connectivity - We created a GIS layer of point data representing the five fyke sites. For
each point, we calculated a landscape connectivity value according to the methods described in
Beamer and Wolf (2011). We used the 2004 and 2013 fish_path arc layers described above, and
also used orthophotos for 2006, 2007, 2009, 2011, and 2015 to measure changes in affected fish
path arcs to all five sites. Figures showing landscape connectivity pathways taken to each site for
2015 is shown in Appendix 2.
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Results and Discussion
We found no change in landscape connectivity for Grain of Sand because the site is located
adjacent to the North Fork Skagit River, which has not changed significantly in length or width
upstream of Grain of Sand over the 2004 through 2015 period (Table 2).
Landscape connectivity to Cattail Saltmarsh and Ika Saltmarsh was relatively stable between 2004
and 2013, but has recently begun to decline as the new distributary widens. As the new distributary
receives progressively more flow, the North Fork channel downstream of the bifurcation is
increasingly filling and narrowing, resulting in longer and more complex pathways to these sites.
The bayfront sites, Browns Sl Barrow Channel and Browns Sl Diked Side, have two potential fish
migration pathways: via Freshwater Slough in the South Fork Skagit or via the new North Fork
distributary after its formation in 2006. Landscape connectivity to these sites via Freshwater
Slough has been relatively stable over the 11-year period, averaging 0.0212 and 0.0203 for the
barrow channel and diked side sites respectively. Landscape connectivity to these sites via the new
distributary pathway has increased by over 20% from 2006 to 2015 but is still is approximately
14% lower than the Freshwater Slough pathway.
The new distributary pathway to the Browns Slough area may not be a dominant regardless of its
width. First, the distance along the bayfront from the mouth of Freshwater Slough (3.25 km) is
shorter than the mouth of the new distributary (5.55 km) to Browns Slough. Second, it is unknown
whether tidal currents flow southeasterly along the bayfront, which would allow juvenile salmon
to passively travel from the mouth of the new distributary to bayfront habitat. The low tide channel
signature of the new distributary suggests flow travels southwesterly across the unvegetated flats
toward the Whidbey Island shoreline near Strawberry Point (Figure 4, bottom panel). This
southwesterly flow direction is the same pattern observed by drift buoy trials in 2004 for the nearby
Cattail and Ika Sloughs of the North Fork delta (see Figure D.VI.3 on page 84 in Beamer et al.
2005). Drift buoy trials in 2004 at the mouth of Freshwater Slough showed water flowing
northwesterly toward bayfront habitats (see Figure D.VI.4 on page 85 in Beamer et al. 2005).
Landscape connectivity explains 59% (and up to 89%) of the variation in seasonal juvenile
Chinook salmon density at the five Skagit tidal delta sites each year, confirming that landscape
connectivity differences within the Skagit delta are a strong predictor of seasonal juvenile Chinook
salmon density (Figure 5). However, the recent changes in landscape connectivity within the
Skagit delta as a result of the new distributary are not large enough to infer, by simple landscape
connectivity plots, whether the new distributary has significantly changed the distribution of
juvenile Chinook salmon. Determining effects of the new distributary on fish distribution will
require a more rigorous statistical approach.
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Table 2. Summary of landscape connectivity by site, year, and distributary pathway for five fyke
sites sampled in the Skagit tidal delta.
Site

Pathway

2004
0.0881

2006
0.0881

2007
0.0881

2009
0.0881

2011
0.0881

2013
0.0881

2015
0.0881

North Fork

0.0403

0.0403

0.0403

0.0404

0.0411

0.0411

0.0403

0.0353

0.0353

0.0353

0.0352

0.0353

0.0352

0.0337

Freshwater
Slough

0.0212

na

na

na

na

0.0212

na

New
distributary

Doesn’t exist

0.0150

0.0153

0.0153

0.0144

0.0162

0.0183

Freshwater
Slough

0.0202

na

na

na

na

0.0203

na

New
distributary

Doesn’t exist

0.0143

0.0145

0.0146

0.0137

0.0154

0.0174

Grain of Sand
Cattail Saltmarsh
Ika Saltmarsh

Browns Sl Barrow Ch

Browns Sl Diked Side

na (not available)
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Figure 4. Location of fish sampling sites in relationship to the North and South Fork channels
before distributary formation (top panel) and at most recent orthophoto coverage (bottom panel).
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2004

2006
10,000,000

1,000,000

Seasonal Juvenile Chinook
Density

Seasonal Juvenile Chinook
Density

10,000,000

R² = 0.7087

100,000
10,000

1,000
0.0100

Landscape Connectivity

1,000,000
100,000
10,000

1,000
0.0100

0.1000

2007
Seasonal Juvenile Chinook
Density

Seasonal Juvenile Chinook
Density

1,000,000
100,000
10,000

Landscape Connectivity

R² = 0.6812
1,000,000
100,000
10,000

1,000
0.0100

0.1000

2011
R² = 0.8837

1,000,000
100,000
10,000

Landscape Connectivity

R² = 0.7069

100,000
10,000

2015

Landscape Connectivity

0.1000

2015 via New Distributary
10,000,000

Seasonal Juvenile Chinook
Density

Seasonal Juvenile Chinook
Density

0.1000

1,000,000

1,000
0.0100

0.1000

10,000,000

R² = 0.8979

100,000
10,000

1,000
0.0100

Landscape Connectivity

2013
10,000,000

Seasonal Juvenile Chinook
Density

Seasonal Juvenile Chinook
Density

10,000,000

1,000,000

0.1000

10,000,000
R² = 0.8182

1,000
0.0100

Landscape Connectivity

2009

10,000,000

1,000
0.0100

R² = 0.591

Landscape Connectivity

1,000,000
100,000
10,000

1,000
0.0100

0.1000

R² = 0.89

Landscape Connectivity

0.1000

Figure 5. Influence of landscape connectivity on seasonal juvenile Chinook density at five Skagit
tidal delta sites over 7 different years. Best fit trend lines are linear, power, or logarithmic functions
depending on the year. Y-axis units are fishdays/hectare of blind channel top width area.
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Appendix 1. Metadata for GIS data layers
Description
Fish path arcs representing distributary and blind channels in the tidally influenced portion of the
greater Skagit River estuary circa 2004 and 2013. Reflects the way fish are expected to move
through the channel networks and out into the bay.
Methods
Arcs were digitized on-screen roughly down the center of distributary channel polygons in the
tidelta_2004 and tidelta_2013 polygon themes. Short arcs were added from distributary arcs to
adjacent blind channel mouths (this step has been completed for 2004 but not 2013). True
bifurcation orders were assigned to all arcs where appropriate and index bifurcation orders were
assigned to remaining channels based on an empirical model of the channel size reduction pattern
of all true bifurcation in the Skagit delta.
Index bifurcation (Bi) values for distributary channels were determined following these methods:
1) Measure (on-screen) each bifurcating (splitting) channel at head (hdwid_ft) and
upstream channel just upstream of bifurcating channel (uplkwid_ft).
2) Divide hdwid_ft by uplkwid_ft and multiply by 100 to get the percentage of head
width to upper width (PCT_value).
3) Use PCT_value to ascertain 'PlusBi' value from Table D.V.1. (Assignment of
Distributary Channel Order for Channels that Split into Unequal Widths) from the Chinook
Plan (SRSC & WDFW 2005). Please note that the table was edited in 2011 to include a
"Plus 0" option if the PCT_value is greater than 75%.
4) Assign 'uplk_Bi' value for each arc that already has a Bi value for its upstream arc
(this process is repeated as you work your way downstream).
5) Compute Bi for arc by adding uplk_Bi and PlusBi.
The following rules apply to Bi value determinations:
1) When two or more arcs come together, the Bi value of the resulting (joined) arc is the
same as the smallest value of the incoming arcs (6,4=4). If the incoming arcs have the same
Bi value, the value of the resulting arc is the value of the upstream arcs minus 1 (7,7=6).
2) Arcs to blind channel mouths are given a Bi value of the nearby distributary arc plus
1 (no measurements are made as outlined above).
For arcs outside of the Skagit tidal delta (i.e. extending into Skagit Bay, beyond the edge of the
vegetated Skagit tidal delta), the Bi was determined following these rules:
1) Arcs flowing out of the delta into the bay get the Bi of the upstream arc plus 1.
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2) When two or more arcs with the same Bi value come together, the Bi value of the
resulting (joined) arc is the value of the upstream arcs minus 1 (7,7=6).
3) When two or more arcs of differing Bi values come together, the Bi value of the
resulting (joined) arc is the same as the smallest value of the incoming arcs (6,4=4).
4) When an arc splits into two or more arcs, the Bi value of the downstream arcs is the Bi
value of the upstream arc plus 1 (2=3,3).
5) Any arcs running along the front of the Skagit delta, out in the bay, are assigned the
same Bi value all the way along, regardless of how many times it split off into truncated
channels in the delta.
6) Short arcs were added from each nearby arc to snap to each sampling site. These arcs
were given a Bi value of the nearby arc plus 1.
The length (in kilometers) of each arc (length_km) was multiplied by Bi (km_x_bi). These values
are summed for each route to a blind channel and divided into 1 to give a connectivity value to
that site.
Attributes
FIELD Comments ►
Misc comments, often about how Bi was obtained
FIELD Bi ►
Index bifurcation order, computed per methods and rules outlined above
FIELD Length_km ►
Length of arc in kilometers
FIELD km_x_bi ►
Kilometer length multiplied by Bi
FIELD hdwid_ft ►
Width of channel head as measured on-screen in feet
FIELD uplkwid_ft ►
Width of upstream channel, just upstream of bifurcation, as measured on-screen in feet
16

FIELD PCT_value ►
Hdwid_ft divided by uplkwid_ft and multiplied by 100
FIELD PlusBi ►
Value to be added to upstream channel's Bi in order to compute this channel's Bi. Value
for PlusBi is obtained from Table D.V.1. of the Chinook Plan (SRSC & WDFW 2005;
table updated in 2011) using the PCT_value for this channel.
FIELD uplk_Bi ►
Bi value of the upstream channel
FIELD Descrip ►
General location or purpose of arc, for help in identifying on a map
Appendix 1 Reference
Skagit River System Cooperative & Washington Department of Fish and Wildlife. 2005. Skagit
Chinook Recovery Plan. Available at www.skagitcoop.org/.
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Appendix 2. Site maps of 2013 and 2015 routes taken and
landscape connectivity calculations
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