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Introduction 
 
In the Skagit River watershed, as with most watersheds in the Pacific Northwest, it has 
been known for some time that the quality and extent of riparian forests is a primary 
driver of population dynamics for salmon and trout, including several threatened and 
endangered species (Hall et al. 2018, Quinn et al. 2018, SRSC and WDFW 2005). Skagit 
steelhead, for instance, despite the myriad freshwater and marine influences, exhibit 
density-dependent population characteristics that indicate juvenile rearing habitat as a 
predominant limitation on adult spawner returns (Scheuerell et al. 2020). Riparian forests 
affect that freshwater habitat in a number of ways: by shading and cooling streams, by 
providing large wood that creates pools and other habitat features, by stabilizing eroding 
banks, and by providing vegetative and macroinvertebrate inputs that drive the food 
chain, among other effects (Naiman et al. 2000). 
 
Sun, shade, and temperature 
 
The presence or absence of riparian vegetation can have pronounced temperature effects 
on rivers and streams (Seixas et al. 2018, Pollock et al. 2009, Brown and Krygier 1970). 
For a given rate of net solar input, the change in temperature of a stream is directly 
proportional to surface area and inversely proportional to discharge (Beschta et al. 1987, 
Brown 1969). Often the highest solar input and the lowest discharges occur 
simultaneously. Brown (1969) was among the first to model stream temperature energy 
balances in Pacific Northwest forested streams, taking into account solar radiation, 
evaporation, conduction, convection, and advection. Measured stream temperature values 
were within 1 F of the modeled value more than 90% of the time. Net thermal (solar) 
radiation was the predominant source of energy to these small Oregon streams, with 
evaporation and convection accounting for less than 10% of the total energy exchange 
(Brown 1969). 
  
Streams fed by groundwater often display a more uniform temperature, both diurnally 
and year round (Johnson 2004). Poole and Berman (2001) point out the importance of 
hyporheic flow in regulating stream temperatures. Johnson (2004) showed that diurnal 
fluctuations of stream temperature in a bedrock reach were much greater than 
downstream in an alluvial reach, although mean daily temperatures were similar. 
Johnson's heat budget calculations showed that streams do not absorb large amounts of 
heat from the air, but that air and water temperature respond to the same temporal 
fluctuations in solar inputs. In a study of small streams near the limit of perennial flow, 
Janisch et al. (2012) found a clear difference in temperature response between 
intermittent streams with beds of coarse rock, as opposed to continuous streams with 
fine-textured stream beds and upstream wetlands. Small, intermittent streams where the 
water goes sub-surface were thermally unresponsive, due primarily to the interaction of 
groundwater and hyporheic flow (Janisch et al. 2012). 
 
Peak daily temperatures are usually achieved during the late afternoon, and minimums 
just before dawn. Increased solar exposure not only leads to higher temperatures, but to 



greater diurnal fluctuations (Kammer et al. 2020). In some unshaded situations the 
diurnal range in midsummer can increase by more than 15 ºC (Brown & Krygier 1970). 
Although heat exchange equations work well for short-to-medium reaches, on reaches 
longer than 1000 meters evaporative and conductive energy transfers begin to become 
significant dissipaters of heat and must be accounted for in the predictions (Beschta et al 
1987). Likewise, streams exposed over long reaches will not continue heating indefinitely 
(Theurer et al. 1985). Because heat added to a stream is not readily dissipated, 
temperature increases in small headwater streams can cumulatively increase the 
temperature regimes of downstream reaches (Beschta and Taylor 1986). 
 
The amount of shade or sun falling on a stream surface depends on several factors, such 
as the height and density of riparian forest stands, the width of riparian buffers, the width 
and orientation (azimuth) of the stream, and geographic shading from near or distant 
hills. The primary factor affecting shade is the height and density of riparian trees (Roon 
et al. 2021, Tompalski et al. 2017, Michez et al. 2013, Brown & Krygier 1970). On wide 
mainstem reaches the center of the channel is exposed to long hours of daylight, 
regardless of the size or density of the trees, and only the channel edges are affected by 
riparian shade. On small tributaries shade can come predominantly from understory 
vegetation (Brazier and Brown 1973, Schuett-Hames & Stewart 2019), which rebounds 
quickly after timber harvest. Vigorous riparian regrowth 30 years after harvest provided 
more shade than old-growth stands immediately upstream (Kaylor et al 2016). Pollock et 
al. (2009) found that riparian stand harvest in the prior 20 years had less effect on 
temperature than expected, due to rapid regrowth adjacent to the channel. 
 
Brazier and Brown (1973) examined the importance of angular canopy density (ACD) in 
measuring stream shade. Their densiometer involved a sectioned mirror set near the 
stream surface to measure the portion of canopy blocking the sun at various angles of the 
summer day. They found an asymptotic relationship between buffer width and the energy 
hitting the stream, with a maximum ACD reached within about 80 feet, although 90% of 
that maximum ACD is reached within 55 feet (Brazier and Brown 1973). Steinblums et al 
(1984) measured angular canopy density at 40 sites in the Oregon Cascades, which 
ranged from and ACD of 15 to 84. Their plot showed ACD reaching an asymptote at 
about 80% shade between 80 and 100 feet buffer width. 
 
Brown and Krygier (1970) measured summer stream temperatures before, during, and 
after experimental logging in streams along the Oregon Coast. Clear-cut streams showed 
distinct temperature increases the year after logging, but shade returned to the small 
streams in the second and third years. The summer maximum in the clear-cut stream rose 
28 ºF over the prelogging maximum. The patch cut watershed had higher temperatures 
than the control stream both before and after logging, indicating that the patch-cut with a 
100-foot buffer did not significantly alter temperature patterns in the adjacent stream. 
 
Although direct mortality of fish due to temperature in Pacific Northwest headwaters is 
probably infrequent, temperature changes can influence rates of egg development, rearing 
success, species competition, and other factors affecting the population. Brett (1952) 
found that the range of greatest preference by all Pacific salmon species was from 12 to 



14 ºC, with a definite avoidance of water over 15 ºC. In Ontario streams, Barton et al. 
(1985) found that maximum temperature appeared to be the most critical variable in 
determining suitability for trout. All streams with weekly maximum temperatures less 
than 22 C were inhabited by trout, whereas all streams with maximum temperatures 
above 22 C were marginal or without trout. Colder streams tended to have fewer fish 
species, and warmer streams had high concentrations of cyprinids (Barton et al. 1985). 
Reeves (1985) showed that the outcome of interactions between juvenile steelhead (age 
1+) and the redside shiner (Richardsonius balteatus) was mediated by water 
temperatures. Trout dominated in cool water (12 to 15 ºC) and shiners dominated in 
warm water (19 to 22 ºC). Reeves (1985) also found that production of juvenile steelhead 
trout was 2.5 times greater in cooler water (12 to 15 ºC) than in warmer (19 to 25 ºC). 
Salmonids higher susceptibility to disease is brought on by a combination of higher 
metabolic rates and elevated levels of physiological stress (Beschta et al. 1987). Nakatani 
(1969) found that columnaris became well established in salmonids at temperatures of 17 
to 18 ºC under crowded conditions, and when temperatures reached 21 ºC the disease 
killed most of the infected individuals. High temperatures can also have belated effects 
on marine survival. Holtby and Newcombe (1982), and Tschaplinski and Hartman (1983) 
showed that increases in late winter temperatures accelerated fry emergence. But the 
benefits of increased smolt size from higher temperatures, may be offset by increased 
saltwater mortality attributable to earlier migration (Beschta et al. 1987). 
 
Large wood recruitment and source distance 
 
As with temperature, large wood in streams has a profound effect on habitat suitability 
for anadromous salmon and trout (Quinn et al. 2020, Gregory et al 2003, Bilby & Bisson 
1998, Bisson et al. 1987). Much of the research on large wood in streams has focused on 
channel and habitat forming processes (Collins et al. 2012, Czarnomski et al. 2008, 
Beechie & Sibley 1997, Abbe and Montgomery 1996, Montgomery et al. 1995, Robison 
& Beschta 1990, Bilby & Ward 1991, Swanson & Lienkaemper 1978), habitat benefits of 
large wood for salmonids (Penaluna et al. 2020, Roni & Quinn 2001, Rosenfeld et al. 
2000, Fausch and Northcote 1992, Tschaplinski and Hartman 1983, Bustard and Narver 
1975), and source distances of large wood recruited to streams. 
 
Research on source distances for large wood shows a remarkable consistency, given the 
wide natural variation in types of riparian forests, methods of delivery, and geography. 
Source distance usually depends on the method of recruitment, whether windthrow, 
erosion, or landsliding. McDade et al. (1990) examined source distances at 39 sites in 
Oregon and Washington with mature or old growth stands. They found that 53% of the 
conifer pieces originated within 10 m of the stream, 70% of all wood originated within 20 
m, and nearly 100% originated from within 50 m. The maximum observed source 
distance was 60.5 m. Van Sickle and Gregory 1990) used some of the same data as 
McDade et al. (1990) to model large wood recruitment, taking into account tree size, 
density, and fall probability. Their model demonstrated that trees entering from shorter 
distances contributed longer pieces with greater diameters, that nearly all pieces 
originated within 30 m of the channel edge, and 100% of pieces originated within 50 m. 
May and Gresswell (2003) compared wood delivery between small, steep colluvial 



channels and larger alluvial channels. Colluvial channels received wood from farther 
upslope, as was also noted in McDade et al. (1990). Many of the smaller pieces had been 
moved and redeposited by the stream, but for those in alluvial channels where the origins 
could be identified, 80% originated from within 30 m of the channel. Murphy and Koski 
(1989) noted that windthrow and bank erosion were the most frequent delivery processes 
at work in Southeast Alaska streams, where landslide delivery accounted for only 4% of 
identified recruitment. They found that almost all (99%) of the identified sources of large 
wood were within 30 m of the stream bank (Murphy & Koski 1989). Working among old 
growth and second growth redwoods in northern California, Benda et al. (2002) found 
that over 90% of the wood enters the channel from within 30 m of the stream edge. In the 
absence of landsliding, in both old-growth and second-growth stands, wood recruitment 
originated from within 20 – 40 m of the stream. Landsliding caused recruitment distances 
to extend to over 60 meters (Benda et al. 2002). Johnston et al. (2011) found that erosion 
recruitment increased with increasing stream size, that wind-induced inputs accounted for 
13% - 20% depending on channel type, and that wind recruitment increased in 
importance in the smaller channels. They found the distribution of source distances to be 
left skewed, with 90% of the large wood originating within 18 m of the stream in 90% of 
the cases. The maximum recruitment distance, like with McDade et al. (1990) and Benda 
et al. (2002), was 65 m. Source distance increased with increasing maximum tree height 
(Johnston et al. 2011). 
 
LiDAR for environmental analysis 
 
This paper uses an amalgamation of mostly high-resolution LiDAR to estimate shade and 
large wood contribution to streams. LiDAR has for decades been used as a highly 
accurate and adaptable data source for studies involving ground topography, vegetation 
height, forest canopy structure, leaf area index, biomass, forest fire fuels, and canopy 
gaps (Lefsky et al., 2002). Means et al. (2000) provided an early comparison of LiDAR 
and field techniques to measure tree height, canopy cover, and basal area in a variety of 
forests in western Oregon and Washington. Their regressions of LiDAR and field data 
resulted in r2 values greater than 0.9 in every case, demonstrating that LiDAR 
measurements of tree height and other characteristics are sufficiently accurate for most 
forest research and assessment work. Andersen et al. (2006) rigorously measured the 
heights of trees using surveying instruments and compared actual heights to LiDAR 
measured heights. Working on Douglas fir and Ponderosa pine in western Washington, 
they found that LiDAR generally (for both species combined) underestimated height by 
less than a meter (73 cm , SD +/- 0.42 m). Wasser et al.. (2013) examined the accuracy of 
measuring riparian forest canopy height and crown density using both leaf-on and leaf-off 
LiDAR. They found that the 70th percentile height value of LiDAR point clouds closely 
related to field measured values (r2 = 0.90). Canopy height rasters (CHMs) that used an 
inverse distance weighted (IDW) construction were inferior to CHMs that used a 
maximum return elevation (Wasser et al. 2013). LiDAR methods tend to overestimate 
canopy cover, but are nevertheless more accurate than spectral (i.e. air photo) methods 
(Wasser et al. 2015). Hofle et al. (2009) developed an accurate and innovative method to 
delineate water bodies from landforms using LiDAR point clouds and the intensity 
signals associated with each return. By comparing the LiDAR derived water boundary to 



RTK GPS measurements, Hofle et al. (2009) reported an average horizontal difference of 
0.36m (with an RMSE of 0.45m). In a study from northern Vancouver Island, Tompalski 
et. al. (2017) used LiDAR to examine stream characteristics such as stream gradient, 
width, canopy cover, and shade. Tompalski et al. (2017) found that the LiDAR derived 
stream network was highly detailed, and provided valuable information for improved 
forest and resource planning, offering objectivity and consistency over large areas.  
 
In this paper an amalgamation of high-resolution LiDAR data sets are combined to 
examine the height and location of riparian stands, the shade cast by those stands on the 
rivers and streams, and the potential for large wood contribution from those riparian 
areas. In order to accurately predict riparian interactions, the basin hydrography was 
generated from LiDAR, with supervised editing based on air photo interpretation and 
field checks. Open water polygons were generated from LiDAR-derived channel edges, 
and widths of single-thread streams were modeled from basin parameters. Once the edges 
of the riparian zones were known, 300-foot buffers were used to extract the vegetation 
height along all anadromous reaches, and the shade and large wood contributions from 
those buffers were analyzed in aggregate, by land use, and compared to site-potential 
stands. Unlike other studies [cite], there was no attempt to delineate individual riparian 
trees, to predict which trees would likely fall toward the stream, or to estimate the stored 
volume of large wood in the streams. Nor was there an effort to model stream 
temperatures. Those studies will be forthcoming. In the interest of guiding restoration and 
protection efforts, this study examines precisely which riparian zones do or do not have 
the potential for contributing large wood, which stands are currently providing shade, and 
where planting and other stand improvements will provide the most shade benefit in the 
shortest time. 
 
Methods 
 
High-resolution LiDAR rasters (Table 1) were assembled for the entire Skagit 
anadromous zone and converted to common horizontal (State Plane Washington North 
NAD83, ft) and vertical (NAVD88, ft) spatial reference frames. To calculate consistent 
watershed areas throughout, areas of the Skagit watershed without LiDAR were 
represented by a USGS 10m DEM, and merged with the high-resolution LiDAR on a 3-
foot grid spacing. 
 
Table 1. LiDAR flight characteristics 
LiDAR flight Acquisition Year Source/Client First return point 

density (pt/m2) 
Ground 
Classified (pt/m2) 

USGS 3DEP 2016 - 2017 USGS, WaDNR 12.29  2.46 
Glacier Peak 2014-2015 USGS Volcano 

Observatory 
27.05 2.86 

Mt Baker 2015 USGS Volcano 
Observatory 

19.73 2.34 

Skagit Coastal* 2019 NOAA  14.92 8.94 
2006 Whatcom-
Skagit 

2006 USGS ~0.5**  

* Water-only tiles omitted from density calculations 
**PD= 1/point spacing^2. this is the nominal contract spacing, not the final measured 



 
New hydrography for the Skagit and Samish watersheds (WRIAs 3 & 4) were generated 
using the combined LiDAR and 10m DEM mosaic. Channel initiation was set to 25.46 
acres, which approximates hydrography on the USGS 7.5 minute topographic maps. 
Single thread hydrography was generated in ArcGIS (Environmental Systems Research 
Institute) using standard tools for flow direction, filling sinks, and flow accumulation. 
Extensive editing of the underlying DEM was necessary to direct flow correctly through 
natural and anthropogenic modifications such as road culverts, dams, ditches, and other 
flow obstructions. Manual editing was also necessary at lakes, ponds, wetlands, 
floodplains, and other closed depressional areas to correctly align single-thread 
hydrography to known routes visible on aerial photographs and in the field. Single thread 
hydrography was attributed to include, channel slope and basin area, among other 
characteristics. Stream widths were calculated for each reach based on Hyatt et al. (2004). 
A geometric stream network was combined with known upper limits of fish distribution 
to extract stream reaches accessible to anadromous salmonids. 
 
Mainstem and large tributary channel polygons were generated to delineate the edge of 
the riparian zone, either where the edge of the active channel meets a channel 
embankment or where the channel meets riparian vegetation taller than 12 feet. Channel 
contours were generated using a relative elevation model (REM) depicting the elevation 
of floodplain features relative to the minimum elevation locally within the river channel, 
which removes the longitudinal channel slope. By removing the channel slope from a 
DEM, REMs exhibit side channels, sloughs, and floodplain boundaries more clearly than 
in elevation DEMs, and contours from REMs are readily assembled to delineate a 
channel boundary approximating the bankfull width. River REMs were used to delineate 
channel islands, and similar upland REMs were generated to delineate lake, pond, and 
wetland boundaries where those ponds and wetlands were aligned along anadromous 
streams. Channel polygons minus channel islands, plus lakes, ponds, and adjacent 
wetlands, plus modeled widths along single thread streams, were merged into an “open 
water” polygon for riparian analysis. 
 
To examine shade effects from riparian zones (and excluding trees on adjacent uplands), 
a 150-foot full-canopy (all return) riparian buffer was generated along the open water and 
channel island polygons, and around the anadromous reaches of the single thread 
hydrography. Within the buffer polygon the heights of vegetation were added to a bare-
earth DEM to create a forested buffer zone along all anadromous water bodies (accessible 
rivers, streams, lakes, ponds, and wetlands) including the edges of channel islands 
(Figure 1). Outside the buffer zone, and within the open water polygons, the riparian 
DEM reverts to bare earth. 
 



 
Figure 1.  Hillshade image of 150-foot full-canopy buffer combined 
with bare earth elevations beyond the buffer extent. Canopy buffer 
was used to calculate stream shade as well as large wood 
recruitment potential from riparian zones. Area shown is the 
confluence of the Sauk and Suiattle rivers. 

 
Similar to the current conditions riparian DEM, a comparison DEM was generated to 
depict site potential tree height (SPTH) along study area rivers and streams. The 
Washington Department of Natural Resources (DNR) digital site index maps were edited 
to correspond to new river locations due to channel migration. Tree height was 
determined for each map polygon using the DNR 100-year site index. Site indexes were 
used to generate a SPTH DEM within the same 150 foot buffer as the current condition 
LiDAR riparian DEM. However, the DNR site index maps, and therefore the SPTH input 
rasters, do not cover federal lands and do not have the same extent as the LiDAR derived 
input rasters. The Sauk River above Darrington and other important anadromous reaches 
(e.g. upper Illabot Creek and upper Cascade River) were necessarily excluded from the 
SPTH comparisons. 
 
Sun azimuth and altitude, obtained from the National Research Council of Canada, were 
used to model shade that would be cast by the riparian DEM for each hour of the day on 
the longest day of the year (June 21). The rasters for each hour were then summed to 
depict the number of hours of sun falling on each open water (3x3 ft) cell, over the entire 
watershed. The same routine was also run using the SPTH DEM, and the results of the 
current (2016) conditions were clipped to the extent of the SPTH raster for comparison. 
 
The accuracy of the shade DEM was evaluated by field measuring on-the-ground shade 
boundaries with a map-grade geographical positioning system (Trimble Geo XT) in late 
June. Shade boundaries from the DEM model were converted to polylines, and the 



distance of each GPS node to the shade boundary was measured with the ArcGIS 
GenerateNearTable function. 
 
To evaluate the potential contribution of large wood to streams, the height of each 3-foot 
cell in the riparian DEM was divided by the distance of that cell to the channel edge. 
The resulting height/distance (h/d) ratio was used as a surrogate for which cells, and thus 
what proportion of the riparian zone, would be capable of contributing large wood to the 
stream if the tree were to fall directly toward the stream. Cells with a height/distance ratio 
of <= 1 would not currently be capable of contributing wood– absent gravitational sliding 
of the tree or channel migration toward it. Pixels with a height/distance ratio of > 1 were 
considered functioning in terms of wood recruitment, and pixels with h/d ratios of >2 
were evaluated for potential wood contributions to the stream. 

Results 

Shade potential 

The accuracy of LiDAR in estimating tree heights has been reported extensively in the 
literature (Wasser et al. 2015, Wasser et al. 2013, Anderson et al. 2006, Lefsky et al. 
2002, among many others) but the accuracy of shade projection generally has not. Test 
plot shade rasters, encompassing fixed structures as well as trees (Figure 2), were 
generated from the sun angles described in the methods section, and compared to GPS 
field measures of shade lines. Despite some GPS multipath reflections from the barns, 
average distance of shade points to the shade raster line was 3.11 feet (RMSE 4.08), 
which is slightly greater than the dimensions of the raster pixels used in the shade 
models. 

 
Figure 2. Shade test plot comparing the shade raster edge (blue 
line) to GPS points in late June (purple). Average distance from 



GPS points to shade line was 3.11 feet (RMSE 4.08). GPS points 
were collected four years after the LiDAR flight, which partially 
explains the discrepancy on the taller trees. 

Comparisons between the (2016) current riparian conditions and the SPTH modeled 
conditions were limited to the area covered by the DNR site class data, which excludes 
Federal lands. The areas without site class data (and therefore SPTH estimates) are in 
National Forests and National Parks, predominantly in the upper reaches of the Baker, 
Sauk, and Suiattle rivers, and Illabot, Jackman, and several smaller creeks. As expected, 
most of the channel area exposed to direct sunlight throughout the day was on the wider 
Skagit and Sauk River mainstem channels. On a hypothetical (i.e. no clouds) June 21st, 
under current (2016) conditions, over 81 percent of the channel area is exposed to eight 
hours or more of direct sun (Figure 3). Under the SPTH scenario that portion falls to 67 
percent. The SPTH scenario shows a greater proportion of the channel receiving 0-10 
hours of sun, and a smaller proportion receiving 11-16 hours of sun. Overall, on 
mainstem and tributary channels on non-Federal lands, the SPTH scenario provides 18% 
more riparian shade than the 2016 actual conditions.  

 

 
Figure 3. Comparison of the area of sunlight on the open channel 
in 2016 with the modeled SPTH scenario. The SPTH scenario had 
more areas exposed to only a few hours of sunlight, and fewer 
areas exposed to more than 10 hours of direct sun.  

Direct solar insolation on water surfaces is at a minimum early and late in the day, and 
reaches a maximum around noon. Heat intensity from sunlight is likewise highest at mid-
day, as the solar rays have less atmosphere to penetrate and the angle of incidence is 
closer to 90 degrees. The 2016 LiDAR coincides with a 2006 LiDAR flight along the 



Skagit mainstem and several major tributaries, but the 2006 data excludes most of the 
Baker, Sauk, and Suiattle rivers. Figure 4 compares the direct solar insolation between 
2006 and 2016, and from the SPTH scenario, for the area common to all three data sets. 
At noon on a hypothetical June 21st, 94% of the channel is under full sun in 2016, 
compared to 96% in 2006. In the SPTH scenario solar insolation over the same reaches is 
87%. 
 

 
Figure 4. Proportion of the open channel subject to direct sun, for each daylight hour on a 
hypothetical June 21st. Plot is limited to areas common to the 2006 and 2016 LiDAR and to the SPTH 
data on non-Federal lands. Even in mid-day, the SPTH scenario provides 7% more shade at the 
channel margins than the current (2016) conditions. 

The wider mainstems of the Skagit, Sauk, Suiattle, and Cascade are open to solar 
insolation even under the SPTH scenario. But the tributaries receive substantially more 
shade, both currently and with modeled SPTH riparian zones. This is true of both larger 
and smaller tributaries. Figure 5 compares the increased shading along anadromous 
tributaries, both currently and under the SPTH conditions. Figure 5 excludes mainstems 
on the Skagit, Sauk, Suiattle, Baker, and Cascade rivers, plus the larger lakes, ponds, and 
sloughs. Figure 5 is also limited to where the DNR site class polygons allow an 
estimation of SPTH, and so does not include federal lands. On anadromous tributaries the 
SPTH scenario results in less than 25% of the solar insolation modeled in the 2016 
conditions. Given the narrower widths in the tributaries, the proportionally greater shade 
effect from reaching SPTH conditions could be reached in a shorter timespan than would 
be required to achieve the maximum shade benefit along the mainstems. 
 



 
Figure 5. Comparison of current (2016) shade to SPTH shade in 
tributaries, in hours of  sun on the channel on a hypothetical June 
21st. 

 
 
Large wood  potential 
 
Height-to-distance ratios were interpreted as a surrogate for wood contribution to 
streams, on the assumption that forest areas (represented by riparian pixels) with an h/d 
ratio less than 1 would not be capable of contributing large wood to the channel even if 
those trees were to fall directly toward the stream. Height/distance ratios of up to 8 were 
calculated within a 300 foot riparian buffer zone. Areas with an h/d ratio greater than 1 
were considered functional for wood contribution, and h/d ratios greater than two were 
interpreted as capable of generating sizeable, functional wood to the stream.  
 
Overall the height/distance ratio fell off rapidly with distance from the channel edge. 
Over the entire basin (including federal lands) more than 78% of riparian areas within a 
300 foot buffer (and 61 percent within a 150 foot buffer) had an h/d ratio of less than 1, 
and would therefore not be considered “functional" regarding wood contribution. Within 
the 150 foot buffer 39% of riparian zones had an h/d ratio of 2 or greater (Figure 6). More 
than 98 percent of the currently functional wood grows within 150 feet of the channel 
edge. The HD8 category dominates the stands closest to the channel edge, but falls off 
rapidly within the innermost 30 feet of the riparian zone. The aggregated functional 
stands (HD2 through HD8) show a predictable and mostly linear decline in relative 
abundance from the channel edge out to about 150 feet. More than 45 percent of the 



riparian zone within 30 feet has an h/d ratio of less than or equal to 1, indicating that 
substantial riparian areas adjacent to streams provide almost no wood or shade. 
 
 

 
Figure 6. Height-to-distance ratio plotted against distance from the 
stream edge. The h/d ratio indicates the potential for a riparian 
stand to contribute large wood to the stream. Trees adjacent to the 
channel have an h/d ratio of 8 or greater, but that ratio falls off 
rapidly with distance from the stream. Most (91%) of the current 
wood recruitment potential is within 100 feet of the stream edge. 
The outer reaches of a 150-foot buffer are almost entirely incapable 
of contributing wood. 

 
Riparian stands capable of delivering large wood to streams (HD2 through HD8) are far 
more abundant in federal, state, and commercial forests than in agricultural or rural 
residential zones, both by proportion and by total area (Figure 7). Within a 150 foot 
buffer, federal forests make up the largest total area (28%) of anadromous stream riparian 
zones in the Skagit watershed (including portions in Whatcom and Snohomish counties), 
followed by rural residential zones (25%), agriculture (21%) tied with commercial forests 
(21%), and urbanized areas (4%). Approximately 63% of functioning riparian zones 
(HD2 – HD8) are distributed among federal, state, and private forest zones. More than 
half (54%) of non-functional zones (HD1) are in the agricultural and rural residential 
zones. All zones have substantial portions of non-functional vegetation, primarily those 
furthest from stream edges. In areas zoned for forestry, HD1 areas are predominantly 
distant from the channel, and greater proportion of riparian zones are in functional (HD2 
– HD8) categories, whereas in agricultural and rural residential zones the HD1 areas are 



more often adjacent to the channel, and there are smaller functional areas, indicating 
greater recovery potential from restoration. 
 

 
Figure 7 Acreage of riparian stands by height/distance ratio and 
land use. Commercial and federal forests have larger and 
proportionally more areas of functional riparian zones than in 
agriculture zones or urban growth areas.  

 
 
Discussion 
 
Several of the data sets described in this paper are both detailed and comprehensive, and 
are best utilized in a GIS. The shade maps in particular (Figure 8), which show the hours 
of sun and shade on each anadromous reach of the Skagit, provide comprehensive 
information to restoration practitioners for planning restoration, planting, and acquisition 
projects. Subtracting the hours of sun under current conditions from the modeled SPTH 
scenario shows precisely where riparian planting will create the most shade improvement 
over time. Although centerlines of most mainstem reaches will remain subject to full sun 
regardless of riparian conditions, the shade difference raster demonstrates that mainstem 
channel edges benefit, sometimes substantially, from taller trees in the riparian buffer. 
This improvement is depicted graphically in Figures 8? and 2?). 
 



 
Figure 8. Shade maps of the Skagit mainstem and Finney Creek confluence. The greater hours of sun 
are more pronounced on wider channels and on east-west reaches. The difference between current 
conditions and the SPTH scenario is most pronounced on the south banks of both mainstems and 
tributaries. 

Aerial photographs are frequently used for riparian and geomorphic analysis (Pierce et al. 
2018, Fullerton et al. 2006, Hyatt et al. 2004, Poole et al. 2002, Lunetta et al. 1987) as 
they are ubiquitous, comprehensive, frequent, and relatively (compared to LiDAR) 
inexpensive. Air photos have the disadvantage of obscuring forested stream banks, and 
omitting the portions of stream channels that are usually shaded. The advantages of 
LiDAR are apparent in medium-to-large tributaries, where the stream edge is invisible. 
LiDAR excels in capturing the proportion of stream under shade, where aerial photos 
often indicate near or full canopy closure. LiDAR-derived channel boundaries that 
delineate both banks, as opposed to single-thread hydrography, identify the extent to 
which the wetted channel may be fully shaded by overhanging canopy. Figure 9 shows 
three depictions of a medium-sized tributary to the Skagit. Measured by the aerial photo 
tree cover and single-thread stream. The LiDAR canopy height (Figure 9a) shows the 
wetted stream channel of upper Day Creek in deep green, as does the air-photo derived 
tree canopy in Figure 9b (Pierce et al. 2020). But the stream channel is considerably 
wider when not obscured by tree canopies, as depicted in the bare-earth LiDAR hillshade 
in Figure 9c. Figure 9 demonstrates that measuring the riparian zone from the stream 
centerline significantly underestimates channel margins and therefore the extent of the 
riparian zone (magenta outlines). Riparian vegetation cover in the LiDAR model is 50% 
greater than in the air-photo estimate, due to the mis-alignment of where the riparian 
buffer begins. [work the Watershed Council work into this paragraph] 
 
 



 
Figure 9. Three riparian depictions along a reach of upper Day Creek. Fig 9a (left) is the LiDAR tree 
height canopy, with the stream channel depicted in deep green. Fig 9b (center) is the same area with 
an overlay of tree height obtained from air photos (Pierce et al. 2020). Figure 9c (right)  is a bare 
earth hillshade that reveals the true channel width. A 66-foot riparian buffer is shown as a magenta 
outline, and the NHD single thread hydrography is a dark blue line. The 66-foot buffer along the 
NHD thread is not shown. Within the respective 66-foot buffers, the air-photo tree canopy is 55.5% 
tall trees (> __ feet) and the LiDAR buffer is 83.6% tall trees. 
 
One of the shortcomings of the raster-based shade model presented here is it’s 
impenetrability to sun, that is, it presents the forested riparian stands as an opaque wall 
instead of a porous tree canopy. Riparian stands permit a varying amount of light to pass 
through, depending on forest type, stand density, and width. The ability of LiDAR to 
penetrate small canopy gaps allows for the modeling of shadows cast on the forest floor 
(Tompalski et al. 2017, Mücke et al. 2011), or streams, using LiDAR point clouds instead 
of rasters, as was done here. Unfortunately, most LiDAR data, as with the Skagit data, is 
collected in a leaf-off condition, which complicates or prevents an accurate estimate of 
the leaf area index (LAI), a common measure of the light blocked or absorbed by the 
forest canopy. A light penetration index (LPI), using the ratio of leaf-on LiDAR points 
that reach the ground to the total point returns, can accurately capture the direct solar 
radiation under a forest canopy (Bode et al. 2014). Fractional canopy cover can be 
estimated by leaf-off LiDAR, but the leaf-off canopy underestimates FCC by 19-24% 
(Wasser et al. 2013). Using LiDAR point clouds to model light penetration in riparian 
canopies is a promising avenue for estimating the width of riparian buffers necessary to 
effectively shade streams under a variety of stream and forest conditions, but leaf-on 
LiDAR in the Skagit is mostly lacking. 
 
Although the LiDAR data sets for the Skagit were relatively large, the canopy height, 
distance, and shade data were relatively simple to extract once those rasters had been 
reprojected and assembled into a coherent basin-wide coverage. The more laborious tasks 
were correcting the single-thread hydrography for correct flow alignment, generating 
channel edges, and assembling those edges into channel polygons. Without accurate 
hydrography the edge of the riparian zone is unknown, the various data sets (between 
years, for instance) do not align, and model results are confounded by obvious spatial 
anomalies. Johansen et al. (2011) demonstrated an automated geographic object 



extraction method using LiDAR terrain models and eCognition software to delineate 
stream channels and riparian zones. Tompalski et al. (2017) extracted single-thread 
hydrography using standard methods from commercial forest areas, and estimated shade 
cover, canopy height, stream slope, stream width, and potential fish distribution. Their 
stream width, as with Johansen (2011) and Michez et al. (2013), began with a rasterized 
stream centerline that is "grown" according to the relative elevation and adjacency of 
nearby DEM cells. In this Skagit work, streams in forested hillslopes were more easily 
modeled than those in the lowlands, where anthropogenic changes often require manually 
correcting streams, guided by a combination of field knowledge, LiDAR, and air photo 
interpretation. Automated methods of extracting stream polygons and delineating riparian 
edges, (as with Tompalski et al. 2017, Michez et al. 2013, and Johansen et al. 2011) 
would significantly reduce the data preparation effort and allow a more direct extraction 
of shade and wood potential from LiDAR. 
 
The height/distance raster covers the same geography as the shade rasters, but is likely 
not as informative to restoration practitioners as the shade difference raster. The h/d raster 
shows a consistent pattern throughout the watershed that trees close to the stream edge 
are capable of providing wood, but riparian stands at a distance typically are not (Figure 
10). This pattern is more widespread in agricultural areas but also apparent in forested 
areas. Where trees are short or missing along the channel edge, that condition is also 
reflected in the shade raster. The advantages of planting or accelerating riparian growth is 
especially reflected in the difference between the SPTH shade raster and the current 
shade conditions. The shade difference map (Figure 10), for example, emphasizes the 
advantage of riparian improvement (planting) on south banks and narrower channels.  
 



 
Figure 10. The h/d raster and the shade difference raster both show 
areas where riparian forests are lacking, but shade difference 
raster also shows where riparian improvements will have the 
greatest effect when the trees mature. 

 
Height-to-distance ratios in the Skagit correlate well to large wood source distances 
reported elsewhere, considering most studies on source distance are from mature or old-
growth forests, whereas the Skagit data is comprehensive over all anadromous river and 
tributary reaches. Whereas McDade reported 70% of large wood pieces (those for which 
the source could be identified) fell from within 20 m of the channel, the comparable 
number from the Skagit h/d ratio is 72%. Benda et al. (2002) confirm that wood recruited 
from old-growth and mature stands is larger than from the younger mixed stands found in 
most of the Skagit. The model constructed by Van Sickle and Gregory (1990) predicted 
~90% of wood pieces originating from within 20 m of the stream. Murphy and Koski 
(1989) reported 95% of trees from within 20 m, but that 50% originated by bank erosion 
from within 1 m. Benda et al. (2002) likewise reported 90% of wood entering from 
within 30 m, and that bank erosion was responsible for greater than 50% of recruitment. 
Johnston et al. (2011) reported 90% of large wood from within 18 m of the channel in 
90% of the sites. The Van Sickle and Gregory model predicted wood contribution from a 
variety of angles of tree fall, which would also be true of field studies. The h/d ratio by 
comparison implies wood contributions orthogonal to the bank (nearest distance). In the 
natural world, source distances depend in large part on the recruitment mechanism. The 
nearest trees are recruited by erosion, the furthest by landsliding (May and Gresswell 
2003, Murphy & Koski 1989). May & Gresswell reported 80% of wood pieces in alluvial 
channels in the Oregon Cascades originated from within 30m of the channel. The 



corresponding 30 m figure for Skagit h/d rations is 87%, including both alluvial and 
colluvial channels. 
 
Conclusions 
 
LiDAR provides data that are both detailed and comprehensive, and well suited for 
assessing riparian zone quality and extent over large areas and at a local site scale. 
Methods developed in this work correctly project shade from trees and structures with an 
accuracy commensurate with the resolution of the underlying raster data. Accurate 
LiDAR depiction of riparian interactions is predicated on an accurate delineation of 
streams and open-water areas. Because the Skagit mainstem is wide, more than 80% of 
the open channel is exposed to at least 8 hours of direct summer sunlight. Were the 
riparian zone comprised of trees meeting the site class (site potential tree height) 
threshold, that proportion drops to 67%, primarily along the mainstem channel margins 
and the tributaries. In the tributaries, excluding the mainstems, SPTH shade is 
approximately 25% of current (2016 LiDAR) conditions. The potential for large wood 
recruitment to streams is highest adjacent to the channel and drops off rapidly with 
distance from the stream. More than 98% of functional wood currently grows within 150 
feet of the stream. Commercial and federal forests have a greater proportion of functional 
wood within the riparian zone. Agricultural and rural-residential areas have substantial 
proportion of non-functional riparian forests, particularly unforested areas immediately 
adjacent to salmon-bearing streams. Areas most in need of riparian restoration and 
protection are clearly identified in this method by examining the difference between 
current conditions and what would be achieved if riparian zones were at their site 
potential. 
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