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Introduction
The Need for Restoration
Dramatic losses of natural habitat have occurred in the Skagit delta since Euro-American
settlement, 150 years ago (Fig. 1). Agricultural and urban development in the delta have led to
the loss of more than 70% of estuarine emergent wetlands and 90% of estuarine scrub-shrub,
riverine scrub-shrub, riverine forested, and palustrine emergent, scrub-shrub, and forested
wetlands (Bortleson et al. 1980, Collins & Montgomery 2001). This extensive habitat loss has
led to significant declines in fish and wildlife, of which the best documented is that of chinook
salmon, which are listed as threatened under the Endangered Species Act (ESA) (64 Federal
Register 14308, March 24 1999). Due to their ESA status and cultural, economical, and political
significance there is considerable interest in increasing chinook salmon populations in the Skagit
basin. Because estuarine rearing habitat is the most significant limitation to chinook production
in the basin (Beamer et al. 2003), there is considerable interest in estuarine habitat restoration.

Figure 1. Historical (ca. 1860, Collins & Montgomery 2001) and current (ca. 2000, Hood unpublished) land cover
of the greater Skagit delta.
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Location of the Restoration Site
The Deepwater Slough restoration site is located near the mouth of the South Fork Skagit
River (48°19' N, 122° 22' W), approximately 2.5 km southwest of Conway, Washington (Fig. 2).
The lower reaches of the Skagit River in this area are tidal fresh water, while adjacent tidal
marshes are fresh to oligohaline.

Figure 2. Location of Deepwater
Slough restoration site.

Restoration Goals and Strategy
The proximate goal of the Deepwater Slough Restoration Project was to restore natural
processes, functions, conditions and biological responses within the project area (Klochak et al.
1999). Specifically, the project sought to restore riverine and tidal flooding (and ensuing
functions, habitat conditions, and biological responses) to the site by removing dikes surrounding
the project area.
The ultimate goal of the Deepwater Slough Restoration Project was to provide rearing
habitat to juvenile salmon as a consequence of restoring natural hydrological and sedimentary
processes. The purpose of providing rearing habitat was to increase the production of salmonids,
particularly ESA-listed Chinook salmon.
This process-based restoration strategy was chosen to minimize the need for expensive
engineering or maintenance of infrastructure, to facilitate natural site evolution, and to allow
holistic, system-scale restoration rather than single-species management. Restoration of natural
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riverine and estuarine processes to the site should lead to the natural development and evolution
of estuarine habitat to the benefit of a wide variety of estuarine-dependent fish and wildlife.

The Restoration Process
The 480-acre (195 ha) Deepwater Slough site is owned by the Washington Department of
Fish and Wildlife (WDFW), which has managed the area for waterfowl since the 1940s. WDFW
allowed restoration on 205 acres, but maintained 275 acres in traditional waterfowl management,
i.e., planting of agricultural grains for waterfowl food and controlled seasonal flooding (Fig. 3).
The US Army Corps of Engineers (USACE) entirely
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Figure 3. General location of the Deepwater Slough project property boundaries. Blue-outlined areas (205 acres/83
ha) were restored through complete dike removal. Hatched areas (275 acres/111ha) were kept in agricultural
production. The restoration site is divided into west (W), east (E), and central (C) areas. Numbered rectangles refer
to subsequent, more detailed figures of planform channel changes.
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removed dikes from areas to be restored, and built new dikes (of the removed dike material) for
areas to be maintained in traditional management (Fig. 4). Large remnant channels in the
restoration site were reconnected to tidal channels outside the dike by excavating through the
dike footprint to match cross-sections of remnant channels with external channels (Fig. 5). This
was done for three large channels in the west lobe of the restoration site and three in the east
lobe. No vegetation planting or alteration of existing vegetation occurred.

Figure 4. Dike removal in the foreground, new dike construction in the background (upper left corner).

Figure 5. Excavation through the base of the removed dike to reconnect a remnant channel within the restoration
site (foreground, bottom) with tidal channels outside the former dikes (background, top).
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The Need for Monitoring
Monitoring of restoration projects is universally acknowledged as important by scientists
specializing in habitat restoration; e.g.,
“ Monitoring is the fulcrum for salmon recovery. The balance of science,
effective use of resources, and policy decisions that will recover salmonids
depends on scientifically valid monitoring to measure success and reduce
uncertainty.” (ISP 2000)
"The monitoring program is a valuable tool to determine restoration
success. …a carefully designed monitoring program lies at the heart of
adaptive management"(Thom and Wellman 1996 ).
Many restoration projects are failures because they are poorly planned and/or monitored
(NRC 1992). For example, Frissell and Nawa (1992) examined 161 aquatic habitat enhancement
structures on 15 streams in western Oregon and Washington and found over 18% had failed
outright, and 60% were damaged or ineffective. Without monitoring, restoration failures go
undetected and uncorrected. Conversely, when restoration successes occur and are clearly
documented they serve to inspire additional restoration; success breeds success. Most
importantly, monitoring allows the accumulation and later application of new knowledge and
experience gained from restoration and associated monitoring projects.

Methods
The foundation of all monitoring efforts for the Deepwater Slough project has been
orthographic aerial photography. Digital infra-red orthophotos (15-cm pixel resolution) of the
restoration site and nearby reference marshes were acquired in 2000 (August 28, during a –0.6 m
Mean Lower Low Water [MLLW] tide) and 2002 (22 July, during a 0.3 m MLLW tide).
Coverage provided by the 2000 infra-red photos was supplemented by more extensive true-color
orthophotos (45-cm pixel resolution, flown 31 July 2000 during a –0.9 m MLLW tide). All
photos were contracted from Triathlon Ltd., Vancouver, BC. In emergent marsh vegetation, the
smallest tidal channels that could be resolved in the true-color and infra-red photos were 0.6 m
and 0.4 m in width, respectively. Scrub-shrub and forested vegetation occasionally obscured
larger channels. Ortho-photos were analyzed with a Geographic Information System (GIS;
ArcView 3.2a; ESRI, Redlands, CA).
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Remotely sensed topographic information was acquired through LIDAR (15-cm vertical
resolution) contracted from Spencer B. Gross, Inc. (Portland, OR). More detailed topographic
data was acquired for limited areas through real-time kinetic (RTK) global positioning satellite
(GPS) surveying with 2-cm vertical and horizontal resolution.
Vegetation was monitored primarily through remote sensing, with ground-truthing of
infra-red orthophoto signatures. Colonization of the bare earth of the former dike footprints was
monitored with randomly located, 1-m diameter plots, wherein vegetation coverage was visually
estimated and assigned to cover-class categories (i.e., < 1%, 1-10%, 11-40%, 41-59%, 60-89%,
90-99%, 100%).

Benthic samples were collected with a 5-cm diameter PVC corer to a depth of 5 cm.
Samples were preserved with buffered formalin in the field and later washed through a 250micron sieve, stained with rose-bengal, and sorted taxonomically with a 10-30x dissecting
microscope. Samples were located systematically along the lengths of tidal channels and
stratified according to habitat type (cut bank, deposition bank, and straight channel segments).

Beaver dams were sampled in the field by walking tidal channels during minus tides.
Dam dimensions were measured with a stadia rod and pocket level. Pool dimensions were
measured with a stadia rod and hip chain. Pools (formed by dams, bank slumps, or logs) were
defined as any waters deeper than 25 cm. High resolution, low scale aerial photos were printed
and laminated for field use and beaver dams were mapped directly on the photos. Channel
planform geometry, vegetation patches, and large woody debris (LWD) were used as geographic
references for orientation and mapping. Data were transferred to and analyzed by a GIS.
Waterfowl and fish monitoring are not described in this report. Eric Beamer and Rich
Henderson will provide a separate report on fish usage of the restoration site, while Gary Slater
has described the first year of a waterfowl monitoring project for the Skagit and Stillaguamish
deltas that includes the Deepwater Slough restoration site (Slater 2003). Channel cross-sections
and profiles are also not reported because additional surveying is required to allow comparisons
to baseline data for change analysis.
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Results
Channel Planform Geometry
From the time the dikes were removed and the first orthophotos of site were flown
(August 2000) to the time that the second orthophotos were flown (July 2002), there were only
two 2-yr and one 5-yr flood events on the Skagit River, all of which occurred in the 2001-2002
hydrologic year. River flows in the 2000-2001 hydrologic year were unusually low and no
floods occurred during this time. Nevertheless, dramatic changes in tidal channel planform
geometry are apparent over this interval at the restoration site.

The most dramatic example of geomorphic change resulting from dike removal is the
upstream end of Deepwater Slough. Prior to restoration dikes completely blocked Deepwater
Slough at two locations. When the dikes were removed the channel was opened to riverine and
tidal flow, and the channel upstream of the upstream dike (the current bridge) widened from a
mean width of 2.8 m in 2000 to a mean width of 7.9 m in 2002 (Fig. 6). Recent observations of
the area following the 25-yr flood event on 22 October 2003 indicate continued channel
widening in this area. An 1889 map of Fir Island and the Skagit River marshes shows that
Deepwater Slough in the project area was about 80 m wide at that time (Fig. 7), so the slough
could potentially widen to that extent. Note that the recently installed bridge over Deepwater
Slough is 40 m wide and portions of the slough immediately upstream and downstream of the
bridge are already about 70 m wide.
The Deepwater Slough restoration project is relatively unique in that it involved complete
dike removal rather than mere dike breaching in a few select locations. This provides an
excellent opportunity to document the consequences of complete dike removal on the restoration
of hydraulic and geomorphic processes and forms. It is evident in many locations that complete
dike removal is allowing the development of new tidal channels that cut across the old dike
footprint and drain the restored tidal marsh. The smallest channels are approximately 5 to 50 cm
deep (Figs. 8, 9). They are relatively numerous, particularly in certain areas, but only a few are
likely to persist as they outcompete the others for drainage. Due to their early developmental
condition, these channels are termed “proto- channels” in this report. Proto-channels are
unvegetated, while adjacent higher surfaces in the dike footprint have been colonized
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Figure 6. Planform change in Deepwater Slough upstream of upper dike (at the end of the arrow). In spring of 2003
a 40-m wide bridge was built at this location. The channel upstream of the dike/bridge has widened from a mean
width of 2.8 m in 2000 to a mean width of 7.9 m in 2002. The channel is continuing to widen and could ultimately
reach about 80 m width if it returns to its historic (1889) size.

by vegetation (described later).
Other channels cutting across the dike footprint are deeper and involve headward growth
of pre-existing channels outside of the old dike through headcutting. In one example (Fig. 10), a
channel extended 125 m to increase its length by 56%, while its surface area increased by 74% to
415 m2. Approximately 42% of the increase in channel surface area occurred outside of the
dikes as the channel outlet enlarged to accommodate increased tidal discharge from the
restoration site. In the vicinity of the outlet to Freshwater Slough, channel surface area increased
121% in response to greater tidal flows. A similar example occurred a little further downstream
where a pre-existing channel outside of the dike cut across the old dike footprint, extending
headward 26 m and increasing in surface area near its outlet by 83% to accommodate greater
tidal flushing. Additionally, a large fan of sediment was deposited in this area, probably during
the 5-yr flood event (Fig. 11).
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Figure 7. The Deepwater Slough project boundaries overlain on an 1889 map by the U.S. Coast and Geodetic
Survey. Open polygons were restored through dike removal; hatched areas are still in agricultural production.
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Figure 8. Proto-channel development (at arrow tips) across the old dike footprint in the west lobe of the restoration
site. Freshwater Slough is in the upper left corner of the figure. The restored marsh is in the bottom third of the
figure.

Some new channels are developing within the restored marshes. In the most prominent
example, a blind channel is developing in the central lobe (C) of the restoration site (Fig. 12). In
2002 the channel had a length of ~180 m, a mean width of ~3.5 m, and a mean depth of ~30 cm.
Channel downcutting is occurring near the outlet, suggesting further channel deepening in the
future.

Finally, reconnection of pre-existing large channels within the restoration site to
downstream channel segments outside of the former dikes has had significant geomorphic
consequences on the external, downstream channels. These channels have generally deepened
and widened to accommodate greatly increased tidal flows. In one example, a downstream
channel widened by an average of 1.4 m and deepened by approximately 1.5 m (Fig. 13).
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Figure 9. Proto-channel development (at arrow tips) across the old dike footprint in the east lobe of the restoration
site. The old dike footprint is outlined by dashed yellow lines. The restored marsh is in the right third of the figure.
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Figure 10. Headward extension (125 m) of a channel across the old dike footprint. Arrows point out the channel in
2002. The channel has also enlarged near its outlet to accommodate increased tidal flushing The dike is still present
in the 2000 photo; it was in the process of being removed. Freshwater Slough is in the upper left corner of each
photo. Restored marsh is in the lower right corner.
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Figure 11. Headward extension (26 m) of a channel across the old dike footprint. Arrows point out the channel in
2002. The channel has also enlarged near its outlet (83% increase in surface area) to accommodate increased tidal
flushing. The dike is in the process of being removed in the 2000 photo. Freshwater Slough is in the left corner of
each photo. Restored marsh is to right of the dike.
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Figure 12. Development of a new tidal channel in the central lobe (C) of the restoration site. Major new channel
segments and the two channel outlets are denoted by arrows. The dike in the 2000 photo was removed shortly after
the photo was taken. The largest channel is Deepwater Slough. Farmed fields in the 2000 photo rapidly converted
to wetland vegetation by 2002, following dike removal.
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Figure 13. An example of downstream channel widening and deepening after dike removal. The restored marsh is
in the right third of the photo. The old dike footprint is the grayish band to the right of the main north-south
channel. Channel outlines digitized from the 2000 photo are in yellow. Differences between the outlines and the
2002 photo indicate channel change. Channel deepening can be seen when the channel downstream of the logjam
(and downstream of the restoration site outlet) is compared to the channel in the vicinity of the logjam.
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Predictive Model of Tidal Channel Geometry/Topology
An empirical model of tidal channel topology is being developed to anticipate tidal
channel development in the restoration site and to predict the restoration potential of other sites
in the Skagit delta. The model theory is based on landform fractal geometry and tidal channel
hydraulic geometry (Hood 2002a). Tidal channel hydraulic geometry depends on tidal prism an
accurate delineation of the drainage basin of a tidal channel (Williams et al. 2002). However,
basin delineation is problematic in the Skagit (and many other marshes) because extensive marsh
flooding during high tides (up to 1.5 m above the marsh surface) makes the concept of tidal
channel drainage basin nearly meaningless in this system. Perhaps 40% of ebb tide drainage
from Skagit marshes occurs as sheet flow from the marsh to the bay rather than as channelized
flow (Miller & Gardner 1981, French and Stoddart 1992), so partitioning tidal prism between
sheet flow and channelized flow is a challenge. Additionally, tidal drainage boundaries depend
on hard to measure micro-topography and surface friction (Rinaldo et al. 1999), which varies
with vegetation type (Leonard & Luther 1995). Consequently, the novel predictive model being
developed for this project avoids attempting to calculate tidal prism or tidal drainage area.
Instead, the model relies on scaling relationships predicted from the fractal geometry of
landforms (Rodriguez-Iturbe & Rinaldo 1997). The model uses the area of individual marsh
islands as a predictor for the collective geometry of all of the tidal channels draining each island.
In this new model, easily defined island boundaries replace hard to measure channel drainage
divides, whose delineation is necessary for traditional models. This new approach does not
allow calculation of the hydraulic geometry of individual channels, but it does allow other
topological predictions not possible with traditional hydraulic geometry, such as the number and
complexity of channels that can be sustained by various areas of marsh.

The empirical data supporting the model is derived from the South Fork Skagit marshes.
Marsh islands were chosen that were relatively uniform in elevation and disturbance history (Fig.
14). The scaling relationships developed from these reference islands were then compared to
existing conditions in the west and east lobes of the Deepwater restoration site and in the Wiley
Slough area, which is proposed for future restoration. Marsh island area was strongly correlated
with the number of tidal channels.
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Fig. 14. Islands in the South Fork Skagit marsh, used to generate the predictive model of tidal channel topology
(left). Empirical scaling relationships between island area and channel topology are shown on the right. Blue
diamonds represent marsh islands in the left figure. Red squares represent the Deepwater East and West (DWE and
DWW) restoration sites and the proposed Wiley Slough restoration site from 2000 air photos. Yellow triangles
represent DWE and DWW from 2002 air photos. Green triangles represent Wiley Slough when it was undiked
marsh in 1937 air photos.

draining the island, the magnitude of all the channels draining the island, and the magnitude of
the largest channel draining the island. Channel magnitude is the number of 1st-order channels
tributary to a channel network and is an indicator of network size and complexity.

Comparison of the 170-acre, circa 1937, undiked Wiley Slough area (which was diked
and drained in the late 1950s) with the reference marsh islands indicates that the historical
condition of the site corresponds well with the reference regression relationships. This suggests
18

that the scaling relationships developed from reference marsh islands can be extrapolated to [1]
historical conditions, [2] areas adjacent to dikes, and [3] arbitrarily bounded areas (e.g.,
boundaries defined by current dike locations). This supports comparison of the east and west
lobes of the Deepwater restoration site with the reference marsh islands. Such a comparison
indicates that the restoration sites currently do not match reference islands. Rather, they have a
deficit of tidal channels and channel network complexity. The reference scaling relationships
suggest that the east lobe should support 9 tidal channels and the west lobe 10. In 2000, after the
dikes were removed each lobe supported 3 tidal channels that drained across the footprints of the
removed dikes. By 2002, three proto-channels of significant size were developing in each lobe,
suggesting that the restoration sites are evolving towards conditions consistent with those of the
reference marshes. Given the limited time that has passed, it is too early to attempt to calculate
rates of site evolution. It is also too early to determine if there have been significant changes in
channel network magnitude, so no estimates of this parameter have been made for 2002.
However, if the predictive model holds up, one can expect an eventual doubling in channel
network magnitude for the east lobe and a 2.5-fold increase for the west lobe.

Vegetation
Prior to restoration the west and east lobes were already dominated by wetland
vegetation, mostly cattail (Typha angustifolia and T. latifolia), reed canarygrass (Phalaris
arundinacea), and spiraea (Spiraea douglasii), which is why WDFW allowed their restoration.
Only 12 acres in the central lobe were farmed at the time of dike removal; 17 acres were scrubshrub and forested wetland. No attempt was made to manipulate vegetation in the restoration
site. Instead, it was assumed that existing cattails would continue to dominate the east and west
lobes indefinitely, because they are also abundant in the reference marsh, and that the farmed
central lobe would be naturally colonized by intertidal vegetation. Prior to dike removal no
rigorous predictions were made as to the species of vegetation that could be expected to
dominate the restored sites at maturity.

As part of the Deepwater monitoring, a predictive model has since been constructed,
based on the primacy of elevation (degree of tidal inundation) in controlling vegetation
community composition (Callaway 2001). The model is based on almost 600 points at which
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vegetation and elevation (2-cm accuracy) were noted in the reference marsh near the restoration
site. This data allowed description of the elevation distributions of the dominant species in the
marsh (Fig. 15). Similar data were collected for the west lobe of the restoration site. In general,
the restoration site is lower in elevation than the reference marsh even though reference samples
span the elevation gradient of the reference marsh, i.e., extend from the diked restoration site to
Skagit Bay.

Figure 15. Elevation distributions of the most common species in the reference marsh (blue, upper shading) and the
restoration site (red, lower shading). Mid-line of each box is the median elevation, bottom of box is the 25th
percentile, top is the75th percentile, bars are two standard deviations, asterisks are outliers. Sample size for each
category is in parentheses.

Additionally, cattail and reed canarygrass, respectively, grow on average 40 and 60 cm
lower in the restoration site than in the reference marsh, at elevations that in the reference marsh
are dominated by sedge (Carex lyngbyei) and spikerush (Eleocharis palustris). LIDAR (15-cm
accuracy) of the restoration site confirms that most of the restoration site has elevations that are
apparently more suitable for sedge and spikerush than cattail or canarygrass (Fig. 16).
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Nevertheless, cattails and reed canarygrass continue to dominate the east and west lobes
of the restoration site and no significant change in vegetation coverage is apparent in these areas
when the 2000 and 2002 infra-red orthophotos are compared. However, the bare footprints of
the removed dikes have been colonized to a large degree by sedge and spikerush,
particularly along the southern margin of the west lobe (Fig. 17). This suggests that the
elevation-based predictive vegetation model is accurate for areas of bare earth where colonizing
plants do not face competition from established vegetation. The dike footprint in the vicinity of
Freshwater Slough has been colonized by a greater variety of plant species. They include the
expected sedge and spike rush, but rushes (Juncus effusus, J. acuminatus, J. ensifolius, J.
bufonius) and manna grass (Glyceria elata) are also present. The abundance of these additional,
mostly weedy species is likely due to frequent disturbance in this area caused by flood scour and
deposition of coarse flood-borne sediments.

Figure 16. Vegetation predictions for the Deepwater site,
based on LIDAR and vegetation elevation distributions.
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The question remains as to what will be the rate of vegetation change in areas where
cattail and reed canarygrass are well established. Estimates of vegetation change from other
tidal marsh restoration projects range from a few years to several decades (Campbell & Bradfield
1988, Morgan & Short 2002, Tanner et al. 2002, Thom et al. 2002, Warren et al. 2002).
Consequently, an

Figure 17. Sedge (Carex lyngbyei) colonization of the footprint of the removed dikes. Cattails (Typha angustifolia)
growing within the restoration site are on the left edge of the sedge swath. Cattails growing in the higher elevation
reference marsh are on the right edge of the sedge swath.

adaptive management experiment was initiated to see if established cattails and reed canarygrass
could be manipulated to accelerate community transition to a more desirable species
composition, i.e., greater abundance of sedge and spikerush which are waterfowl food plants
(Burgess 1970, Vermeer & Levings 1977, Butler & Campbell 1987, Gordon et al. 1989, Krapu &
Reinecke 1992).

The motivating hypothesis for the manipulation was that competition from established
vegetation inhibits site colonization by desirable species. Thus, reduction of competition should
enhance desirable colonization. It was further hypothesized that mowing the established cattails
and canarygrass would reduce their viability by removing photosynthetic above-ground plant
tissues and flooding below-ground plant tissues. Decreased oxygen supply from shoots to roots
with consequent plant mortality or reduced growth has been documented when shoots have been
cut below the water level, covered with nail polish, or smothered with sediments for a variety of
estuarine grasses and grass-like plants, including cordgrass (Spartina alterniflora, S. patens),
giant cutgrass (Zizaniopsis miliacea), reedgrass (Phragmites australis), and cattail (Typha
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angustifolia) (Gleason & Zieman 1981, Birch & Cooley 1983, Sale & Wetzel 1983, Wijte &
Gallagher 1991, Hellings & Gallagher 1992).

The site chosen for experimental manipulation was located in the southeast corner of the
west lobe, where colonization of the former dike footprint by sedge and spikerush has been most
successful, and where there are several large tidal channels. Reduced vegetation cover after
mowing will likely increase the velocity of sheet flows over the marsh surface (Leonard and
Luther 1995) and possibly increase the rate of channel network development in the area. Thus,
proximity to large tidal marshes was considered network elaboration. The site totaled 9.8 acres,
of which 0.3 acres were already dominated by spikerush, 8.4 acres were cattail (now mown), and
1.1 acres were canarygrass (now mown) (Figs. 18 and 19). The site will likely require additional
mowing in the summer of 2004, to further stress pre-existing cattails and canarygrass and to
remove an additional 1.3-acre patch of cattail. Monitoring of this manipulation will compare the
mowed site to unmanipulated areas immediately on the other side of large bordering channels,
west and northwest of the site. Vegetation change, channel development, and waterfowl use will
be compared between the two areas. Colonizing sedges on dike footprints in this area were
extensively grazed by waterfowl in the spring of 2003. Thus, it is likely that if vegetation change
occurs as anticipated, waterfowl will be attracted to the manipulated site to a greater degree than
adjacent areas dominated by cattail and canarygrass.

Figure 18. Vegetation composition of the experimental
mowing site, prior to mowing. Green = spikerush
(unmown), gold = canarygrass, tan = cattail. Blue = west
lobe boundary.
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Figure 19. Mown cattail and canarygrass near low tide. High tides inundate the site by up to 1.5 m.

Intertidal Scrub-shrub Marsh and Beaver
Comparison of the vegetation in the restoration site with that in the reference tidal marsh
reveals a distinct difference: tidal scrub-shrub habitat is relatively abundant in the reference
marsh, amounting to almost 350 acres or approximately 13% of the South Fork Skagit marshes.
But in the restoration site tidal scrub-shrub amounts to only 15 acres or 7% of the site, and is
present mostly in the central lobe. Historical (ca. 1860) data indicates that the Deepwater Slough
restoration site once consisted entirely of tidal scrub-shrub habitat (Collins and Montgomery
2001). This data also shows that tidal scrub-shrub habitat comprised 33% of the historically
much more extensive estuarine wetlands in the Skagit delta, 35% in the Stillaguamish delta, and
70% in the Snohomish delta. Today, estuarine scrub-shrub habitat has almost completely
disappeared in the Stillaguamish and Snohomish estuaries, and less than 7% of the historical
estimate remains in the Skagit (Hood, unpublished data).

Sweetgale is the dominant shrub species in the Skagit marshes today, but it does not
appear in the notes of early surveyors in the Skagit Delta, probably because the shrubs are not
large enough to serve as witness trees. Nevertheless, other shrub species were noted. Thus, one
questions whether sweetgale is a recent invader or simply went unremarked by early surveyors.
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Several information sources suggest the latter. The University of Washington Herbarium
contains sweetgale collected from 1887 “in swamps at the [Columbia] river mouth
[Washington],” from 1933 at the “edge of swamp along seabeach” [Grays Harbor County, Ocean
City, Washington], from 1933 at the “mouth of Snohomish River [Snohomish County,
Washington], from 1975 in a “tideflat meadow, abundant with Glaux maritima, Potentilla,
Carex” [Stewart, British Columbia], from 1936 in a “seashore meadow” [Bristol Bay, Kvichak
River, Alaska]. Several studies also report the presence of sweetgale in tidal marshes of the
Bella Coola, Campbell, and Somass Rivers (British Columbia), and the Copper River (Alaska),
in association with Carex lyngbyei, as is typical in the Skagit marshes (McAvoy 1931, Bell and
Thompson 1977, Morris and Leaney 1980, Thileneus 1990).

Willows in the tidal scrub-shrub zone are heavily grazed by beaver (Hood, unpublished).
Beaver also feed on sweetgale, but grazing intensity appears to be less than on willow. Beaver
also build small dams in Skagit marsh tidal channels (Figs. 20, 21) and the dams are on average
41 cm high, 1.9 m wide, produce a head of 17 cm, and

Figure 20. Large beaver dam at low tide in a Skagit marsh tidal channel.

a pool 60 cm deep. At high tide the dams are completely flooded by 1-2 m, so the dams are
effective only at low tide and apparently serve the beavers by providing them with water
sufficiently deep for swimming during low tides. Preliminary analysis indicates that tidal
channels with beaver dams are about 35% pool habitat (by surface area) versus 11% for channels
without beaver dams. Preliminary sampling of fish (juvenile salmon and sticklebacks) at low

25

tide in dam-formed pools indicates that fish densities are 2 orders of magnitude greater in pool
habitat compared to shallow (< 15 cm) unponded channel. Thus, beaver dams appear to provide
refuge habitat (ponds) for juvenile salmon and other small fish during low tides. Rather than
being flushed into deeper channels on the ebb tide where larger fish, diving birds (e.g., king
fisher, mergansers), wading birds (great blue herons, night herons) can prey on them, small fish
may remain relatively sheltered in ponds in smaller tidal channels.

Beaver dams are being mapped in the Skagit marshes and there is a clear association
between beaver dams and scrub-shrub habitat (Fig. 22). Beaver dams are never located in
emergent marsh that is more than 20 m from scrub-shrub marsh. Further investigation has
shown that shrubs, particularly sweetgale, are strongly associated with large woody debris
(LWD) which serve as nurse logs for the shrubs (Hood 2002b, Fig. 23).

Figure 21. Small beaver dam in tidal
channel near low tide. Sweetgale
thickets are in the background and out of
the frame to the right and left.

This has motivated another adaptive management experiment. Large logs within the
Deepwater Slough restoration site have been located, measured, tagged, and planted with
sweetgale seedlings to see if sweetgale growth can be facilitated in restoration sites.

26

Figure 22. Portion of a map of beaver dams (yellow points) in the South Fork Skagit tidal marsh.
Dark blue channels have beaver dams, orange channels are without beaver dams, light blue channels
are unsampled.

Figure 23. Sweetgale growing on a nurse log near its lower limit of
elevation. The linear shrub patch in the background is also ground on
a log. Photo was taken near high tide. At high spring tide the marsh
surface can be flooded by an additional meter.

Control treatments consist of seedling planting on the adjacent marsh surface and in soil in
sandbags at the tops of sandbag piles (to control for growth substrate vs elevation). Planting
hollows were carved in the logs with a chainsaw and seedlings were secured with a patch of log
(Fig. 24). Drainage channels were cut into the logs from the planting hollows to prevent
seedling roots from drowning. Planting occurred in February of 2003 and preliminary
monitoring in Spring and Autumn of 2003 indicate greater seedling survival on logs at low
elevations and greater survival on the marsh surface at higher elevations. Grazing by beaver was
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a source of mortality for some seedlings; others appear to have survived grazing by vigorously
resprouting. Continued monitoring of the plantings is planned to determine long-term seedling
survivorship.

Benthos
Benthic organisms (invertebrate detritivores) are frequently prey of juvenile salmon, and
therefore are often monitored to determine the rate and success of habitat restoration efforts
directed toward juvenile salmon (Simenstad and Cordell 2000). For this reason benthic
organisms were monitored in the restoration and reference sites during the first spring after dike
removal. Benthic invertebrates were more abundant in the restored tidal channels than in
reference channels (Fig. 25).

Figure 24. Sweetgale planted on a nurse log in
the Deepwater restoration site. Note drain
notch near aluminum ID tag

This is probably due to the abundance of detrital material (food for the benthos) which likely
accumulated over more than a century in the previously diked site in the absence of tidal
flushing, compared to daily tidal flushing experienced by the reference tidal channels over the
same period. After dikes were removed, large mats of algae and darkly stained waters rich in
dissolved organic material (DOM), drained from the restoration site with each ebb tide. It was
more than a year before waters ebbing from the restored tidal channels no longer appeared
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stained with DOM. This suggests that considerable detrital organic material had accumulated in
the restored channels while their drainage was impeded by dikes.
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Figure 25. Relative abundance of benthic invertebrates in representative tidal channels in the west (DWW) and east
(DWE) lobes of the Deepwater Slough restoration site, the reconnected reach of Deepwater Slough (Main), and
reference tidal channels. Error bars represent one standard error of the mean.

Benthic samples were stratified according to dominant geomorphic channel features to
determine if channel sinuosity significantly affected the distribution and abundance of benthos.
Sinuosity is very low or non-existent in the restored tidal channels, but it is common in the
reference tidal channels. The hypothesis motivating stratification was that cut banks would have
lower accumulations of organic detritus than deposition banks (point bars) and this would likely
affect detritivore abundance (e.g., Lopez and Levinton 1987, McIvor and Odum 1988, Sacco et
al. 1994). Data from sinuous channels in the reference marsh bear out this hypothesis (Fig. 26),
especially during late spring (May) when invertebrate productivity begins to increase
significantly. In all four of the dominant taxonomic groups, abundance is greatest in depositional
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channel areas and lowest in erosional channel areas. During sample collection clear and
consistent differences in sediment grain size were also noted, which can also strongly influence
benthic community composition and abundance. Depositional areas were very sandy, while
erosional areas consisted of hard clay. Organic content of the sediments in each habitat type has
not yet been sampled.
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Figure 26. Relative abundance of benthic invertebrates from different tidal channel habitats. The central diagram
illustrates the typical location of cut banks and deposition banks in a tidal channel—color coded habitat areas
match bars in the graphs. Error bars are 1 standard error of the mean.

Fish and Waterfowl
As mentioned previously, separate reports describe fish and waterfowl monitoring results.
However, a summary is briefly provided here. Fish were sampled in two restored and two
reference blind tidal channels and in the restored segment of Deepwater Slough and a reference
segment of the slough that has never been diked off. Juvenile chinook and chum salmon are
occupying the restoration site and are of comparable abundance to chinook and chum in natural
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reference sites. Stomach contents of the juvenile salmon indicate that stomachs are slightly more
full for chinook occupying reference marsh habitat compared to restored habitat. Juvenile
chinook in reference marsh channels ate primarily mysid shrimp and secondarily adult
chironomid flies, gammarid amphipods, and oligochaete worms. In the newly restored tidal
channels they ate primarily mysids and chironomid adults, pupae, and larvae.

Waterfowl densities in the east and west lobes of the Deepwater Slough restoration site
were similar to those of natural marsh transects, suggesting that restoration efforts have been
effective with regard to waterfowl habitat (Slater 2003). In contrast, waterfowl density in the
two Deepwater restoration sites was nearly four times higher than in adjacent, unrestored,
agricultural areas (paired t = 3.41, df = 17, p < 0.005).

Discussion
Channel Planform Geometry
Early examination and interpretation of observed channel changes in the Deepwater
Slough restoration site suggest several important points: [1] significant geomorphic changes in
tidal channels which have been reconnected to tidal and riverine flooding can occur in a very
short period of time (within two years); [2] geomorphic changes in tidal channel geometry occur
off-site (upstream and downstream of the restoration site) as well as on-site; [3] dike removal,
rather than mere breaching, allows relatively rapid development of “proto-channels” across the
old dike footprint. Channel width has increased very quickly in Deepwater Slough upstream of
the restoration site (channel width typically changes more quickly than depth with changing
discharge [Leopold et al. 1964]) and in channels outside of the former dikes that are downstream
of blind tidal channels in the restoration area. Thus, it is important to consider indirect effects,
i.e., off-site areas, when planning for habitat restoration and when monitoring restoration
projects. The dramatic changes in the width of the upstream reach of Deepwater Slough also
begs the question of where the eroded sediments will be deposited. There are two possibilities,
which are not mutually exclusive. Sediments will likely be deposited at the mouth of Deepwater
Slough and contribute to marsh progradation in this area. Sediments might also be deposited
where the distributary channel, Crooked Slough, diverges from Deepwater Slough. This could
block the distributary inlet and convert the distributary to a blind tidal channel. Examination of
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historical maps and aerial photos shows that the Crooked Slough inlet has declined in width from
38m in 1889 to 19m in 1937 to 8.3m in 2000 (Hood, unpublished data). A sudden increase in
sediment transport down Deepwater Slough might cause a similarly sudden increase in the rate
of distributary inlet narrowing for Crooked Slough. As Deepwater Slough continues to widen
(particularly in the upstream reach) greater flow will be diverted from Freshwater Slough to
Deepwater Slough. This will likely result in channel adjustments in Freshwater Slough, which
will most likely take the form of greater sedimentation in point bars with a consequent decline in
mean channel width and increase in sinuosity. The likely rate of these adjustments is unknown
at this point. All of these considerations indicate that monitoring of Deepwater Slough must not
be limited merely to the restoration site itself. Monitoring must include the landscape context of
the restoration site and the likely locations of indirect (off-site) effects. Indirect effects are by
their nature difficult to predict, thus a broad spatial and historical perspective is necessary for
project monitoring.

Predictive Model of Tidal Channel Geomorphology
The predictive model of tidal channel topology is currently in early stages of
development. It is adequate to predict the likely future condition of the Deepwater Slough site,
but extrapolation to other areas in the Skagit requires cautious evaluation of site idiosyncrasies.
The predictive topology model is currently being modified to take into account the effects of
elevation and vegetation type on channel geometry. This will allow greater confidence in
extrapolating predictions to other sites in the Skagit delta and possibly other, sand-dominated
deltas with similar tidal ranges.

Perhaps the greatest strength of the topological model is that it makes population-scale
predictions about tidal channels that can be supported by a given area of marsh. This is not true
of more conventional models based on hydraulic geometry. In this regard, the observed
development of proto-channels across the footprint of the removed dike is consistent with the
topological model’s predictions of the number of tidal channels that the restoration site can
support. Proto-channel development also illustrates the value of complete dike removal rather
than mere breaching in a few locations. In addition to allowing sheetflow across the marsh
surface, dike removal allows the unfettered development of proto-channels, which till now would
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not have been predicted by any other model of channel geomorphology. However, even now,
the new topological model of tidal channel development cannot predict the likely location of
proto-channel development, nor the likely rate of proto-channel evolution. These questions may
be answered after further long-term monitoring of the Deepwater Slough restoration site, and
hopefully other restoration sites.

Vegetation
The predictive model of tidal marsh vegetation appears to be adequate in predicting the
vegetation likely to dominate the bare soils of the footprint of the removed dike formerly
surrounding the Deepwater Slough restoration site. However, greater confidence in the model
and greater applicability to a greater variety of tidal sites in the Skagit delta can be acquired
through further development of the model. More data should be acquired to elaborate the model,
and this data should include elevations and salinities that are not well represented in the current
model. Ultimately the model will include effects of salinity in addition to elevation.
Additionally, the initial phases of data collection are underway to also include the interrelated
effects of recent geomorphic history and sediment quality on vegetation composition.

While vegetation colonization of bare soil can apparently be adequately predicted and can
occur quickly (within two years), predicting community succession rates for established
vegetation appears to be more problematic. Monitoring of the Spencer Island restoration, a
freshwater tidal system in the Snohomish estuary, suggests that complete replacement of exotic
reed canarygrass by native species may take several decades (Tanner et al. 2002). Far more
monitoring has been done of polyhaline or euhaline restoration sites and these suggest that
significant vegetation change can require from 3 to 30 years (Campbell & Bradfield 1988,
Morgan & Short 2002, Thom et al. 2002, Warren et al. 2002). Interestingly, Warren et al. (2002)
found that recovery rates were correlated with degree of tidal inundation and unrelated to
salinity. Nevertheless, the sample size of restoration sites is relatively small, especially within
the Pacific Northwest and especially for tidal freshwater systems. Furthermore, monitoring has
only spanned a few decades for a very few sites. Thus, in areas of established, pre-restoration
vegetation, it is very difficult to predict the rate of vegetation change with any confidence.
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Hopefully, the mowing experiment will provide some insight into mechanisms and relative rates
of succession by contrasting the development of the experimental and control sites.

Intertidal Scrub-shrub Marsh and Beaver
Tidal scrub-shrub habitat was among the first areas to be cleared and drained by Euroamerican settlers in the mid 19th century. The land was easier to clear than forest and easier to
drain than emergent marsh, which was reflected in the high historical prices for this compared to
other land (Collins 2000). This early history of development is probably why so little tidal
scrub-shrub habitat remains anywhere in the Pacific Northwest today. Because tidal scrub-shrub
habitat has declined significantly, and because virtually nothing is known about the ecology of
this habitat, the question arises whether special effort should be made to restore this type of
habitat. Tidal scrub-shrub habitat in the Skagit is dominated primarily by sweetgale (Myrica
gale) and secondarily by willow (Salix spp.). Sweetgale is a nitrogen-fixing shrub, capable of
fixing 3.2 –3.5 g N/m2 per year in peat bogs (Schwintzer 1979; 1983, Schwintzer and Tjepkema
1983). It is a food plant for a variety of herbivores including moose in Alaska (Marsh et al.
2000), mountain hares in Scotland (Skene et al. 2000), beaver in oligohaline tidal marshes in
Washington State (personal observation), and various insects, including Coleoptera
(Curculionidae), Homoptera (Cercopidae), Hemiptera (Miridae), and Lepidoptera (many
families) (Skene et al. 2000). Additionally, sweetgale provides nesting habitat for dusky Canada
geese in the Copper River delta (R. M. Anthony, USGS, Anchorage, pers. comm).

Because so little scrub-shrub habitat remains in the Pacific Northwest, very little is
known about its ecology. Yet this habitat is potentially very important since it may play a
significant role in N-cycling in intact tidal marshes, as well as provide significant rearing habitat
for juvenile salmon. Likewise very little has been documented on beaver in intertidal habitats.
Monitoring of the Deepwater Slough restoration site provides a great opportunity for studying
this system and for beginning to think about the possible desirability and feasibility of restoring
this type of habitat. The current documentation of beaver and sweetgale in the reference marshes
should be extended into the restoration site. Portions of the central and east lobes of the
restoration site are dominated by shrubs and likely support beaver. Beaver have eaten shrubs
(mostly alder [Alnus rubra] and red-osier dogwood [Cornus stolonifera]) that were planted along
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the flanks of the new dikes built between the restored and unrestored WDFW lands. They have
also cut down some large alders along the restored reach of Deepwater Slough. It remains to be
seen whether beaver will colonize the portions of the restoration site that are currently shrubdominated.

Benthos
While benthos were compared between the restored and reference sites, the sampling
design allowed additional hypothesis testing, i.e., whether channel sinuosity is significant to
benthic ecology. Surprisingly, very few researchers (e.g., McIvor and Odum 1988) have
investigated this question in tidal systems. The answer is of consequence to restoration projects
because tidal channels in diked lands have often been straightened to provide efficient drainage
for farmland. Consequently, restoration often produces straight tidal channels. Preliminary
evidence suggests that compared to straight tidal channels, sinuous channels provide hotspots of
benthic productivity on point bars. These hotspots are likely important feeding sites for fish
during high tides and for shorebirds and ducks during low tides (Hood, personal observation).
At least one (preferably two) additional season of sampling is needed to confirm preliminary
observations of point-bar associated benthic productivity. Additionally, sediment grain size and
organic content need to be quantified, as well as fish and shorebird predation rates.

Fish and Waterfowl
Preliminary results indicate that juvenile salmon and other fish (e.g., sticklebacks
[Gasterosteus aculeatus]) almost immediately occupy restored intertidal habitats. Additionally,
stomach contents indicate that the fish are feeding in the restoration site to the same degree that
they feed in the reference sites. This suggests that fish benefit almost immediately from tidal
habitat restoration. Further evolution and development of tidal channels will increase the amount
of critical tidal channel habitat available to fish. As more tidal channel development occurs the
population of fish supported by the restoration site will also grow. Thus, tidal channel evolution
is probably the most critical element to monitor in the restoration site.

Waterfowl already occupy the restoration site to a similar degree as reference sites and to
a greater degree than adjacent agricultural lands. Colonizing sedge vegetation in the footprints
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of the removed dikes are heavily grazed by waterfowl during the spring. The extensive grazing
of sedge in the reference marshes (Hood, personal observation) and in the restoration site
suggests high demand for this food source by waterfowl and, consequently, a great benefit to
waterfowl should cattail and canarygrass mowing speed the restorations site’s transition to sedge
habitat.

Future Directions/Needs
To minimize expenses most monitoring has relied heavily on remote sensing. In this
regard the high resolution infra-red (i-r) orthophotos have been essential. Another set of high
resolution (15-cm pixels or better) i-r orthophotos is needed for the summer of 2004. However,
greater aerial coverage is needed to monitor likely downstream progradation effects and other
indirect effects on channel geometry. It would also be useful to get such photos in early spring
(at low tide) before shrubs and trees leaf-out and before cattail, sedge, and other herbaceous
vegetation have gotten too thick so that smaller tidal channels can be better detected and mapped.
Perhaps an early season set of photos might be substituted for a summer set during 2004.
Monitoring of the Deepwater Slough restoration site is essential to the development of
other restoration projects in the Skagit delta. Those who resist habitat restoration in the delta
want proof that restoration is worthwhile (i.e., produces more salmon) and some make spurious
claims about the Deepwater Slough restoration project, e.g., that cattails and canarygrass
dominate the site so it must be a failure. Thus, monitoring has significance not only for technical
and scientific reasons, but also for political reasons. Consequently, restoration monitoring
should not be a minor postscript or after word to restoration activity (dike removal). It is in fact
as important as the original dike removal. To do justice to the political, scientific, and technical
needs that can be met by monitoring this effort will need continued funding in years to come.
What more, A new tidal habitat restoration project is under development, the 70-ha (175acre) Wiley Slough site, which is very close to the Deepwater Slough site. Other possible tidal
habitat restoration sites in the Skagit delta include Mill Town Island, the lower Dry/Brown
Slough area, and a 25-ha (60 acre) site on the lower North Fork Skagit River. All of these
possible tidal habitat restoration projects will benefit from information gained by monitoring
Deepwater Slough, and many of them, because of their proximity to each other, will allow
synergistic monitoring efforts that can reduce overall costs and maximize information gained.
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The success or failure of the monitoring effort for Deepwater Slough will affect the success with
which other restoration projects will be developed. It will also affect the quality of monitoring
that will occur for other, related projects, such as Wiley Slough.

At Deepwater slough a firm technical foundation is being established through this
monitoring endeavor. While we have begun by monitoring a variety of biological and geomorphological parameters important to tidal habitat restoration, further development of other
monitoring parameters (e.g., sedimentation rates, neuston abundance, detritus decomposition
rates, various soil quality parameters, etc.) is desirable, but requires added funding and largescale and long-term planning. Unfortunately, the current political environment rarely considers
large-scale or long-term planning horizons. We need to expand our thinking and planning for
monitoring from the tactical site-scale to the strategic delta-scale. Up to this point monitoring has
taken place on a shoestring budget cobbled together from various sources of funding. Funding
is particularly critical for labor-intensive activities such as sorting benthic organisms, surveying
channel cross-sections and profiles, and other fieldwork and lab work. For these reasons we are
eternally grateful for the support that has been received from those individuals and organizations
with the foresight and desire to understand more about the evolution of this unique place on the
Skagit River delta.
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