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Introduction
The purpose of this report is to describe the condition of tidal channels on the newly restored
Port Susan Bay tidal marsh restoration site, three years after dikes were removed to restore tidal
inundation to the site. We anticipate that an extensive tidal channel network will develop on the site
over the next decade to efficiently convey tidal waters to and from the site. The principal question is
exactly how fast will this development occur.
Approximately 62 hectares of tidal marsh were restored through dike removal. In addition, two
large channel outlets were excavated to connect an historically remnant tidal channel and the preexisting agricultural drainage network to tidal channels seaward of the former dikes. No other channel
excavation occurred. Further channel development on the site will occur through natural tidal
processes.
The restoration site subsided while under agricultural management, especially the seaward
portions of the site, which are now approximately one meter lower in elevation that the natural marsh
adjacent to the site. As a result, the restoration site forms a topographic bowl. This will likely affect the
nature of the tidal channel network that develops on the site. While dikes have been removed,
facilitating sheet flow of tidal waters, the sharp elevation difference across the site boundary will likely
constrain development of new tidal channel outlets across the boundary just as remnant dikes would.
Thus, the two excavated channel network outlets are likely to remain the only two outlets from the site.
This could change if Hat Slough migrates northward to erode the southern site boundary and breach the
high topography on that side of the site. An additional consideration is that the Oso landslide occurred
in March 2014, two years after dike removal on the site. This has become a major sediment source of
sediment to Port Susan Bay and will likely remain so for the next several years. It is unclear what the
effect of this new sediment supply will be on site elevations and channel development. We will examine
channel cross-sections for any appreciable gains in elevation in either the marsh surface or the channel
bottoms.
Methods
Tidal channels currently present on the restoration site were evaluated with GIS analysis of
2013, 2014, and 2015 air photos of the site and its vicinity (Fig. 1), and using RTK-GPS (3cm horizontal
and vertical accuracy) in the field in the autumn of 2013 and 2015 (Fig. 2). The 2003 true color air
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photos had a pixel resolution of 30 cm.
The 2013 true color and 2014 color
infra-red air photos were provided by
TNC and had a pixel resolution of 25
and 20 cm, respectively. The 2015 air
photos were acquired by copying and
rectifying Google Earth air photos. The
2015 photos were rectified to the 2014
photos and had a pixel resolution of 25
cm. All photos were flown at low tide.
Tidal channels were digitized manually
as polygons for 2003, 2013, and 2015.
The 2014 channel network was a
geodatabase provided by Roger Fuller.
For 2013-2015 no distinction was
made between deep channels and
shallow ponds, because the distinction
appeared arbitrary at this early stage
of channel development.
Tidal channel cross-sections
were GPS-surveyed at channel outlets
draining from the site and at the
junctions of significant tributaries.
Occasionally, channel profiles were
surveyed to delineate channel courses
that might not be visible in air photos.
Channel profiles included channel nick
points, or areas of potential headcutting, as well as apparent channel
termini. Channel profiles were not
surveyed for large channels that would
be clearly visible in air photos.

Results
Channel planform
Channel network development
from 2013 to 2015 progressed from
expansive, shallow, ponded areas in
2013, to deeper and less expansive
Figure 1. The tidal channel network on the restoration site
before (2003) and after (2013-2015) dike removal.
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areas in 2014, to increasingly
entrenched and narrow
channels in 2015 (Fig. 1). Some
tributary channels appeared in
2015 that were not present in
2014, but it is unclear if this
process of channel lengthening
will continue.

Figure 2. Restoration site (red boundary) with 2013 (orange) and
2015 (green) GPS points. Cross-sections are labeled by numbers
or letters. P = profile. Unlabeled points are ground-truth profiles.
3

Channel cross-sections
Most tidal channels were
typically narrow and shallow
(Fig. 3). The exceptions were
the two channels draining
through the restoration site
breach in the former dike
perimeter at cross-sections 8
and 10. From 2013 to 2015,
these cross-sections increased
in cross-sectional area from
22.8 to 26.0 m2 for the former,
and from 22.4 to 29.6 m2 for the
latter, increases of 14% and
32%, respectively. Cross-section
10 probably conveys a greater
amount of tidal flux, because it
is the mouth of a very large and
deep channel that existed prior
to site restoration. The channel
network draining through crosssection 8 is new and
comparatively shallow, although
at this point it appears to drain
a greater area.
The northerly set of tidal
channel cross-sections, 1-6,
showed no significant change in
the average depths of crosssections 1 and 2, but significant
increases for cross-sections 3, 4,
5, and 6, which were located

Figure 3. Typical tidal channels in the 2015 site visit. Water depth in the channels was only 510 cm. These channels are approximately 1 m wide and can easily be crossed with a long stride
or leap.
in the same general area, in a series of channels draining the main marsh plain in the northern half of
the site. Cross-sections 7 and 9 (graphs not shown) were not repeated in exactly the same place as in
2013, so the cross-sections are not really comparable between years. In 2013, the cross-section 7 was
surveyed in a shallower portion of the channel. But, this channel is outside of the dike and so is not
directly affected by the dike removal and is not actually part of the restoration project. It was surveyed
only because of its proximity to the site and on the off chance that their might be indirect impacts on
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the channel. Visual inspection of the channel in the field did not suggest any dramatic changes to this
channel. Meanwhile, cross-section 9 was surveyed in a higher portion of the channel. Both channels
have a steep gradient near their outlets, which made the difference in cross-section location critical.
However, it is clear that in neither case is there significant head cutting within these channels where the
cross-sections were surveyed. Thus, it is unlikely that significant changes were occurring in these areas.
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Cross-section 11 was perfectly relocated. It showed some shoaling, with a decrease in mean
deph and cross-sectional area. This appears to be due to the perhaps temporary deposition of a sand
bar at this location. The channel profile between cross-sections 10 and 11 was originally intended to
detect head cutting in this area. Instead of head cutting sediment depostion appears to be occurring
here as well. Given that this is occurring at the outlet of the largest channel draining the site, it seems
likely that this is a transitory movement of the crest of a sediment wave through the channel, which
indicates that the system is still highly dynamic.
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Cross-section 12 was also perfectly relocated. It showed a doubling in cross-sectional area as
well as a 25% increase in depth. This is likely due to very extensive channel network development in this
area that drains through this cross-section (cf. Figs. 1 & 2). In 2013 this area is completely
unchannelized, but in 2015 there is an extensive channel network that drains through this cross-section,
although the channels are not very deep (< 0.5 m).
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Five new channel cross-sections were surveyed this year for comparison with future resurveys.
These are labeled A through E, rather than numerically, to emphasize their new status. A is located in
the NW corner of the site, right before an obvious channel bend. It should be easy to relocate in the
future. This appears to be a shoaling channel. It is not clear if it will disappear in the future or simply
become narrower and more entrenched. B is the cross-section of an emerging channel network that
should also be easy to relocate and which looks like it should be interesting to follow. Cross-section C is
at a fordable part of the main channel on the site and easily relocatable. D is similar to B in that it is the
outlet of a rapidly emerging channel network. In 2013, the channel was only 21 m long and not wide or
deep enough to be worth surveying, although there was a cascade of water at its mouth on the ebb tide
suggesting head cutting would likely occur. In 2015, this channel has become at least 109 m long and
has a maximum depth of nearly 1 m, a dramatic change. E is an interesting cross section; it is located
just upstream of a significant head cutting portion of a tidal channel. The plunge pool downstream of
the head cut (Fig. 4) is a meter deep; upstream, the channel is only 34 cm deep. A channel profile was
also surveyed through the channel reaches up- and downstream of the head cut, but this is not shown
as it will only be interesting in comparison to a follow-up survey that will likely show channel change.
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Figure 4. Composite image of head cutting channel near cross-section E. The cross-section is located at the
right margin of the image. A channel profile begins at the channel outlet and proceeds upstream for 28 m.
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Figure 5. (Top) Locations of mini-waterfalls in 2013, circled in red, that later developed into tidal
channels by 2015. The paired yellow points are RTK-GPS points surveyed in 2013 that show
tributary junctions and channel heads. The one yellow point that appears to be without a channel
head pair actually marks the location of a mini waterfall on the opposite bank, i.e., the larger red
circle. The green RTK-GPS points are cross-section E and the related channel profile. (Bottom)
Similar mini waterfalls in 2013 that presaged sizable tidal channels in 2015. The green RTK-GPS
points are cross-sections C and D.
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Comparison to reference channels
Allometric analysis was used to compare total channel area and total channel length to
reference tidal marshes in the Stillaguamish, North Fork Skagit, and South Fork Skagit deltas. Prior to
restoration, total channel area on the restoration site consisted of a large remnant tidal channel, borrow
ditches, and drainage ditches, and amounted to 2.32 ha. In 2013, the total channel area (including low
ponded areas) amounted to 9.31 ha. By 2015, the amount was 3.07 ha and comparable to reference
marshes in the North and South Fork Skagit deltas, but somewhat higher than that found in the
Stillaguamish delta (Fig. 6). Total length increased from 2,310 m prior to restoration, to 18,447 in 2013,
to 23,266 in 2015 and was comparable to that of the North and South Fork deltas, but greater than the
Stillaguamish reference conditions. For marsh area equivalent to that of the restoration site, the
allometric prediction is for 4,015 m of tidal channels, with an upper 95% confidence limit of the
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Figure 6. Comparison of total channel area (top) and length (bottom) for
reference marshes versus the PSB restoration site in 2003, 2013, and 2015.
13

prediction of 64,000 m and an 80% confidence limit of 23,990 m. The high values of the upper
confidence limit are due in part to the fact that the area of marsh is at the upper limit of the empirical
reference range; prediction confidence limits flare out at the upper and lower extremes of the
independent (predicting) variable, reflecting greater uncertainty at the extremes of the observed range,
while they are narrowest at the mean value of the independent variable. The high value of total channel
length observed on the restoration site may be due to subsided topography of the restoration site that
may confine some tidal volume to the channel outlets rather than allowing sheet flow. This effect has
been previously found for historically abandoned dike failure sites (Hood 2014). Constraining tidal flow
to channels, rather than allowing sheet flow, results in a larger channel network to accommodate the
greater, channel-constrained, tidal prism.
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Figure 7. Cross-sectional depth (top) and area (bottom) for high,
medium, and low elevation reference marshes (green, red, and blue
symbols, respectively) versus the restoration site (X’s).
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A similar analysis compared channel outlet maximum depth and cross-sectional area with channel
drainage basin area for the reference versus the restoration sites. Drainage areas were calculated in a
GIS by applying the Euclidean Allocation function in the Spatial Analyst Tool to the channel planform
shape file (cf. Hood 2014). Reference site relationships are dependent on the elevation of the marsh
surface adjacent to the channel cross-section, so reference data are plotted below (Fig. 7) in three
categories: high marsh (green triangles), mid marsh (red circles), and low marsh (blue diamonds). The
marsh surface elevation of the restoration site cross-section was at the upper range of the low marsh
reference sites, with one cross-section as high as the mid marsh reference condition. The restoration
site channel outlet depths and cross-sectional areas were comparable to those of low and mid-elevation
reference marsh tidal channels.
Discussion
The allometric comparisons of the restoration site with reference marsh channels are surprising,
because they suggest the restoration site tidal channels have reached a mature condition only three
years after dike removal. However, this interpretation contrasts with the continued presence of areas of
channel head-cutting (e.g., Fig. 4) and large areas of very shallow or poorly connected tidal channels
(e.g., Fig. 3). An explanation that reconciles these contrasting observations may be that channel outlets
have reached a nearly mature condition, but that upstream portions of the channel network may still be
in transition from broad shallow drainages to narrower, deeper channels. This suggests that future
monitoring should include channel cross-section surveys not only at channel outlets, but also at channel
midpoints, with comparison to reference marsh conditions. Also a greater number of channel profiles
should be surveyed to search for areas of channel head cutting along the lengths of the tidal channels.
The channel cross-sections suggested some sediment deposition on channel banks and in
channel bottoms in some cases and erosion of banks and channel bottoms in other cases. The
deposition would be expected from the high sediment supply associated with the Oso landslide. It is
also typical for the marsh surfaces of newly restored tidal areas to rapidly accrete sediment, provided
sediment supply is not limiting. This would lead to coupled marsh accretion and channel bottom
erosion. On the other hand, the absence of vegetation in many areas, particularly in the winter,
diminishes sediment retention on the marsh surface. This could lead to marsh surface erosion and
sediment accumulation in channel bottoms. Significant areas of the marsh were not well vegetated.
Once vegetation becomes more completely established, channel development may increase—i.e.,
channels could get deeper as a result of flow diversion to and concentration in tidal channels by
vegetation, while marsh surfaces get higher as a result of greater sediment retention by the mature
vegetation canopy and the strong root system (e.g., Temmerman et al. 2005).
An additional consideration is the effect of sediment heterogeneity on channel development. In
most areas the sediment consisted of sand and silt, which is easily eroded to allow tidal channel
development. In other areas, clay was abundant and appeared to be inhibiting the development of tidal
channels. A prominent example is the landward (eastern) portion of cross-section 11 and vicinity. This
is an area that is notably depauperate in tidal channels. The clay was not clearly associated with any
anthropogenic activity, for example, an examination of 1964 and 1990 photos did not show any dike
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breach repairs or scars in this area, but historical impacts that are no longer recognized cannot be ruled
out. Otherwise, the clay could simply be random inclusions in an otherwise sandy-silt matrix.
In conclusion, the restoration site is showing remarkably quick channel network development in
response to dike removal. The literature on tidal channel development suggests that channels grow
through headward erosion. Headward erosion rates for tidal channels have been estimated by
comparing historical and modern aerial photos, and range from 1.4–3.6 m/y (Shi et al. 1995, Hughes et
al. 2009) to 5–7 m/y (Steers 1960) for natural (never diked) tidal marshes. Cornu and Sadro (2002)
measured headward channel erosion rates for passive channel development in a restored marsh over
three years and found rates ranging from 5.0 to 29.3 m/y, while D’Alpaos et al. (2007) reported rates
ranging from 3 to 18 m/y. However, monitoring of the Port Susan Bay restoration site and the Swadabs
tidal marsh restoration site in the Swinomish Channel (Hood, unpublished data) suggests that channel
development following dike breaching or removal is more complicated than the literature suggests;
head cutting is apparently only part of the process. Channel development appears to proceed from
early development of the channel planform, as seen here in the Port Susan Bay restoration site from
2013 to 2015, with concomitant head cutting at various points along the channel length that result in a
stair-step channel profile (e.g., Swadabs observations), at least early in channel development. Thus, the
Port Susan Bay restoration site is also showing us that we have much to learn about the nature of tidal
channel development following dike breaching. In particular, future monitoring should add additional
focus on along-channel changes in morphology, rather than only focusing at channel outlets.
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