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Executive Summary 

The amount, timing, and quality of streamflow in any river is the product of upland watershed processes:  
rainfall, runoff, soil infiltration, erosion, forest transpiration, and many more. As one avenue to address 
concerns over low streamflows and high water temperatures that regularly occur in the South Fork 
Nooksack River, we provide a synthesis of scientific research that addresses the role of forests and forest 
change in the uplands on watershed function, which contributes to downstream water quantity and quality. 
Based on the synthesis, we develop a conceptual plan for silvicultural and restoration actions that have 
potential to improve flows and lower temperatures. 

Current watershed function is the result of both current land uses and legacy impacts that have altered the 
forests that historically covered the hillslopes of the watershed and the riparian zones of the tributary 
network. These forest changes affect the upland water cycle, sediment transport, and in-channel river 
processes. In particular, upland water storage has been generally reduced and the export of water from the 
watershed has been accelerated relative to natural conditions, leading to lower summer streamflows and 
warmer stream temperatures. Climate warming will exacerbate these conditions with less snowpack and 
earlier melt resulting in further reductions in summer streamflow and increases in stream temperature.  

Scientific research demonstrates that upland forests and forest change have complex interactions with 
watershed processes, but several key impacts on downstream flows and temperatures have been identified 
in the western Pacific Northwest. In particular, the presence of dense forest stands generally reduces the 
amount and duration of snow stored on the landscape, except in locations that are exposed to high winds 1. 
Dense, regenerating forests also use more water for transpiration and reduce water stored in the soil 2. 
Forest road networks accelerate the export of upland water 3. Where riparian forests and in-channel wood 
have been removed, stream channels have cut down into the sediment, leading to earlier depletion of water 
stored as shallow groundwater 4. Additionally, removal of riparian forests also contributes to increased 
stream temperatures 5. 

Several recommendations can be made to improve and maintain watershed function based on the best 
available science. However, these recommendations are conceptual in nature because they do not consider 
the local context of land ownership and regulations, nor do they include the spatial and meterological 
analysis that would be necessary for an implementation plan. Further analysis to identify locations and land 
ownership locations where such actions would be feasibile and have the largest impact on watershed 
function is recommended. 

In the hillslopes, these recommendations center on silvicultural strategies to open up dense forest canopies 
via gap-cutting and thinning, to retain and protect forests in wind-exposed locations, and to implement 
uneven-aged forest management that protects some older stands from harvest. In the tributary riparian 
zones, these recommendations focus on actions to restore hydrolgic connectivity between the channel and 
alluvial valley in order to maximize shallow groundwater storage and improve water availability for the 
riparian forest community. Although there is likely to be substantial variability in effects based on year-to-
year climate variability, forest heteorgeneity, topography, and geology, all of these actions are well-
supported in the body of scientific research. Since forests strongly influence watershed processes, actions to 
improve watershed function through silvicultural and restoration actions has the potential to improve 
current in-stream conditions and dampen projected future impacts.  
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Background 

The Nooksack Indian Tribe requested that Natural Systems Design prepare a synthesis on the role of forests 
and forest change in contributing the watershed function, and to make recommendations for application to 
the South Fork Nooksack River (SFNR) Watershed, Whatcom County, WA. Summer low flows and water 
temperature and their effects on aquatic habitat are key issues of concern on the SFNR. The primary purpose 
of this initial project is to develop a conceptual upland watershed management plan that addresses the role 
of land management in watershed function and hydrologic processes. In addition, the plan considers how 
land management may combine with forest disturbance and climate change to affect streamflow and water 
quality. 

Since forest characteristics and forest change strongly influence watershed function, we review the best 
available science related to forest effects on upland hydrological processes. We then make 
recommendations for silvicultural practices that are most like to extend in-situ water storage and slow the 
export of water out of the watershed. The goal of these actions in the context of the SFNR is to maintain or 
increase summer soil water availability and streamflow magnitude, and to maintain or decrease water 
temperature and sediment loading. Upland hydrological processes also influence slope stability, but this 
synthesis is focused on watershed influence on streamflow quantity and temperature. 

Best Available Science Review 

Watershed Function Overview 

Within the forested, mountainous watersheds of the western slopes of the Cascade range in Washington 
numerous watershed processes combine to influence the timing and magnitude of streamflow and water 
quality. Precipitation that falls in the watershed is stored, evaporated or sublimated back to the atmosphere, 
or transported to the stream network via overland or subsurface flow. Vegetation strongly influences the 
storage and movement of water in a watershed. Therefore, forest change from timber harvest, silvicultural 
management, fire, and insect outbreaks influences the timing, magnitude, and quality of streamflow. The 
effects of timber harvest 5–11 and natural disturbance 12–14 on hydrological quantities have been the subject of 
extensive research.    

Climate warming is projected to affect both the timing and magnitude of streamflow in the SFNR 15–17. The 
SFNR is historically characterized by streamflows driven by both rain and snow. High flows occur in the fall 
and early winter from rainfall, and in the spring from snowmelt. Climate change projects indicate that 
warming temperatures will raise the rain-snow transition elevation which will result in dimished seasonal 
snowpack, earlier snowmelt, and a shift in the timing of the spring streamflow peak (i.e., the freshet) to 
earlier in the year. Associated with these key hydrologic changes are numerous impacts to humans and 
ecosystems, which include increased flood magnitude, reduced summer water availability, and increased 
summer stream temperatures 15,16,18. These projected changes highlight the important function of upland 
hydrologic processes to store water and sediment in-situ and to slowly release water to the stream network.  

In addition to a warming climate, human-caused impacts such as forest harvest, road-building, fire, beaver 
trapping, and in-channel wood removal reduce the amount of water stored or accelerate the export of water 
from the watershed. Both current land use practices and legacy impacts affect current watershed function, 
and will combine to amplify or dimish the projected impacts of climate change. Thus, opportunties exist to 
adapt management practices and restore watershed function in order to buffer projected climate change 
impacts. For example, upland forest cover affects the amount and timing of snow and soil water storage, 
and forest management therefore has the potential to accelerate or delay the melting of snow and the 
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depletion of soil moisture on the landscape 1,19–22. Legacy impacts from widespread clearing of riparian 
forests and in-channel wood removal have contributed to down-cutting of river channels and accelerated 
export of surface and sub-surface water downstream 23,24. Restoration of these river systems will increase 
sediment and water storage and slow the export of water from the network. 

Forest Effects on Upland Water Storage 

Water Inputs 

Forests and forest change directly affect the upland water balance, including water inputs, outputs, and 
storage. Forest canopies intercept and store both rain and snow. Subsequently, 10-50% of the stored water 
returns to the atmosphere via evaporation or sublimation 25. The amount of rain or snow that are 
intercepted depends on the density of leaves or needles and branches available to catch precipitation; thus, 
forest stands that have been thinned from silviculture or that have been defoliated from insects or fire 
intercept less precipitation 13,26,27. However, since there is an upper limit to canopy water storage and since 
the interception rate also depends on atmospheric conditions 28–30 there is not a linear relationship between 
canopy density and rates of canopy interception and storage.   

Within a forest, snow that reaches the surface by falling through or falling off the forest canopy then is 
stored as under-canopy snowpack. Rain or snowmelt that falls through or drips off the canopy then 
infilitrates the snowpack or soil at a rate determined by snow or soil grain size properties and antecedent 
liquid water storage. In western Washington forests, infiltration rates tend to be much larger than 
precipitation rates, resulting in relatively little ponding or overland surface flow of water 31.  

Soil Moisture Storage 

Forest influence soil moisture storage by modifying the magnitude of water inputs via canopy interception 
processes (discussed above), and by extracting soil moisture via tree roots for transpiration. Thus, numerous 
studies have documented that total annual water yield increases following forest removal because water 
input is increased (i.e., from the reduction in canopy interception) and water output is decreased (i.e., from 
the reduction/elimination of forest transpiration) 8,32,33. Forest thinning also decreases total transpiration and 
increases soil moisture 34. From a seasonal persepctive, immediately following forest removal both fall-
winter peak flows and summer low flows increase 2,35. However, as forests regenerate, and canopy 
interception and forest transpiration reduce water inputs and increase water outputs, the increases are 
lessened or eliminated.  

The effect of forest removal and subsequent regneration on soil moisture storage and streamflow is 
complicated by transpiration rates that vary with forest species composition, leaf area, and with stand age 
2,36,37. After 2-4 decades of forest regrowth, summer streamflow from regenerating forests has been shown 
to be reduced relative to old-growth forest 35,38. In regenerating forests on the western slopes of the 
Cascade range in Oregon, Perry and Jones (2016) demonstrated that average daily streamflow during July-
September is 50% lower in regenerating Douglas Fir forests as compared to reference old-growth basins (i.e., 
34- to 45-year-old stands versus 150- to 500-year-old stands).  

Snow Storage 

Forests affect both the magnitude of the seasonal snowpack and the timing and rate of snowmelt. 
Observational studies have demonstrated that canopy snow interception can capture 70-80% of falling snow 
in the Pacific Northwest, and that after interception the majority of snow stored in the forest canopy will 
melt 28,30. Forests also attenuate wind, and the reduced windspeeds within and around forests can result in 
preferential snow deposition in forests 1,39 or redistribution of snow to forests or forest edges 40,41. 
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Forests also modify the under-canopy energy balance, which determines the rate of snowmelt. In particular, 
forests shade the snowpack from sunlight and shelter the snowpack from wind, both of which reduce the 
energy available for melt 42–47. However, forests also contribute higher amounts of longwave radiation (i.e., 
thermal radiation) than the surrounding atmosphere, which can result in local effects like tree wells or stand-
scale effects on snowmelt timing 19,48,49. The black carbon deposition resulting from fire affects the 
reflectivity of snow and soil surfaces, which influences the energy balance and therefore rates of snowmelt 
and surface water evaporation 12. Lastly, reduced wind speeds within forests also reduce melt rates during 
warm, windy rain-on-snow events driven by atmospheric rivers (i.e. “pineapple express” events) 43,50.  

The net effect of forests and forest change on the magnitude and duration of snow storage on the 
landscape results from the combination of the numerous ways in which forests enhance or dimish snow 
accumulation and snowmelt. Thus, forests can either accelerate or delay snowmelt timing, and the overall 
impact of forest presence on snow storage duration varies with climate 19, topographic position 21, and forest 
type 27. In a synthesis of observations from across the Pacific Northwest, Dickerson-Lange et al. (2017) 
demonstrated that the overall effect of forest presence on snow storage duration ranges from snow lasting 
several weeks longer in open areas as compared to within forests, to snow lasting several weeks longer 
within the forest. The range of forest effects on snow across the Pacific Northwest is attributed to the first-
order influence of forest presence on snow accumulation: forest presence enhances snow deposition in 
windy locations and drastically dimishes snow deposition in sheltered areas.  

Routing of Water Through the Stream Network 

Timber harvest, splash damming, beaver trapping, and removal of in-stream wood during the 1800-1900s 
have resulted in widespread legacy impacts on river processes in the Pacific Northwest 51–53. In response to 
overall reductions in channel complexity and hydraulic roughness from theses impacts, stream channels 
have cut down into the valley sediments and underlying bedrock. These channels become deeper, wider, and 
disconnected from their floodplains, which increases the amount of water and sediment conveyed 
downstream during floods, decreases streamflow during the summer low flow seasons, and decreases the 
elevation of shallow groundwater 4,23,24.  

Forest change via timber harvest also indirectly affect the water balance in a watershed via the creation of 
forest roads, which can speed the routing of water out of the watershed 7,54. Forest roads and related 
culverts essentially convert subsurface flow to surface flow, which dramatically increases the rate of 
transport to the stream network 55. Erosion on forest roads also contributes fine sediments to the stream 
network 56. 

Climate Change Impacts 

Climate change is projected to reduce seasonal snowpack and summer streamflow in the Pacific Northwest, 
in general, and in the Nooksack watershed, specifically 15–17. Modeled hydrologic projections for the SFNR 
indicate that the snow storage will decrease by over 50%, the timing of the spring streamflow peak will shift 
up to 8 weeks earlier in the year, and median summer streamflows will decrease by over 50% toward the end 
of the century (Figure 1; Murphy, 2016). These hydrological changes are primarily driven by increasing 
temperatures, which will result in an increasing proportion of winter precipitation falling as rain rather than 
snow and in higher snowmelt rates.  
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Figure 1.   Modeled future average daily streamflow in the North Fork Nooksack (column 1), Middle Fork 
Nooksack (column 2), and South Fork Nooksack (column 3) for 30-year periods centered on 2025 (row 1), 
2050 (row 2), and 2075 (row 3). Black lines represent the historic simulation (1950-2010), and the blue and 
red lines represent average results for two future scenarios with different concentrations of greenhouse 
gases. Gray lines represent results from individual model runs, illustrating the range of results. Figure from 
17. 

Results from global climate models also suggest that atmospheric river events are likely to become more 
frequent 57 and produce more intense precipitation 58 in California, Oregon, and Washington states. These 
extreme precipitation events are driven by narrow bands of warm, moist air from the tropical and 
subtropical Pacific Ocean making landfall on the western coast of the United States, and these events are 
the most common cause of flooding along the west coast 57,59. Thus, more frequent or more intense 
atmorpheric rivers have the potential to increase the magnitude or frequency of peak flows and sediment 
transport. 

Although the water balance linkage between snowpack magnitude and streamflow magnitude during the 
melt season is clear, there are many complex, interacting mechanisms that may amplify or dampen the 
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projected reductions in summer low flows in a warming climate. Climate warming will continue to accelerate 
the melting of glaciers in Washington state, leading to a temporary increase in streamflow contribution from 
glacier meltwater and a decline in glacier mass 60. However, the contribution of glacier meltwater to 
streamflow will ultimately decrease when the reduction in ice mass becomes large enough to overcome 
increased melt rates due to warming. Projections for the North Fork and Middle Fork Nooksack suggest that 
streamflow contributions from glacial meltwater will increase through the 2050s and subsequently decrease; 
the South Fork basin is unglaciated 17. Since there are no glaciers in the SFNR watershed, and since glaciers 
occur above treeline, we do not consider glaciers when assessing climate and landcover impacts on upland 
hydrology in this synthesis. 

Hydrological and Ecological Impacts of Watershed Function 

Linkages To Downstream Water Quantity   

Low Flows 

The amount and timing of streamflow reflect the upland water balance:  streamflow is the net result after 
accounting for precipitation (water input to the watershed), evaporation and transpiration (water outputs 
to the atmosphere), and soil moisture, snowpack, and groundwater storage. Upland water storage and the 
routing of water along the surface or through the subsurface influence the amount and timing of water 
entering the stream channel network.  

The amount and duration of snow storage strongly influences numerous hydrological quantities in 
watersheds with a seasonal snowpack, such as the SFNR. The timing of snowmelt controls the timing of 
peak soil moisture 61  and the onset of soil moisture depletion due to transpiration 62, and the magnitude and 
timing of the spring freshet 15,17. The timing of the spring freshet, in turn, sets the timing of the onset of 
baseflow during the dry low flow season.  

Thus, projections for earlier and less snowmelt will result in lower baseflows and higher stream 
temperatures. However, the interplay between reduced snowpack, earlier snowmelt, and responses in 
evapotranspiration rates may also increase or decrease spring and summer streamflow magnitudes relative 
to the projected declines. Recent hydrologic modeling of historical evapotranspiration and streamflow 
demonstrate that decreasing snowmelt rates, which are expected as snowmelt timing moves earlier in the 
year, are associated with greater partitioning of soil moisture to evpotranspiration and therefore less 
partitioning to streamflow 63,64. These results raise the possibility that future summer streamflows will be 
even lower than projected.  

In addition to the broad influence of snow storage on streamflow, forest effects on soil moisture storage 
also influence the magnitude of baseflow. Forest removal generally increases soil moisture storage, but 
transpiration rates during forest regeneration vary with species and age 2,36. Thus, summer streamflow 
following forest removal due to harvest or fire is likely to increase relative to an undisturbed stand for 
several years when transpiration in the cleared forest is low.  In the subseqent decades, transpiration in the 
regenerating forest will surpass the undisturbed forest, resulting in a decrease in streamflow relative to the 
undisturbed stand. 

Lastly, legacy impacts on channel morphology and streamflow routing also affect the magnitude of 
baseflow. Where channels are incised, the increased hydraulic gradient between the shallow groundwater 
elevation and the in-channel water surface elevation results in a lowering of the shallow groundwater 
elevation, less water available to riparian vegetation, and early dewatering of the stream 4,23,65. Empirical 
studies and modeling have demonstrated that re-aggradation of incised channels through restoration 
actions increases shallow groundwater elevation and baseflow; however, increased riparian water 
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availability may also result in incresed transpiration losses that diminish gains in summer streamflow, while 
contributing to more robust vegetation 24. 

In summary, complex interplays between snow, soil moisture, vegetation transpiration rates, and 
streamflow exist, but the primary realtionship between watershed function and downstream streamflow 
magnitude is well-established. More water stored in the uplands later in the spring and summer translates to 
more summer streamflow. Conversely, less water stored in the uplands later in the spring and summer 
translates to less summer streamflow. Restoration of hydrologic processes that increase the amount and 
magnitude of upland water storage and that reduce the rate of transport therefore have potential benefits 
on increasing the contributions to streamflow later in the dry low-flow season. 

Peak Flows 

Forest removal also impacts the magnitude and frequency of moderate floods that have a recurrance 
interval of 1-6 years. Increases in flood magnitude of up to 39% for rain-dominated watersheds and up to 47% 
for mixed rain-snow watersheds have been reported for up to 15-20 years after timber harvest 3,66. Research 
on the effects of forest removal on more extreme floods (e.g., the 50-year or 100-year flood) is complicated 
by disagreements over statistical detection methods 10. The underlying process explanation for increased 
peak flows is that water input from snow increases (i.e., reduced canopy interception) and water output 
from transpiration decreases so runoff generation increases. In addition, snowmelt during rain-on-snow 
events is higher where forest has been removed due to exposure to wind 43. However, it is not well 
understood how these modifications scale with increasingly extreme precipitation events. 

In addition to the effects on runoff generation during peak flow events, forest removal or change also 
increases the magnitude or frequency of moderate floods that generally increase channel erosion and can 
initiate down-cutting 67. The resulting incised channel conveys more water downstream without spilling 
overbank during floods, and can therefore increase the flood magnitude at downstream locations 68  

Linkages To Downstream Water Quality 

Water Temperature 

Both riparian and upland processes affect water temperature. Riparian forest removal directly affects water 
quality by increasing direct sunlight and therefore water temperature 5,11. In a review of studies regarding the 
effective size of riparian buffers to meet water quality goals, Broadmeadow & Nisbet (2004) report effective 
buffer widths that range from approximately 45 – 220 feet to meet temperature moderation goals. Recent 
modeling in Northeast Oregon demonstrates that restoration of riparian forests in combination with stream 
channel narrowing can offset project climate change impacts by reducing stream temperature by 1.8 to 3.5  ̊C 
70. Consideration of the water quality effects of restoration actions to narrow stream channels is important 
because projected increases in the frequency and size of peak flows are expected to result in an 
enlargement of stream channels, and therefore more direct sunlight on the stream, regardless of riparian 
buffers (Figure 2).  
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Figure 2.  Conceptual drawing of the effect of channel widening, which is expected along with increasing 
peak flows, on the amount of direct sunlight on a stream (Graphic by K. Patrick, Natural Systems Design). 

In addition to riparian shading, the extent of hyporheic exchange in complex channel forms affects water 
temperature 71. The presence of beaver dams and ponds increases thermal heterogeneity 72. Furthermore, 
the amount and timing of upland snow storage affects water temperature both through the advection of 
cooler water into the stream network, and through controlling the volume of streamflow 73. Empirical 
analysis of snowmelt timing and maximum annual stream temperature in the SFNR suggest that summer 
stream temperature is higher when the snow melt out date is earlier (Figure 3). Thus, water temperature is 
linked to both upland water storage and in-channel processes. 
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Figure 3.  Maximum annual stream temperature (° C) versus snow melt out timing (day of year, where 1 = 
January 1) in the SFNR watershed. Stream temperature observations are from two USGS gages on the 
SFNR (indicated by symbol shape and color) due to change in gage location in water year 2009. Snow melt 
out t iming is the first day with no snow at Elbow Lake SNOw TELemetry station (elevation 3040 feet). 
Water years for each data point are indicated in black next to each symbol. 

Sediment 

Upland forest hydrology processes also influence water quality through the generation and storage of 
sediment. Forest removal via harvest or fire increases hillslope erosion 74 and the frequency of landsliding 75, 
which increases sediment loads. The forest road network associated with timber harvest additionally 
increases both erosion and landsliding 55. 

Linkages to Ecosystem Benefits 

Upland watershed function affects the health of both terrestrial and aquatic ecosystems. The seasonal 
snowpack protects plants from diurnal temperature extremes, influences the length of the growing season, 
and contributes to soil moisture availability 76–78. Local water storage in the uplands and the riparian corridor 
affects forest health, including resiliance to drought, wildfire, insect infestation, and disease 79.   

The influence of watershed function has important downstream consequences for aquatic habitat.  Water 
stored in the uplands and in the riparian zone contributes to critical in-stream flows for fish 80. In addition, 
upland watershed function ultimately affects water quality and the complexity of in-stream habitat 18,72. 
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Conceptual Watershed Management Plan for SFNR  

Application of Best Available Science 

Based on the synthesis of the best available science, and the location of the SFNR in the western Pacific 
Northwest region, we propose a conceptual plan for silivcultural practices and restoration actions to 
improve and sustain watershed function. Although the contribution of some actions to watershed function 
is well-established, others are subjects of active research and we have made efforts to disclose areas of 
uncertainty. Futhermore, explicit consideration of topographic (elevation, slope, and aspect), meteorologic 
(snowpack characteristics, wind speeds, cloud cover), and landcover (forest) characteristics are 
recommended to refine any management plan before implementation (See Appendix 1). Additionally, we 
emphasize that the plan was developed based on the best available hydrological science without regard to 
feasibility of implementation, land ownership, or exisiting regulatory framework. Development of an 
implementation plan would require additional analysis of where and how to integrate the conceptual plan 
into forest management and stream restoration actions. 

In order to buffer current low flows and water quality impairments and projected climate change impacts, 
this watershed management plan for the SFNR is focused on maintaining and improving watershed function. 
In particular, silvicultural management and restoration actions that increase the amount and duration of in 
situ water storage, and that slow the transport of water and sediment from the uplands and out of the 
watershed are recommended.  The broad goals of this conceptual plan include: 

1. Maximize snowpack retention through spatially-variable forest thinning or retention 

2. Maximize soil water storage through forest thinning and uneven-age forest management  

3. Slow the export of water through reduction in road networks 

4. Increase alluvial water storage and slow the export of water through stream restoration 

Note that any silvicultural actions to decrease canopy density and optimize snow or soil moisture storage 
must also be balanced with the role of in-tact forest to retain sediment and slow erosion rates. Therefore, 
gap-cutting and thinning, rather than clear-cutting, are the recommended silvicultural actions. Furthermore, 
analysis of stand ages and densities could help target locations for silivicultural actions that would 
additionally improve forest health and ecosystem complexity. 

Maximize Snowpack Retention 

Recommendations for snowpack retention are based on a hierarchy of forest-snow interactions that drive 
snowpack retention in the Pacific Northwest (Figure 4)1. First, retain forests in locations with high wind 
speeds (e.g., ridges, windward-facing slopes) because in these locations the forest serves as a site of 
preferential snow deposition and the forest reduces snowmelt rates (i.e., Case A in Figure 4).  

Next, open the forest canopy through gap-cutting or thinning. Analyses of the net effects of forests on snow 
storage duration on the western slopes fo the Cascade Range demonstrate that in areas of low wind, the 
reduction of snowpack via canopy interception far outweighs the role of the forest in shading the snowpack 
and slowing snowmelt rates. Thus, reducing canopy cover via gap-cutting or thinning will increase both the 
magnitude and duration of snow storage (i.e., Case E in Figure 4).  

However, either shelterwood thinning (spatially heterogeneous) or a high proportion of uniform thinning is 
likely required to see a benefit to snow storage. Results of an investigation in the Cedar River watershed 
showed that uniform thinning to achieve a 20-25% reduction in canopy cover had no significant effect on 
snow storage duration, and subsequent analysis suggested that a minimum of 50-60% reduction is requried 
to increase snow storage duration 20,81.  
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The optimal gap size would be small enough to attenuate wind, but there are high uncertainties with 
quanitfying wind dynamics through forest gaps; limited research suggests gap sizes of less than 5 tree 
heights 82. An additional consideration for gap size is the potential for shading the snowpack and reducing 
melt rates based on solar geometry 45; however, since generally cloudy conditions prevail in the SFNR during 
the melt season, this is a less important consideration 1.  

Lastly, silvicultural actions to increase snowpack retention should consider the current and future elevation 
of the rain-snow transition line. Gap-cutting and thinning higher in the watershed where more precipitation 
falls as snow may have a larger effect on watershed function currently, and will be more robust in a warming 
climate. 

 
Figure 4. Decision tree model to identify dominant forest-snow interactions and the net effect of forest 
on snow storage duration for a location in the Pacific Northwest, USA. Based on findings from Dickerson-
Lange et al. (2017).   

Maximize Soil Water Storage 

To optimize soil moisture storage we recommend silvicultural gap-cutting or thinning, combined with 
protection of selected stands to allow for maturation. Thinning strategies will reduce stand-scale 
transpiration and increase soil moisture storage in the short-term 34. Uneven-age management and 
preservation of some stands to allow full maturation will reduce transpiration rates and increase soil 
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moisture storage in the long-term 2,35. Invesitgations of the difference in transpiration rates between 
regenerating (decades old) and old growth (centuries old) forests demonstrate that old growth forests 
transpire less, but additional research is needed on a more complete forest age spectrum 2,83.  

Slow the Export of Water 

Two strategies to slow the export of water are recommended: assessment and reduction of the road 
network and restoration of incised channels in the tributary stream network. Forest roads can serve as 
surface flow pathways, and also convert slow subsurface flow to rapid surface flow where they intersect 
with hillslopes 7,54,55. Reduction in the length of the network and the disconnection of the network from the 
stream network both reduce the speed of water export from the uplands.  

Within the stream network, incised channels accerate the export of water due to increased conveyence 
capacity to transmit flood flows downstream and due to draining of the shallow groundwater during the 
summer that results from the steep hydraulic gradient between groundwater and the lowered channel bed 
23,24. Thus, restoration actions that re-aggrade the incised channel have a dual effect to slow the export of 
water during the summer season and also increase local shallow groundwater storage, both of which 
contribute to increased baseflows and lowered stream temperatures. 

Benefits of Improving Hydrologic Function 

Together, these recommendations are likely to improve watershed function, with hydrologic benefits that 
include increased soil moisture availability, increased baseflows, and decreased peak flows. In turn, these 
hydrologic effects also contribute to lowered stream temperature by increasing summer streamflow and 
decreasing peak flows that will cause channel widening (and increases in stream temperature). Lastly, all of 
the recommended actions have additional ecological benefits for forest health and aquatic and terrestrial 
habitat.  

Recommended Actions 

In summary, based on the review of the best available science and conceptual application to the SFNR, 
management and restoration actions that are likely to benefit overall watershed function include: 

4 Silvicultural actions to optimize snow storage duration 

Á Gap cutting (1-5 tree heights in diameter)  

Á Uniform thinning (reduce canopy cover more than 25%, probably most effective at greater than 
50-60% reduction) 

Á Shelterwood thinning (uneven thinning similar to gap cutting, create small openings in canopy) 

Á Retain and protect forests in wind-exposed areas (e.g., ridges) 

Á Focus efforts higher in the watershed to provide resilience to increasing temperatures and 
subsequent shifts from snow to rain 

4 Silvicultural actions to maximize soil moisture availability 

Á Gap cutting (1-5 tree heights in diameter) 

Á Thinning of overly-dense stands 

Á Forest preservation to allow maturation of selected stands 
4 Reduce length of road network and disconnect road network from stream network  

4 Reduce impervious areas 

4 In-channel restoration to re-aggrade incised channels, increase alluvial water storage, and slow the 
export of shallow groundwater 
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4 Floodplain and wetland restoration and reconnection 

4 Focus efforts higher in the valley network to provide downstream benefits to baseflow quantities  



NOOKSACK INDIAN TRIBE Á SOUTH FORK NOOKSACK RIVER WATERSHED PLANNING 

Natural Systems Design  14 
May 16, 2017   

References 

1. Dickerson-Lange, S. E. et al. Snow disappearance timing is dominated by forest effects on snow accumulation in 
warm winter climates of the Pacific Northwest, United States. Hydrol. Process. 31, 1846–1862 (2017). 

2. Perry, T. D. & Jones, J. A. Summer streamflow deficits from regenerating Douglas-fir forest in the Pacific 
Northwest, USA. Ecohydrology (2016). doi:10.1002/eco.1790 

3. Jones, J. A. & Grant, G. E. Peak Flow Responses to Clear-Cutting and Roads in Small and Large Basins, Western 
Cascades, Oregon. Water Resour. Res. 32, 959–974 (1996). 

4. Pollock, M. M. et al. Using Beaver Dams to Restore Incised Stream Ecosystems. Bioscience 64, 279–290 (2014). 

5. Moore, R. D., Spittlehouse, D. L. & Story, A. Riparian microclimate and stream temperature response to forest 
harvesting: A review. J. Am. Water Resour. Assoc. 7, 813–834 (2006). 

6. Hubbart, J. A., Link, T. E., Gravelle, J. A. & Elliot, W. Timber harvest impacts on water yield in the 
continental/maritime hydroclimatic region of the United States. For. Sci. 53, 169–180 (2007). 

7. Kuraś, P. K., Alila, Y. & Weiler, M. Forest harvesting effects on the magnitude and frequency of peak flows can 
increase with return period. Water Resour. Res. 48, 1–19 (2012). 

8. Stednick, J. D. Monitoring the effects of timber harvest on annual water yield. J. Hydrol. 176, 79–95 (1996). 

9. Schnorbus, M. Forest harvesting impacts on the peak flow regime in the Columbia Mountains of southeastern 
British Columbia: An investigation using long-term numerical modeling. Water Resour. Res. 40, 1–16 (2004). 

10. Alila, Y., Kuraś, P. K., Schnorbus, M. & Hudson, R. Forests and floods: A new paradigm sheds light on age-old 
controversies. Water Resour. Res. 45, 1–24 (2009). 

11. Gravelle, J. A. & Link, T. E. Influence of timber harvesting on headwater peak stream temperatures in a northern 
Idaho Watershed. For. Sci. 53, 189–205 (2007). 

12. Gleason, K. E., Nolin, A. W. & Roth, T. R. Charred forests increase snowmelt: Effects of burned woody debris and 
incoming solar radiation on snow ablation. Geophys. Res. Lett. 40, 4654–4661 (2013). 

13. Pugh, E. & Small, E. The impact of pine beetle infestation on snow accumulation and melt in the headwaters of 
the colorado river. Ecohydrology 5, 467–477 (2012). 

14. Perrot, D., Molotch, N. P., Musselman, K. N. & Pugh, E. T. Modelling the effects of the mountain pine beetle on 
snowmelt in a subalpine forest. Ecohydrology 7, 226–241 (2014). 

15. Dickerson-Lange, S. E. & Mitchell, R. Modeling the effects of climate change projections on streamflow in the 
Nooksack River basin, Northwest Washington. Hydrol. Process. 28, 5236–5250 (2014). 

16. Elsner, M. M. et al. Implications of 21st century climate change for the hydrology of Washington State. Clim. 
Change 102, 225–260 (2010). 

17. Murphy, R. D. Modeling the Effects of Forecasted Climate Change and Glacier Recession on Late Summer 
Streamflow in the Upper Nooksack River Basin. (Western Washington University, 2016). 

18. Beechie, T. J. et al. RESTORING SALMON HABITAT FOR A CHANGING CLIMATE. River Res. Appl. 22, n/a–n/a 
(2012). 

19. Lundquist, J. D., Dickerson-Lange, S. E., Lutz, J. A. & Cristea, N. C. Lower forest density enhances snow retention 
in regions with warmer winters: A global framework developed from plot-scale observations and modeling. 
Water Resour. Res. 49, 6356–6370 (2013). 

20. Dickerson-Lange, S. E. et al. Evaluating observational methods to quantify snow duration under diverse forest 
canopies. Water Resour. Res. 15, 1203–1224 (2015). 

21. Ellis, C. R., Pomeroy, J. W. & Link, T. E. Modeling Increases in Snowmelt Yield and Desynchronization Resulting 
from Forest Gap 1 Thinning Treatments in a Northern Mountain Catchment. Prep. (2012). 

22. Harpold, A. A. et al. Soil moisture response to snowmelt timing in mixed-conifer subalpine forests. Hydrol. 
Process. 29, 2782–2798 (2015). 

23. Beechie, T. J., Pollock, M. M. & Baker, S. Channel incision, evolution and potential recovery in the Walla Walla 
and Tucannon River basins, northwestern USA. Earth Surf. Process. Landforms 33, 784–800 (2008). 



NOOKSACK INDIAN TRIBE Á SOUTH FORK NOOKSACK RIVER WATERSHED PLANNING 

Natural Systems Design  15 
May 16, 2017   

24. Tague, C., Valentine, S. & Kotchen, M. Effect of geomorphic channel restoration on streamflow and 
groundwater in a snowmelt-dominated watershed. Water Resour. Res. 44, n/a–n/a (2008). 

25. Link, T. E., Unsworth, M. & Marks, D. The dynamics of rainfall interception by a seasonal temperate rainforest. 
Agric. For. Meteorol. 124, 171–191 (2004). 

26. Woods, S. W., Ahl, R., Sappington, J. & McCaughey, W. Snow accumulation in thinned lodgepole pine stands, 
Montana, USA. For. Ecol. Manage. 235, 202–211 (2006). 

27. Winkler, R. D., Spittlehouse, D. L. & Golding, D. L. Measured differences in snow accumulation and melt among 
clearcut, juvenile, and mature forests in southern British Columbia. Hydrol. Process. 19, 51–62 (2005). 

28. Storck, P., Lettenmaier, D. P. & Bolton, S. M. Measurement of snow interception and canopy effects on snow 
accumulation and melt in a mountainous maritime climate, Oregon, United States. Water Resour. Res. 38, 1123 
(2002). 

29. Friesen, J., Lundquist, J. & Van Stan, J. T. Evolution of forest precipitation water storage measurement methods. 
Hydrol. Process. 29, 2504–2520 (2015). 

30. Martin, K. A. et al. Development and testing of a snow interceptometer to quantify canopy water storage and 
interception processes in the rain/snow transition zone of the North Cascades, Washington, USA. Water Resour. 
Res. 49, 3243–3256 (2013). 

31. Burges, S. J., Wigmosta, M. S. & Meena, J. M. Hydrological Effects of Land-Use Change in a Zero-Order 
Catchment. J. Hydrol. Eng. 3, (1998). 

32. Rothacher, J. Increases in water yield following clear-cut logging in the pacific northwest. Water Resour. Res. 6, 
653–658 (1970). 

33. Brown, A. E., Zhang, L., McMahon, T. A., Western, A. W. & Vertessy, R. A. A review of paired catchment studies 
for determining changes in water yield resulting from alterations in vegetation. J. Hydrol. 310, 28–61 (2005). 

34. Dore, S. et al. Recovery of ponderosa pine ecosystem carbon and water fluxes from thinning and stand-
replacing fire. Glob. Chang. Biol. 18, 3171–3185 (2012). 

35. Jones, J. A. & Post, D. A. Seasonal and successional streamflow response to forest cutting and regrowth in the 
northwest and eastern United States. Water Resour. Res. 40, (2004). 

36. Ford, C. R., Laseter, S. H., Swank, W. T. & Vose, J. M. Can forest management be used to sustain water-based 
ecosystem services in the face of climate change? Ecol. Appl. 21, 2049–2067 (2011). 

37. Bart, R. R., Tague, C. L. & Moritz, M. A. Effect of Tree-to-Shrub Type Conversion in Lower Montane Forests of the 
Sierra Nevada (USA) on Streamflow. PLoS One 11, e0161805 (2016). 

38. Hicks, B. J., Beschta, R. L. & Harr, R. D. Long-term changes in streamflow following logging in western Oregon 
and associated fisheries implications. J. Am. Water Resour. 27, 217–226 (1991). 

39. Geddes, C. A., Brown, D. G. & Fagre, D. B. Topography and Vegetation as Predictors of Snow Water Equivalent 
across the Alpine Treeline Ecotone at Lee Ridge, Glacier National Park, Montana, U.S.A. Arctic, Antarct. Alp. Res. 
37, 197–205 (2005). 

40. Hiemstra, C. A., Liston, G. E. & Reiners, W. A. Snow Redistribution by Wind and Interactions with Vegetation at 
Upper Treeline in the Medicine Bow Mountains, Wyoming, U.S.A. Arctic, Antarct. Alp. Res. 34, 262 (2002). 

41. Liston, G. E. & Elder, K. A meteorological distribution system for high-resolution terrestrial modeling 
(MicroMet). J. Hydrometeorol. 7, 217–234 (2006). 

42. Sicart, J. E. et al. A sensitivity study of daytime net radiation during snowmelt to forest canopy and atmospheric 
conditions. J. Hydrometeorol. 5, 774–784 (2004). 

43. Wayand, N. E., Lundquist, J. D. & Clark, M. P. Modeling the influence of hypsometry, vegetation, and storm 
energy on snowmelt contributions to basins during rain-on-snow floods. Water Resour. Res. n/a–n/a (2015). 
doi:10.1002/2014WR016576 

44. Lawler, R. R. & Link, T. E. Quantification of incoming all-wave radiation in discontinuous forest canopies with 
application to snowmelt prediction. Hydrol. Process. 25, 3322–3331 (2011). 

45. Musselman, K. N., Pomeroy, J. W. & Link, T. E. Variability in shortwave irradiance caused by forest gaps: 



NOOKSACK INDIAN TRIBE Á SOUTH FORK NOOKSACK RIVER WATERSHED PLANNING 

Natural Systems Design  16 
May 16, 2017   

Measurements, modelling, and implications for snow energetics. Agric. For. Meteorol. 207, 69–82 (2015). 

46. Chen, J., Franklin, J. F. & Spies, T. A. Contrasting microclimates among clearcut, edge, and interior of old-growth 
Douglas-fir forest. Agric. For. Meteorol. 63, 219–237 (1993). 

47. Reba, M. L., Pomeroy, J., Marks, D. & Link, T. E. Estimating surface sublimation losses from snowpacks in a 
mountain catchment using eddy covariance and turbulent transfer calculations. Hydrol. Process. 26, 3699–3711 
(2012). 

48. Pomeroy, J. W. et al. The impact of coniferous forest temperature on incoming longwave radiation to melting 
snow. Hydrol. Process. 23, 2513–2525 (2009). 

49. Essery, R., Pomeroy, J., Ellis, C. & Link, T. Modelling longwave radiation to snow beneath forest canopies using 
hemispherical photography or linear regression. Hydrol. Process. 22, 2788–2800 (2008). 

50. Marks, D., Kimball, J., Tingey, D. & Link, T. The sensitivity of snowmelt processes to climate conditions and forest 
cover during rain-on-snow: a case study of the 1996 Pacific Northwest flood. Hydrol. Process. 12, 1569–1587 
(1998). 

51. Phelps, J. D. The Geomorphic Legacy of Splash Dams in the Southern Oregon Coast Range. (University of 
Oregon, 2011). 

52. Collins, B. D., Montgomery, D. R. & Haas, A. D. Historical changes in the distribution and functions of large wood 
in Puget Lowland rivers. Can. J. Fish. Aquat. Sci. 59, 66–76 (2002). 

53. Stock, J. D., Montgomery, D. R., Collins, B. D., Dietrich, W. E. & Sklar, L. Field measurements of incision rates 
following bedrock exposure: Implications for process controls on the long profiles of valleys cut by rivers and 
debris flows. Geol. Soc. Am. Bull. 117, 174 (2005). 

54. Bowling, L. C., Storck, P. & Lettenmaier, D. P. Hydrologic effects of logging in western Washington, United 
States. Water Resour. Res. 36, 3223 (2000). 

55. Jones, J. A., Swanson, F. J., Wemple, B. C. & Snyder, K. U. Effects of Roads on Hydrology, Geomorphology, and 
Disturbance Patches in Stream Networks. Conserv. Biol. 14, 76–85 (2000). 

56. Reid, L. M. & Dunne, T. Sediment production from forest road surfaces. Water Resour. Res. 20, 1753–1761 (1984). 

57. Dettinger, M. Climate Change, Atmospheric Rivers, and Floods in California - A Multimodel Analysis of Storm 
Frequency and Magnitude Changes1. JAWRA J. Am. Water Resour. Assoc. 47, 514–523 (2011). 

58. Warner, M. D., Mass, C. F. & Salathé, E. P. Changes in Winter Atmospheric Rivers along the North American West 
Coast in CMIP5 Climate Models. J. Hydrometeorol. 16, 118–128 (2015). 

59. Neiman, P. J., Schick, L. J., Ralph, F. M., Hughes, M. & Wick, G. A. Flooding in Western Washington: The 
Connection to Atmospheric Rivers. J. Hydrometeorol. 12, 1337–1358 (2011). 

60. Frans, C. D. Implications of Glacier Recession for Water Resources. (University of Washington, 2015). 

61. Harpold, A. A. & Molotch, N. P. Sensitivity of soil water availability to changing snowmelt timing in the western 
U.S. Geophys. Res. Lett. 42, 8011–8020 (2015). 

62. Flint, A. L., Flint, L. E. & Dettinger, M. D. Modeling soil moisture processes and recharge under a melting 
snowpack. Vadose Zo. J. 7, 350 (2008). 

63. Trujillo, E. & Molotch, N. P. Snowpack regimes of the Western United States. Water Resour. Res. 50, 5611–5623 
(2014). 

64. Barnhart, T. B. et al. Snowmelt rate dictates streamflow. Geophys. Res. Lett. 43, 8006–8016 (2016). 

65. Emmons, J. D. Quantifying the restorable water volume of Sierran meadows. (University of California, Davis, 
2013). 

66. Grant, G. E., Lewis, S. L., Swanson, F. J., Cissel, J. H. & McDonnell, J. J. Effects of Forest Practices on Peak Flows 
and Consequent Channel Response: A State-of- Science Report for Western Oregon and Washington. (2008). 

67. Schumm, S. A., Harvey, M. D. & Watson, C. C. Incised channels: morphology, dynamics, and control. Water 
Resour. Publ. (1984). 

68. Watson, K. B., Ricketts, T., Galford, G., Polasky, S. & O’Niel-Dunne, J. Quantifying flood mitigation services: The 
economic value of Otter Creek wetlands and floodplains to Middlebury, VT. Ecol. Econ. 130, 16–24 (2016). 



NOOKSACK INDIAN TRIBE Á SOUTH FORK NOOKSACK RIVER WATERSHED PLANNING 

Natural Systems Design  17 
May 16, 2017   

69. Broadmeadow, S. & Nisbet, T. R. The effects of riparian forest management on the freshwater environment: a 
literature review of best management practice. Hydrol. Earth Syst. Sci. Discuss. 8, 286–305 (2004). 

70. Justice, C., White, S. M., McCullough, D. A., Graves, D. S. & Blanchard, M. R. Can stream and riparian restoration 
offset climate change impacts to salmon populations? J. Environ. Manage. 188, 212–227 (2017). 

71. Torgersen, C., Ebersole, J. & Keenan, D. Primer for identifying cold-water refuges to protect and restore thermal 
diversity in riverine landscapes. EPA scientific guidance handbook (2012). doi:EPA 910-c-12-001 

72. Majerova, M., Neilson, B. T., Schmadel, N. M., Wheaton, J. M. & Snow, C. J. Impacts of beaver dams on 
hydrologic and temperature regimes in a mountain stream. Hydrol. Earth Syst. Sci. 19, 3541–3556 (2015). 

73. Leach, J. A. & Moore, R. D. Winter stream temperature in the rain-on-snow zone of the Pacific Northwest: 
influences of hillslope runoff and transient snow cover. Hydrol. Earth Syst. Sci. 18, 819–838 (2014). 

74. Bathurst, J. C. & Iroumé, A. Quantitative generalizations for catchment sediment yield following forest logging. 
Water Resour. Res. 50, 8383–8402 (2014). 

75. Montgomery, D. R., Schmidt, K. M., Greenberg, H. M. & Dietrich, W. E. Forest clearing and regional landsliding. 
Geology 28, 311 (2000). 

76. Brown, P. J. & DeGaetano, A. T. A paradox of cooling winter soil surface temperatures in a warming 
northeastern United States. Agric. For. Meteorol. 151, 947–956 (2011). 

77. Lutz, J. A., van Wagtendonk, J. W. & Franklin, J. F. Climatic water deficit, tree species ranges, and climate change 
in Yosemite National Park. J. Biogeogr. 37, 936–950 (2010). 

78. Ford, K. R., Ettinger, A. K., Lundquist, J. D., Raleigh, M. S. & Hille Ris Lambers, J. Spatial heterogeneity in 
ecologically important climate variables at coarse and fine scales in a high-snow mountain landscape. PLoS One 
8, e65008 (2013). 

79. Grant, G. E., Tague, C. L. & Allen, C. D. Watering the forest for the trees: An emerging priority for managing 
water in forest landscapes. Front. Ecol. Environ. 11, 314–321 (2013). 

80. Wigmosta, M., Duan, Z., Coleman, A. & Skaggs, R. Development of a distributed hydrology model for use in a 
forest restoration decision support tool to increase snowpack in the upper Columbia. (2015). 

81. Dickerson-Lange, S. E. Quantifying and Modeling the Influence of Forest on the Magnitude and Duration of 
Mountain Snow Storage in the Pacific Northwest, USA. (University of Washington, 2016). 

82. Tabler, R. D. Predicting profiles of snowdrifts in topographic catchments. Proc. West. snow Conf. 43rd Annu. 
Meet. 87–97 (1975). 

83. Moore, G. W., Bond, B. J., Jones, J. A., Phillips, N. & Meinzer, F. C. Structural and compositional controls on 
transpiration in 40- and 450-year-old riparian forests in western Oregon, USA. Tree Physiol. 24, 481–491 (2004). 

84. Bristow, K. L. & Campbell, G. S. On the relationship between incoming solar radiation and daily maximum and 
minimum temperature. Agric. For. Meteorol. 31, 159–166 (1984). 



NOOKSACK INDIAN TRIBE Á SOUTH FORK NOOKSACK RIVER WATERSHED PLANNING 

Natural Systems Design  1 

May 16, 2017   

Appendix 1.  Recommended Future Analyses for SFNR Watershed 

The following analyses are recommended in order to refine the conceptual plan and to develop an 
implementation plan specific to the SFNR watershed: 

4 Analysis of spatial characteristics to categorize the watershed by elevation band, aspect, and 
potential for topographic shading. 

4 Analysis of long-term average cloud cover during different seasons in concert with analysis of 
snowmelt timing for average and more extreme conditions (i.e., 5th percentile) to determine the 
relative importance of forest shading on snowmelt rates. To assess the climatology of cloud cover, 
we recommend using some combination of empirical and modeling approaches, possibly include 
station data from the Western Regional Climate Center, the Bristow-Campell empirical method 84 to 
estimate atmospheric transmissivity from meteorology, analysis of cloud cover based on remote 
sensing products such as MODIS and Landsat. 

4 Analysis of local and gridded wind data to map locations subject to high winds. 

4 Coupled eco-hydrological modeling of hydrological and carbon fluxes, with time-varying traspiration 
rates to test effect of stand age and forest mangement strategy on streamflow (e.g., VELMA model). 

4 Collection and analysis of observational snow data in 1-3 paired open/forest locations to validate 
conceptual model based on Dickerson-Lange, et al. (2017).   

4 Silvicultural analysis of forest stand age, density, and condition to target multi-benefit silvicultural 
actions. 

4 Quantification of length and density of road network and assessment of hydrologic connectivity to 
channel network. 

4 Field survey of geomorphic conditions and frequency of in-channel large wood in alluvial valleys of 
the tribuary network to estimate potential for increasing alluvial water storage through stream 
restoration. 

 


