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Abstract 

 

 

Introduction  

 There is an extensive literature on the geomorphological and ecological importance of 

large woody debris (LWD) in fluvial ecosystems (e.g., Jones et al. 2014; reviewed in Lester and 

Boulton. 2008, Roni et al. 2015).  In general, this literature has dealt with LWD distributions in 

fluvial systems, recruitment rates from stream bank erosion and debris flows, mobility rates, 

effects on fluvial geomorphology, effects on stream ecologyðparticularly on aquatic insects and 

fish, and the effectiveness of LWD placement in stream habitat restoration for threatened and 

endangered fish.  In stark contrast, the literature on LWD in tidal wetlands amounts to only a 

handful of papers.  One review on the state of our knowledge of estuarine LWD remarked that, 

ñéthere is little substantive documentation but considerable speculation on the role of large 

wood in estuaries.  Most of this conjecture is based on extrapolating knowledge about the 
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functional role of wood in rivers to assumptions about potential roles of wood in estuaries...ò 

(Simenstad et al. 2003).  There are only three studies on interactions between estuarine LWD and 

juvenile salmonids, and they have conflicting results.  Two, using underwater videography and 

snorkeling observations, found an association between LWD and juvenile salmonid aggregations 

(McMahon and Holtby 1992, Van de Wetering 2001), while the third, relying on seining, found 

no difference between tidal channel reaches with and without LWD (Wick 2002).  The third 

study also found no effect of LWD on the local abundance of benthic or epibenthic invertebrates, 

or on sediment deposition rates, grain size, or organic carbon content.  A fourth study in two 

Australian estuaries, using telemetry, evaluated the effect of LWD on black bream 

(Acanthopagrus butcheri) distributions (Hindell 2007).  It found inconsistent effects across 

estuarine regions, diel periods, and seasons for each estuary.  Despite this limited and conflicting 

evidence for LWD benefitting estuarine fish, restoration programs often encourage LWD 

addition to estuarine habitat restoration sites, based on applying fluvial paradigms to estuarine 

systems (Simenstad et al. 2003).  Unfortunately, there is no guidance for how much LWD should 

be added to restoration sites, where it should be placed, or whether it matters if it is free to move 

around with the tides or anchored in place to insure its retention on the restoration site.  

Consequently, engineers and biologists use their professional judgement to decide where to place 

LWD installations, which are typically anchored into place.  As a result, some restoration sites 

appear to have unnatural and perhaps dysfunctional amounts of LWD incorporated into their 

designs (Fig. 1).  In response to the evident need for design guidance, this paper aims to describe 

the distribution of LWD in reference tidal marshes of the major river deltas in Puget Sound to 

inform efforts to restore tidal marsh ecosystems to reference conditions. 
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Methods 

Study sites 

Due to the cultural importance and threatened/endangered status of salmon in 

Washington, Oregon, and northern California, there are extensive efforts to restore tidal marsh 

and tidal channel rearing habitat to recover salmon throughout the region.  This study focused on 

tidal marshes in four of the largest river deltas in Puget Sound and two much smaller deltas in 

Hood Canal (western Washington; Fig. 1), where Chinook and chum salmon are threatened 

species.  The Skagit is the largest Puget Sound delta and has the most extant marsh. The two 

principal distributaries of the Skagit River, the North Fork (NF) and South Fork (SF), form two 

active sub-deltas. Winter storms in Puget Sound generally come from the south, so the 380-ha 

NF delta experiences significant southerly fetch (11 km) across Skagit Bay, while the 1090-ha 

SF delta is relatively sheltered (6-km westerly fetch).  Both deltas experience semi-diurnal tides 

with a mean range of 3.2 m.  More detail on Skagit Delta ecology and geomorphology can be 

found in Hood et al. (2016).  The 490-ha Nooksack Delta is located along the north margin of 

Bellingham Bay, and thus has an extensive southerly storm fetch (22 km). This is the northern-

most Puget Sound delta, so it experiences the smallest mean tide range in Puget Sound, 2.6 m. 

The Nisqually is the southern-most delta and has the largest mean tide range, 4.1 m, as well as 

the least storm fetch (3-km northerly fetch) since it is located on a southern shore.  Recent habitat 

restoration has increased the area of the Nisqually tidal marshes from 100 ha to 460 ha, but the 

newly restored marsh is far from an equilibrium condition, so only the pre-restoration marshes 

were evaluated. The Snohomish is the second largest delta in Puget Sound; its extant marshes 

amount to 640 ha, of which 325 ha were historical or recent dike breach sites, leaving 315 ha of 

reference marsh for consideration by this study. The mean tide range for the lower Snohomish 
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delta is 3.3 m. All of the large river deltas are oligohaline and have generally similar vegetation 

communities, dominated primarily by sedges (Carex lyngbyei, Schoenoplectus pungens, S. 

tabernaemontani, and Eleocharis palustris).  The Nooksack has the greatest proportion of 

forested wetlands, followed by the Skagit and the Snohomish.  The Nisqually has the lowest 

proportion.  The tidal marshes of the Union and Dosewallips deltas, draining into Hood Canal, 

are the smallest in this study at 118 ha and 38 ha, respectively, with similar mean tide ranges of 

3.7 m and 3.5 m, respectively.  The Union River is relatively low gradient, so as one moves 

upstream, the oligohaline tidal marshes transition into a relatively broad Sitka spruce and western 

red cedar floodplain swamp.  In contrast, the Dosewallips river has a steep gradient, as it drains 

the Olympic Mountains.  Consequently, its delta has features that resemble more those of a steep 

alluvial fan rather than a typical low-gradient delta, with the lower margins of the fan being 

mesohaline intertidal marsh.  The Union Delta has a 2-km southerly fetch, while the Dosewallips 

Delta has a 7-km easterly fetch. 

 

GIS analysis 

 

 

 

Statistical analysis 
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Results 

Marsh surface LWD 

 The number of logs > 2 m length on the marsh surface scaled similarly with the size of 

the marsh island for all river delta marshes (Fig. 3).  There was no significant difference in the 

slopes of the log-transformed regressions (F6,51 = 0.102), so that a common regression slope of 

1.23 could be calculated, but there was a significant difference in the regression intercepts (F6,57 

= 18.79, p <<0.001).  Likewise, total LWD length for logs > 2 m length showed similar patterns 

and had no significant difference in the slopes of the log-transformed regressions (F6,51 = 0.232), 

a common regression slope of 1.24, and significant differences in regression intercepts (F6,57 = 

15.19, p <<0.001).  The scaling relationships for all LWD > 2 m length were paralleled by 

similar scaling relationships for LWD > 5 m length as well as for LWD > 10 m length (Fig. 4), 

indicating relevance of the scaling phenomenon regardless of the lower size limit of LWD 

included in analysis.  Maximum size of LWD on a marsh surface also scaled with island area, 

except in the case of the Nooksack Delta, where maximum log size was relatively constant.  

Scaling exponents varied within a relatively narrow range for the other sites from 0.17 to 0.29, 

except for the Nisqually Delta where the scaling exponent was 0.65.   

 Large, southerly, storm fetch was thought likely to increase the retention of logs in a 

delta.  The regression intercepts of the LWD abundance scaling functions represent the relative 

density of LWD in each delta when island area is held constant; these intercepts were highly 

correlated with southerly storm fetch (Fig. 5).  However, the Dosewallips Delta was a noticeable 

outlier.  It is also the river system with the least amount of anthropogenic impact; the upper 60% 

is in the Olympic National Park, the next 30% is in the Olympic National Forest, and the lowest 

10% is comparatively lightly impacted by small farms and rural residences.  In contrast farms 
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and residential development impact 33% of the mainstem Nisqually River corridor (along with 

two dams), 50% of the mainstem Skagit River corridor (along with several dams), 60% of the 

Union River corridor (along with one dam), 70% of the mainstem Snohomish River corridor, and 

80% of the Nooksack mainstem corridor.  On the other hand, river basin size (surface area) was 

completely unrelated to the regression intercepts of the LWD abundance scaling functions, with 

R2 = 0.02 for best fits of linear, power function, and exponential forms. 

 

Channel LWD 

 For the NF Skagit, SF Skagit, Snohomish, and Nisqually deltas LWD density within 

blind tidal channels scaled negatively with channel size (i.e., surface area), as did total LWD 

length density (Fig. 6), while maximum LWD length scaled positively with channel size.  There 

were too few channels with LWD in the other deltas for reliable analysis.  Scaling exponents 

appeared to be heterogeneous, ranging from -0.38 to -0.85 for LWD density, from -0.34 to -0.64 

for total LWD length density, and from 0.12 to 0.26 for maximum LWD length.  However, 

ANCOVA could not detect significant differences in scaling exponents for any relationship (F3,97 

= 1.008 for LWD density, F3,97 = 0.355 for total length density, F3,97 = 0.122 for maximum 

length).  Thus, a common scaling exponent was calculated for each relationship (-0.50 for 

density, -0.43 for total length density, 0.23 for maximum length).  ANCOVA found significant 

differences in regression intercepts only for LWD density (F3,100 = 3.670, p < 0.05 for LWD 

density, F3,100 = 2.765, for total length density, F3,100 = 1.181 for maximum length).  Post hoc 

tests found differences in the y-intercepts for LWD density between the Snohomish and all other 

deltas and between the SF Skagit and the Nisqually.  There was no detectable difference between 

the Nisqually and NF Skagit, but this was likely due to the small sample size for both deltas.  
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Just as for marsh surface LWD, the regression intercepts for blind channel LWD density were 

correlated with southerly storm fetch (Fig. 7).  While the small number of data points suggests 

this correlation should be treated with caution, the parallel with marsh surface LWD suggests the 

effect of fetch is real. 

Negative scaling of LWD density suggests the smallest channels have the highest LWD 

density.  However, this is a little misleading.  The smallest channels actually had no LWD at all 

and thus could not plotted on the log-scale graphs in Figure 6.  The smallest channels were too 

small for LWD to fit in the channels; instead LWD spanned their bank tops on the marsh surface.  

Thus, the negative scaling applies for channels above a size threshold size of about 0.008 ha, 

which typically have outlet widths of approximately 1.1 m. 

 While LWD is much more abundant on the marsh surface than within channels, LWD 

density is generally higher in channels than on the marsh surface, with the exception of the 

Union and Nooksack deltas (Fig. 8).  The Nooksack Delta comparison likely underestimates the 

amount of LWD in tidal channels, because accumulations of LWD in the Nooksack Delta were 

so extensive that the shoreward extension of some channels were obscured by LWD cover.  

However, this is a gross comparison that ignores the effects of marsh and channel size, as well as 

spatial heterogeneity in LWD distribution over both the marsh surface and within tidal channels. 

 

Distribution heterogeneity 

 LWD was heterogeneously distributed across the marsh surface and within blind tidal 

channels in each river delta.  Marsh surface distribution was controlled by topography (elevation 

gradients, discontinuities, and distributary planform), vegetation, and fetch.  For example, in the 

Snohomish Delta, LWD accumulations were coincident with a low (50 cm) scarp that 
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distinguished old and young marsh (Fig. 9).  The lower-elevation young marsh has developed 

through sedimentation and accretion over the past 130+ years, as has been described previously 

for the nearby Skagit Delta (cf. Hood 2006).  The higher-elevation old marsh was present in 

historical air photos from 1938 and a Coastal Geodetic Survey from 1885, but the young marsh 

was present mostly as unvegetated intertidal flats in the 1938 photo and similarly in the 1885 

map.  In modern air photos, the old marsh is vegetated by shrubs, spruce trees, and bulrush, 

while the new marsh is vegetated primarily be sedges.  Similarly, LWD accumulates against 

dikes, which act as artificial scarps (Fig. 10).  Tidal shrub vegetation can also trap large 

accumulations of LWD (Fig. 12).  In this case there is interaction between topography and 

vegetation, because the shrubs are often growing on natural distributary levees. The higher 

elevation and often coarser and better drained sediments of the natural levees, compared to 

adjacent marsh, facilitate shrub establishment.  In these examples, topographic trapping is 

especially effective when storm fetch is directed toward the scarps, dikes, or shrub thickets.   

 

PROXIMITY TO RIVER DISTRIBUTARIES (?).  DISTRIBUTION WITHIN TIDAL 

CHANNELS WAS CONTROLLED BY CHANNEL WIDTH/DISTANCE FROM CHANNEL 

MOUTH.  ARE THERE DIFFERENCES BETWEEN CHANNELS BECAUSE OF CHANNEL 

LOCATION? 

 

 

 

 

Discussion 
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Similarly to marsh surface area, the largest log found in a blind tidal channel scaled with 

channel surface area, except in the case of the Nooksack Delta, where maximum log size was 

relatively constant, probably because of high retention and density of LWD in this delta.   
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Figure Legends 

Figure 1.  Contrast of LWD abundance in a natural reference tidal channel (top frame) with the 

Otter Point restoration site (bottom frame) in the lower Columbia River estuary.  In the reference 

channel, one log is seen along the channel bank while another is mostly submerged near the 

channel centerline.  In contrast, the excavated channel is so thoroughly lined with LWD, 

anchored by pilings, that the channel appears to be practically rip-rapped with LWD. 

 

Figure 2.  Study site locations (black polygons). 

 

Figure 3.  Marsh surface LWD abundance and size relative to marsh area.  Regression equations 

for LWD abundance (top frame) are as follows: Nooksack, y = 61x1.13, R2 = 0.95; NF Skagit, y = 

10.4x1.17, R2 = 0.76; SF Skagit, y = 0.96x1.29, R2 = 0.65; Snohomish, y = 7.3x1.32, R2 = 0.95; 

Nisqually, y = 0.68x1.13, R2 = 0.69; Union, y = 7.5x1.20, R2 = 0.75; Dosewallips, y = 12.7.0x1.15, 

R2 = 0.68.  Regression equations for large woody debris total length (middle frame) are as 

follows: Nooksack, y = 364x1.12, R2 = 0.98; NF Skagit, y = 87x1.14, R2 = 0.76; SF Skagit, y = 

6.7x1.30, R2 = 0.62; Snohomish, y = 50x1.32, R2 = 0.95; Nisqually, y = 3.0x1.39, R2 = 0.70; Union, 

y = 48x1.24, R2 = 0.90; Dosewallips, y = 99x1.02, R2 = 0.64.  Regression equations for LWD 

maximum length (bottom frame) are as follows: Nooksack, y = 28x-0.001, R2 = 0.0003; NF Skagit, 

y = 19x0.19, R2 = 0.60; SF Skagit, y = 8.5x0.29, R2 = 0.38; Snohomish, y = 15x0.26, R2 = 0.74; 

Nisqually, y = 4.0x0.65, R2 = 0.68; Union, y = 15x0.17, R2 = 0.79; Dosewallips, y = 17.0x0.21, R2 = 

0.31. 
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Figure 4.  Scaling of marsh surface LWD count and total length with marsh island area for LWD 

with lengths greater than 2 m, 5 m, and 10 m in four Puget Sound river deltas. 

 

Figure 5.  Relationship to fetch of the y-intercepts of the LWD abundance vs. marsh area 

regressions.  The solid line is the fitted regression; the dashed lines are the 95% confidence limits 

of the regression.   The Dosewallips Delta is the outlier to the regression.  Omitting the outlier 

produces a regression equation of y = 0.51e0.22x with R2 = 0.98. 

 

Figure 6.  Abundance and size of channel LWD relative to channel area.  Regression equations 

for LWD density (top frame) are as follows: Nooksack, y = 17x-0.49, R2 = 0.45; NF Skagit, y = 

5.4x-0.73, R2 = 0.42; SF Skagit, y = 8.3x-0.50, R2 = 0.42; Snohomish, y = 23x-0.38, R2 = 0.28; 

Nisqually, y = 1.73x-0.85, R2 = 0.92.  Regression equations for large woody debris total length 

density (middle frame) are as follows: Nooksack, y = 68x-0.64, R2 = 0.62; NF Skagit, y = 37x-0.63, 

R2 = 0.29; SF Skagit, y = 67x-0.43, R2 = 0.31; Snohomish, y = 132x-0.34, R2 = 0.18; Nisqually, y = 

15x-0.61, R2 = 0.87.  Regression equations for LWD maximum length (bottom frame) are as 

follows: Nooksack, y = 9.0x-0.08, R2 = 0.16; NF Skagit, y = 11x0.12, R2 = 0.05; SF Skagit, y = 

15x0.24, R2 = 0.34; Snohomish, y = 15x0.23, R2 = 0.26; Nisqually, y = 9.3x0.26, R2 = 0.84; Union, y 

= 8.6x0.75, R2 = 0.69.  The Dosewallips Delta had too few channels with LWD for evaluation; the 

Union Delta had channels within a narrow range of sizes and are plotted only to evaluate their 

general consistency with other sites. 
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Figure 7.  Relationship to fetch of the y-intercepts of the LWD density vs. channel area 

regressions.  The solid line is the fitted regression.  Bubble area indicates sample size in each 

regression.  Greek letters are shared for those intercept values that were not significantly 

different according to post hoc tests following the ANCOVA. 

 

Figure 8.  Comparison of LWD density over marsh island surfaces versus within blind tidal 

channels, without regard for spatial heterogeneity within these two categories.  Vertical bars 

represent standard errors. 

 

Figure 9.  [A] Accumulation of LWD along topographic discontinuities (scarps) that distinguish 

older, higher marsh from younger, lower marsh.  Marsh surface and channel LWD are depicted 

by yellow and red polygons, respectively.  Inset [B] shows detail of undigitized LWD 

accumulated along a scarp.  The lidar image of the inset shows the abrupt, approximately 50 cm, 

change in elevation associated with LWD accumulation.  Vegetation seaward of the scarp 

consists of intertidal sedges; landward vegetation consists of high intertidal shrubs and trees, 

which facilitate LWD trapping. 

 

Figure 10.  An example of LWD accumulating against a dike separating tidal marsh from 

agricultural land; southerly storm fetch facilitates this accumulation.  Dikes with only northerly 

fetch in Puget Sound have much lower accumulations of LWD. 
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Figure 11.  An example of high intertidal shrubs and trees (black polygons) trapping marsh 

surface LWD (yellow polygons).  Channel LWD is represented by red polygons.  The shrubs and 

trees are growing on natural river and distributary levees.  Arrows indicate direction of ebb tide 

river flow.  Bare areas of marsh near shrubs and trees occur because the LWD has been 

intercepted by windward shrub thickets.  Storm fetch is southerly. 
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