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1. Executive Summary
An analysis was performed to examine conditions and make recommendations at the Lummi Fish
Hatchery intake on the right (west) bank of the Nooksack River at Marine Drive, about 1.4 miles
upstream from Bellingham Bay. The intake is experiencing interruptions and reductions in flow because
of wood deposits upstream of the Marine Drive Bridge and sedimentation along the right channel bank
downstream of the bridge. This study examined the following:





Facility configuration and flow requirements of the fish hatchery intake.
Historic patterns of sedimentation, wood loading and channel position of the lower Nooksack
River.
Hydrology and hydraulics of the Nooksack River in the vicinity of the intake including
development of a Digital Elevation Model (DEM) and analysis of historic channel cross sections.
Plans for future channel modifications and river usage in the vicinity of the intake.

The present location of the fish hatchery intake presents both opportunities and challenges. Hydraulic
conditions at the Marine Drive Bridge support the continued existence of an area of deep flow
downstream of the bridge; however the location of that pool can migrate across the channel because of
the active sediment transport occurring in the river. Most large woody debris settles in the delta
downstream of the bridge, but the present flow-blocking accumulation of wood and sediment on the
right pier of the bridge is also typical of the possible wood accumulations in this river reach. Climate
change and ecosystem restoration activities that reroute flow and alter channels may reduce low flows
near the intake, changing sedimentation patterns and possibly affecting water quality. Intake
modifications and management must take into account the intake’s location in this active accreting
estuary and coordinate with other stakeholders on the Lower Nooksack River.
Recommendations for possible actions and or facility modifications were developed from this analysis.
The alternatives evaluated included







No action alternative,
Installation of a third slurry pump or use of both existing pumps simultaneously,
Channel maintenance and dredging near the intake,
Relocation of the intake – flexible location bridge-based intake,
Relocation of the intake – upstream relocation to right meander bend,
And alternate water supply using groundwater extraction.

In this preliminary evaluation, the most practical alternatives appear to be the use of continued
dredging or the installation of a flexible intake bridge-based system. Other options such as increasing
flows by using both pumps, by adding a third pump or supplementation of hatchery water from other
sources may also be possible. Further refinement of these alternatives will require a cost estimate and
preliminary engineering design of the chosen alternatives.
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2. Introduction
The Nooksack fish hatchery pump station is a non-potable freshwater intake in the lowest reach of the
Nooksack River about 1.4 miles upstream of its delta into Bellingham Bay. The intake, shown in Figure 1
lies on the right (west) bank of the Nooksack River just downstream of the Marine Drive Bridge. Water
from the intake can be pumped from the river to a reservoir at Chief Martin Road and then flows via
gravity to the Seaponds Aquaculture Facility located in Lummi Bay.
Channel conditions in the vicinity of the freshwater intake have affected the ability of the facility to
deliver required flows to the Chief Martin Reservoir. These conditions include high turbidity levels,
sedimentation on the right bank of the channel near the intake inlet as well as the accumulation of
woody debris both upstream and downstream of the intake. Despite reduced channel depth at the
intake, the facility has been modified to accommodate the pumping of sand and silt-laden water using
slurry pumps and a surface intake has been installed to allow shallow water withdrawals.
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Figure 1. Location of Lummi Fish Hatchery Intake on the Nooksack River.
This study reviews current and historical conditions for the Nooksack River from Ferndale to Bellingham
Bay and describes how they affect the intake site. Historical and current channel cross section elevations
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are analyzed to understand the pattern of flow and sedimentation near the Marine Drive Bridge. Six
alternatives for actions at the fish hatchery intake, including a no-action alternative, are evaluated for
their potential benefits for the fish hatchery water supply.

3. Historical Conditions and Context
3.1.Geology, Sediments and Woody Debris
Geology and Soils - Regional geologic mapping indicates the Nooksack River delta in the vicinity of the
intake is composed of alluvium deposits (Dragovich et al., 2002). Alluvium deposits (Qa) consist of sorted
combinations of silt, sand, and gravel deposited in deltas and alluvial fans. A section of the geologic map
is shown in Figure 2. The location of the Lummi River channel (pre-1860 Nooksack channel) is indicated
with a black arrow.

Lummi
River

Site

Figure 2. Geologic Map of Nooksack Delta
Design drawings from 1967 for the Marine Drive Bridge over the Nooksack River include five borings
along the alignment of the bridge. Borings varied in depth from 54 feet to 146 feet. In addition, the
geotechnical investigation for intake relocation (Western Geotechnical Consultants, 2002) also
conducted 2 borings in the vicinity of the hatchery intake. Boring logs from both projects for the right
bank area are compared in Figure 3. Although the base ground elevations are different between the
1967 and 2002 borings, the profiles are similar and consist of layers of loose to medium dense silty
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sands and sandy silts interleaved with gravel, shells and organics in the upper strata underlain by
medium stiff silty clays and clays with a lowest layer of dense sand below 135 feet. The Western
Geotechnical report notes a zone of saturation beginning at a depth of 20 ft which coincides with the
top of the shell-laden sand layer.
Western Geotech
Consultants Inc. (2002)

Marine Dr. Bridge
Borings (1967)

SP/SW dense sand

0
CL stiff clay
-20

CL medium stiff to stiff sandy
silty clay with gravel
CL medium stiff silty clay with
sand
SW/SP loose to medium
dense sand with shells
SM loose to medium dense
silty sand
ML/CL stiff fine sandy silt/silty
clay (Glacial Marine Drift)
SM/SP very dense silty fine to
coarse sand with shells
SM/ML silty fine sand/sandy
silt
GM/GW silty fine to coarse
gravel
SM/ML silty sand, sandy silt

-40
-60
-80
-100
-120
-140
-160

Figure 3. Sample Boring Logs on the Right Bank of Nooksack River in the Vicinity of the Hatchery
Intake.
Implications of geology and soils for site – The observed mix of sands and silts deposited by the
Nooksack River which overlies materials from a marine environment is consistent with the site’s location
near Bellingham Bay. These soils are easily erodible and redeposited with no hard points or rock
outcrops that constrain the current channel alignment. In natural unaltered conditions, this area would
continue to accrete as the river occupied, avulsed and reoccupied channels between valley walls. The
current existence of the Marine Drive Bridge and upstream levees, however, anchor the channel in its
current position.
The high silt and clay content in many of the soil strata likely constrain the rate of sub-surface flows in
and out of the river. The zone of saturation that was observed at the 10 -20 foot depth at the top of
shell-laden sand indicates that this layer is fairly permeable. The sand layer is limited to about 20 feet in
depth, however, and so the groundwater flux is not anticipated to be high near the riverbank. The depth
and thickness of the saturated layer also carries a high likelihood that at least part of the pore water is
saline.
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Sediment loads - Several studies have been undertaken to quantify the amount of sediment carried in
suspension and as bedload by the Nooksack River. The estimates of annual suspended sediment
discharge vary greatly and are affected by the magnitudes of peak flows during the water year. Table 1
compares some recent estimates of sediment transport in the Nooksack River. While estimates vary for
the amount of sediment transported into Bellingham Bay, it is commonly acknowledged that the
Nooksack River carries a large amount of sediment and a proportionately larger amount of sediment
relative to its water flow rate than most of the rivers flowing into the Puget Sound (Brown, 2005). In this
respect, the closest analog in the Puget Sound to the Nooksack River is the Puyallup River which flows
through a highly altered, partially industrial, watershed.
Bedload transport estimates have been carried out for the Lower Nooksack River, focusing on reaches
between Deming and Lynden (KML, 2005, 2008). These studies suggest that the net gravel input to the
Lower Nooksack is on the order of 125,000 cubic yards per year and that net transport was affected in
the past by gravel removals from the river. No gravel mining has occurred in the Lower Nooksack since
1997 (KML, 2008.)
Implications of sediment loads for site – The high sediment load as well as the variability of sediment
load in the Nooksack River both imply that this river is capable of dynamic planform changes over a very
short period of time. The site is located at the terminus of this very dynamic system where bed slopes
show a marked decrease as the river flows into Bellingham Bay. The potential for large year to year
changes in channel alignment and bed elevation has been reduced by levees and, prior to 1997, by
sediment extraction upstream of the site. Even with bank stabilization measures, however, it is not
unexpected to see rapid changes in local sedimentation patterns from year to year. Over time, the
channel thalweg near the Marine Drive Bridge can be expected to migrate between the river banks. In
addition, the site’s proximity to Bellingham Bay implies that it can be affected by the accumulation of
sediments in the bay that are not transported away by waves and currents.
Table 1. Estimated sediment discharge, in tons per year in the Lower Nooksack River.
Study
Years
Low (tons/yr) Average (tons/yr) High (tons/yr)
Suspended Sediments
Downing (1983)
1964-1966
580,000
Embrey-Franz (2003)
1996-1998
690,00
1,800,000
2,400,000
Wise et al (2007)
1997, 2000, 2001
120,000
840,000
1,560,000
Czuba (2011)*
1964-1966, 19961,400,000
*based on above studies 1998, 2000
Bedload Sediments
KML, Whatcom Co (2005, 1996-2002
131,000
219,000
306,000
2008) (based on 1.75
tons/yd3)
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Large Woody Debris - Historical reports of wood snags removed by the Corps of Engineers in Puget
Sound between 1880 and 1910 indicate that the heavy wood loading on the Nooksack River is similar to
other rivers flowing into the Sound (Collins, 2004). A fifteen year average for the Nooksack in this early
period is about 8 snags per river mile. The impact of wood on the Lower Nooksack is significant. Large
portions of both the Lummi and Nooksack river channels near the coast have historical accounts of
massive wood debris jams that were cleared to make way for settlement and agriculture. Section 3.4
outlines further details of channel evolution related to wood debris jams near the site.
A significant mechanism for the formation of wood accumulations in the Lower Nooksack is the
hydraulic condition at the interface of freshwater river outflow and saltwater tidal influx. The
retardation of flow near the channel bed at the toe of the salt water tidal wedge is sufficient to allow
debris jams to form and grow. Figure 4 (as reproduced from Brown, 2005) shows the historical
progression of wood accumulation in accretionary areas of the Nooksack delta. Of note on this figure is
that, in addition to the accumulation of wood at the shoreline, there is evidence for increasing wood
accumulation in the main channel starting in the 1990s.

Figure
4. Areas of Wood Accumulation in the Nooksack Delta 1993-2001 (adapted from Brown, 2005).
Beginning in 2007 (Abart, 2007) the main eastern distributary channel of the Nooksack delta became
blocked with woody debris. The current log jam, shown in red on Figure 4, obstructs all flow to the
eastern portion of the delta. During the site visit to the hatchery intake in the summer of 2013, wood
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accumulations were noted both upstream and downstream of the site. Some of these appear to have
been present for several years.
Implications of Large Woody Debris for site – Like other Pacific Northwest rivers, the Nooksack has
a heavy and consistent wood debris load. The tendency of wood to accumulate in shallows and in
regions of flow deceleration make large woody debris jams a persistent feature of the Nooksack delta.
During low flow months, wood deposits form further upstream from the bay than in high flow months.
Consequently large wood accumulations will continue to form at and around the present intake site and
need to be considered for management and maintenance of the intake.

3.2.Hydrology and floods
The Nooksack River watershed covers over 800 square miles ranging from sea level up to the glaciers of
Mt. Baker at 10,780 feet. In the upper watershed, three main forks converge before the river enters the
flatter, agricultural lowlands. The Lummi River, located in the lowland estuary and discharging to Lummi
Bay, was once the main discharge route for the Nooksack River. The Lummi River is now mostly
disconnected from the Nooksack River and only receives occasional high flows from the Nooksack
through a culvert. The Nooksack River currently discharges to Bellingham Bay near the community of
Marietta. Estimated annual rainfall averaged over the entire watershed is 78.5 inches.
Flows in the lower Nooksack near Ferndale have been monitored since 1917 and discharge
measurements are available from 1946 to the present day for USGS Gauge No. 12213100 at Ferndale.
The gauge is about 1.5 miles upstream of the head of the Lummi River and 6 miles upstream of
Bellingham Bay. Figure 5 shows the historical peak discharges for the Nooksack River from 1946 to 2010
along with predicted flood flows (Franz, 2005).
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Figure 5. Peak annual discharge at USGS gauge 12213100 at Ferndale, WA (source USGS; Franz, 2005).
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Several historic high flows occurred prior to the start of the gauged discharge period, most notably an
estimated 100-year flow in 1932 and a large flood in 1935. Within the period of record a 50-year return
interval flood occurred in 1990.
Predictions for river discharge-frequency relationships are available from multiple sources and are
summarized in Table 2. Overbank losses to the Sumas River are significant for events with return
intervals greater than 10 years (FEMA, 2007). Discharge-frequency estimates from the 2007 FEMA Flood
Insurance Study for Whatcom County (53073CV000B) are adjusted for overflow losses at Everson.
Delbert D. Franz (2005) also considers losses to the Sumas River and predicts lower discharges than
would result from a traditional flood frequency analysis. The flood frequency analysis prepared by WEST
Consultants Inc. for USACE in 2011 using gauge data between 1945 and 2010 gives the most
conservative estimates.
Table 2. Peak Discharge-Frequency predictions for the Nooksack River near Ferndale
in cubic feet per second (cfs)
2-year
10-year
50-year
100-year 500-year
Method
(cfs)
(cfs)
(cfs)
(cfs)
(cfs)
FEMA FIS, Whatcom Co.
40,000
48,500
51,000
2007
Franz 2005 Study

25,030

39,700

57,072

60,866

69,241

WEST, USACE, 2011

24,861

41,085

58,604

67,201

90,567

Water availability, water quality and the presence of large woody debris in the Nooksack channel are
affected by low flow conditions in the late summer and early fall months. In terms of monthly average
flows, the amount of flow during August through October can be one half to one third of the monthly
mean flow in the winter and spring months. Monthly mean high flow values are often above 5,000 cfs
while dry season monthly values can be below 1,000 cfs (Source: USGS).
Implications of hydrology for site – Within the period of record, the site has been exposed to a wide
range of channel forming flows. Since most roads and flood control measures have been in place since
the 1930s, this implies that the response of the altered channel and Marine Drive Bridge is relatively
well characterized. Long term trends in flows and sedimentation at the site should also be discernible
from this long data record. The presence of large woody debris and low water levels at the site during
the dry season can limit the availability of suitable water for the intake.

3.3.Groundwater
The principal aquifer in the Nooksack watershed is the Sumas-Blaine Aquifer. This largely unconfined
surficial aquifer, composed of alluvial deposits, underlies the flat glacial outwash plain between the
towns of Sumas, Blaine, Ferndale, and the Nooksack River and covers about 150 square miles (Cox et al,
2005). There are also many smaller discontinuous surficial aquifers spread throughout the area. Ground
water in the Sumas aquifer readily interacts with streams and serves as an important source of summer
time streamflow.
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Figure 6. Well Yields and Salinity for Groundwater in the Vicinity of the Lummi and Nooksack Rivers.
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Within the combined Lummi and Nooksack River delta area, however, the availability of groundwater in
the lowlands is limited by salinity intrusion and by the presence of impermeable strata. Both quality and
quantity of groundwater are somewhat better in the highland areas on the Lummi peninsula and in the
area north of Lummi Bay and East of Neptune beach. Figure 6 (taken from Cline 1974) shows both water
quality and potential flow rates for the Lummi - Nooksack delta areas. In the vicinity of the fish hatchery
intake, water quality is poor with salinities in excess of 250 milligrams per liter. In addition, well yields
can be low because of the presence of silt and clay layers as discussed in Section 3.1. On the Lummi
peninsula yields are better, on the order of 5 to 100 gallons per minute in the areas labeled “E” and “B”
and salinity is generally low in the upper strata.
Implications of groundwater for site – Groundwater seepage into the Nooksack River below
Ferndale does not appear to be a significant factor in water supply. Supplementing the river water
intake with groundwater extraction at the intake site is not feasible due to the high salinity and low well
yields in this location.

3.4.Channel Evolution
Channel alterations - Large changes to the channel morphology of the Lower Nooksack River occurred
after western settlement of the region in the second half of the 19th century. Log jams and large wood
were cleared from channels, and the river which had flowed primarily through the Lummi River channel
was diverted to the present day Nooksack River channel around 1860. This flow change was initiated
when a large debris jam blocked flow into the Lummi River channel and was later made permanent by
construction of a dam at the junction of Nooksack and Lummi rivers. The continued presence of large
wood and barriers to navigation precipitated further modifications to the Nooksack river channel as it
entered Bellingham Bay. By the late 1930s, a large portion of estuarine wetlands along both the Lummi
and Nooksack Rivers were diked and drained for agricultural use.
Panel A in Figure 7 (taken from Collins 2004) shows the extent of a mile-long log jam that was a
reoccurring issue along the Nooksack River by 1903. Although the jam was cleared by 1904 as shown in
Panel B, further issues with flow blockages resulted in the diversion of the Nooksack River into Larrabee
Slough (circled in red) by local landowners in 1908. Another feature to note on this figure is the relative
position of Marine Drive (denoted as “County Road”) at the edge of Bellingham Bay in 1904. The
bypassing of the Nooksack River through Larrabee Slough effectively shortened its length by about 0.7
miles (Brown, 2005), however the aggradation of sediments at Bellingham Bay has since increased
channel length by 1.2 miles. The channels in the Nooksackdelta are subject to large amounts of woody
debris accumulation as detailed in Section 3.1.
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Figure 7. Clearing of log jams and river channel features at the beginning of the 20th century (adapted
from Collins 2004)
Flood control and roadways – After damaging floods in the 1920s and 30s, both sides of the
Nooksack River were lined with levees from Ferndale to the just upstream of the Marine Drive Bridge.
These levees primarily protect agricultural lands. The levee locations are shown in Figure 8. The levees
with most relevance to the site are the Rayhorst and Dean Foods levees which both provide flood
protection from flows with return intervals on the order of 5 to 10 years. Portions of Marine Drive also
serve as flood protection, in that access across the Nooksack River is preserved during flooding. It
appears that the Dean Foods levee is privately maintained. The Rayhorst levee received a USACE rating
of “minimally acceptable” after 2010 inspections (national Levee database) with notations of
deficiencies for depressions, settlement, rutting, fallen trees and unwanted vegetation.
In addition to the Marine Drive Bridge, several bridges have been built across the Nooksack River
between Ferndale and the site. These include bridges at Slater Road, Main Street, the Burlington
Northern railroad bridge and the Bridge for Interstate 5 at Ferndale. Bridges have the potential to
influence the river bed and channel gradients as well as sediment transport in a river reach. Bridge
effects are examined in Section 5.
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Rayhorst Levee

Figure 8. Location of Levees along the Nooksack River from Ferndale to Bellingham Bay.
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Implications of channel alterations and flood control at site – The availability of an adequate
freshwater supply at the hatchery intake site is greatly affected by the current configuration of the
Nooksack River channel. There are obviously many other considerations that affect both ecology and
human habitation in the Nooksack estuary, but the fact that the Nooksack River is constrained to a
single channel and leveed upstream of the site promotes adequate low flows during the summer and
the flushing of wood and sediment through the system during high flows in the winter. The hydraulic
effects of the Marine Drive Bridge are discussed in Section 5. Removal or alteration of some of these
features can increase the risk for proper functioning of the intake and necessitate an adaptive
management strategy.

3.5.Bellingham Bay and Coastal Effects
The influence of Bellingham Bay on the Nooksack Delta is twofold. Accretion in the bay has lengthened
the river reach between Ferndale and the bay by about 1.2 miles since the opening of Larrabee Slough in
1908. This has affected the net channel gradient in the lowest reach of the river. In general, shallower
channel slopes result in higher water levels and lower flow speeds at a given discharge and decrease a
rivers ability to move water and sediments. Secondly, the upstream movement of salinity with tides
affects water quality upstream and can increase upstream deposition of sediments and woody debris.
After the outflow of the Nooksack watershed was rerouted from the Lummi River channel to the present
Nooksack River channel, sediments have entered Bellingham Bay faster than waves and currents can
carry them out to the Georgia Straight. Predominantly southern winds actually serve to keep sediments
confined in a large accretionary wedge until they intermittently slough to lower depths in the bay. Figure
9 (taken from Brown et al, 2005) shows the extent of the underwater portion of the sediment
accumulation. The volume of sediments deposited from 1855 to 1992 is estimated at about 164 million
cubic yards. It should be noted that the aerial (above sea level) portion of accumulated sediment that is
visible as sand flats to the north of the mapped contours is not included in this estimate. Preliminary
results from a USGS between 1888 and 2010 indicate that the delta front has steepened and prograded
by about 0.9 miles (1500 meters) and accumulated about 61 million cubic yards (Grossman, pers.
comm.). The amount of sediments retained in Bellingham Bay represents a substantial proportion of the
sediment yield of the Nooksack watershed (a preliminary estimate of 40%, according to Grossman).
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Figure 9. Below-water Deposition of Sediments in Bellingham Bay from 1855-1992 (Brown et al., 2005)
In coastal estuaries, it is commonly known that a wedge of saline water travels upstream along the
channel bed with high tides until it is stabilized by the flow of fresh water running downstream.
Historically, the salt wedge in the Nooksack River may have come up all the way to the Marine Drive
Bridge (Brown et al., 2005) but the accretion of sediments at Bellingham Bay has since moved it
downstream into the newly formed tide flats. Figure 10 (taken from Brown et al., 2005) shows the
results of a field survey undertaken between January and March 2004 when mean monthly flows varied
between 5,000 and 3,500 cfs at Ferndale. The upstream extent of the salt wedge in the 2004 study was
located about two thirds of the way up the western channel of the Nooksack Delta (around USGS River
mile 0.5). It is noted that that this figure shows significant intrusion of flows upstream in the Lummi
River and Kwina Slough presumably because of low flow rates in those waterways. Other fieldwork in
2000 and 2013 has found that that the salt wedge did not extend past the fork in the west delta channel
and was not detectable at Fish Point, the junction of Kwina Slough with the west channel (pers.
communication J. Freimund.). It appears that the location of the salt wedge is very dependent on the
relative amount of flow in the distributary channels of the Nooksack Delta as well as the continued
formation of new tide flats.
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Figure 10. Observed Extent of Salt Wedge in the Nooksack River Estuary, January to March 2004 (from
Brown et al., 2005).
Implications of coastal effects for site- -The main effect of sedimentation in Bellingham Bay is the
potential flow speed reduction due to decreased channel slopes that can increase sedimentation and
debris deposition at the site. However, the possibility of salinity intrusion remains – lower flows due to
upstream channel alterations or climate change as well as higher sea levels could allow the salt wedge
to move further upstream and affect water quality at the intake and further increase the forming of
wood jams.

3.6.Climate Change and Sea Level Rise
Climate – The possible effects of climate change include the reduction of snowpack, and shifts in both
the timing and magnitude of precipitation. In the watershed, these conditions can magnify both drought
conditions in the dry season and flooding in the wet season as well as cause increases in stream
temperature (Dalton, 2013). North Cascades watersheds are projected to become increasingly rain
dominated, rather than snow dominated, resulting in more autumn/winter flooding, higher peak flows,
and lower summer flows. The shrinking of glaciers in the Nooksack River watershed will also reduce
baseflows during dry months. Drier summers and wetter winters also have the potential to affect the
distribution of trees such as Douglas Fir and alter the rate of wood recruitment to the river (Raymond et
al., 2013).
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Sea Level Rise - The Nooksack River Estuary is located in the San Juan Islands – Georgia Strait Subbasin of Puget Sound. Sea level change calculations for the San Juan Islands – Georgia Strait Sub-basin
are based on the Friday Harbor tide gauge and are calculated using the guidance under EC 1165-2-212 –
Sea Level Change Considerations for Civil Works Programs (USACE, 2011). Sea level change projections
over the next 50 years indicate a maximum estimated sea level rise of 1.96 feet, an intermediate value
of 0.61 feet and a low estimate of 0.18 feet. Table 3 summarizes the range of sea level rise estimates for
time increments up to 50 years in the future.
Table 3. Projected Sea Level Change from Friday Harbor Gauge 9449880.
Year
Low (feet)
Intermediate (feet)
High (feet)
2015

0.00

0.00

0.00

2025

0.04

0.09

0.24

2035

0.07

0.19

0.56

2045

0.11

0.31

0.96

2055

0.15

0.45

1.42

2065

0.18

0.61

1.96

Implications of climate change for site – Forecasts for climate change imply that conditions at the
site may be both more variable and more uncertain in the future. There may be more variation between
dry and wet seasons in both the amount of flow and the presence of flow obstructions. During low flow
conditions, sea level rise and drier summers may extend coastal effects upstream while high winter
flows and storminess may accelerate morphological change in the Nooksack Delta. Climate change also
has the potential to alter sediment and wood yields in the region.

4. Hatchery Water Supply System and Intake
4.1.Intake Usage and Requirements
Figure 11 gives an overview of the hatchery water supply system for the Lummi Bay Seapond
Aquaculture facility. Water for the hatchery is supplied by pumps, pipelines, and a reservoir system
starting at the west (right) bank of the Nooksack River adjacent to Marine Drive. Water discharged from
the pump house is routed into a 12-inch ductile iron pipe which parallels the south side of Marine Drive.
In 2011, a portion of Marine Drive was elevated and 12 inch diameter pipe was extended up to the
intersection of Marine Drive and Lummi Shore Road. Anolder 10-inch asbestos-concrete pipe continues
west along Kwina Road and then turns south on the east side of Chief Martin Road where it discharges
into the Chief Martin Reservoir at an elevation of about 124 feet. The total length of the pipeline is
approximately 11,500 feet. The pump station, constructed in 2004, initially made use of three identical
vertical turbine potable water pumps. Water flowed into the pre-cast intake structure through a “T”style screen at the channel bed. The screen was designed for a flow capacity of 2,000 gallons per minute
(gpm).
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Figure 11. Lummi Seapond Aquaculture Fresh Water supply System (courtesy, J. Freimund, Lummi
Natural Resources Dept.)

4.2.Intake current conditions
After maintenance problems and damage because of sediment laden flows, the three vertical turbine
pumps were recently replaced with two Daritech Greenline 250 Series slurry pumps. This type of pump
is appropriate for pumping sediment laden flows as long as the pump is properly primed and maintained
after operation. The new variable speed pumps operate from 800 to 2100 revolutions per minute (RPM)
and are installed in parallel to provide maximum flow to the reservoir. The current operating practice for
the pumps is to run a single pump at 850 gpm (1.9 cfs), keeping the second pump in reserve as backup.
This flow rate is not sufficient for current water requirements at maximum hatchery production levels
(T. Chance, pers. communication).
Currently the T-style screen intake is not in use because of sedimentation upstream and at the pump
station. Figure 12 shows views of the current conditions at the pump station. A large debris island has
formed at the right (west) pier of the Marine Drive bridge that effectively blocks flow between the right
pier and the right abutment. As a result, sediment is impounded downstream of the right abutment and
the depth of the flow near the channel intake has been significantly reduced. If the flow blockage on the
right side of the channel continues, this area is expected to continue to accrete. Fresh water intake for
the hatchery is currently being accomplished using a floating intake screen seen in panel (a) of Figure 12.
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(a)

(b)

(c)

Figure 12. Current conditions at pump house intake: (a) floating surface intake in shallow pool
downstream of pump structure, (b) aerial of Marine Drive Bridge showing debris jam upstream of
right bridge pier and sedimentation downstream of pier, (c) close-up of debris upstream of right
bridge pier with a small channel visible between jam and right bank.

4.3.Pump considerations
To investigate management options at the site, a preliminary analysis was conducted to assess pump
performance at the intake site. This analysis is presented for informational purposes only and is not
intended to replace a detailed design effort. To increase intake flows at the pump station, one option is
to run both pumps simultaneously or, if funding permits, to install a third slurry pump. The analysis is
based on the following assumptions:

18





The current single pump is being run at 850 gpm and a pump speed of 1600 RPM,
the static lift (distance between water surface in the Nooksack River and water surface in Chief
Martin Reservoir) is about 120 feet,
and the equivalent length o f the pipe in the pipeline, taking into account fittings, age of the pipe
and possible areas of obstruction and sediment in the pipe is 12,500 feet of 10-inch iron pipe
(11,500 feet of 10-inch pipe plus an equivalent head loss of 1000 feet of pipe).

If this is assumed to approximate the current operating condition for the pump station, the effect of
operating or adding extra pump capacity with identical Daritech Greenline 250 Series slurry pumps is
shown in Figure 13 below. Using both pumps would allow a maximum capacity of 1400 gpm (3.1 cfs) and
adding a third pump would allow a pump rate of 1800 gpm (4.0 cfs). As can be seen from the figure, the
marginal utility of adding extra pumps decreases because of the higher energy losses at high flow rates
and the additional power required to run multiple pumps. A flow rate above 1800 gpm would not likely
be achieved without replacing the current pumps or adding some additional pumps in series. It is still
important to note however, that operating two pumps simultaneously or operating two pumps and
having a third pump in case of failure is a viable management option. To increase flow rates from the
intake, adequate water must be available at the withdrawal location and care should be taken to size a
proper intake pipe.

3 pumps = 1800 gpm
2 pumps = 1400 gpm

1 pump = 805 gpm

Figure 13. Preliminary estimate of flow rate with added pump capacity at hatchery intake structure.
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5. Analysis of River Conditions and Trends
5.1.Data and datums
To understand the historical trends in flow and sedimentation near the site of the hatchery intake,
historical cross sections were compiled from USACE records. Table 4 summarizes the available data
records analyzed. Geo-referenced sounding data were used to develop a digital elevation map (DEM) of
the Nooksack River in 1939 and 1948 and portions of the river in 2009. Cross sections were used
primarily to check trends in channel bed elevations at specific locations.
Table 4. Historical survey and cross section information used for river trend analysis
Data type
Source
Date
Horizontal Datum
Vertical Datum
Soundings (Map)
USACE
1939
NAD27
MSL
Soundings (Map)
USACE
1948
NAD27
NGVD29
Soundings (GIS)
Whatcom Co.
2009
NAD83
NAVD88
Cross sections (Graph)
USACE
1965
Not located (RM only)
MSL
Cross sections (Graph)
USACE
1977
Not located (RM only)
NGVD29
Cross sections (HEC2)
USACE
1991
Not located (RM only)
NGVD29 (assumed)
Since the data were taken many years apart using different datums, all available horizontal datums were
converted to Washington State Plane North NAD83 HARN (North American Datum of 1983 High
Accuracy Reference Network). Vertical datums were converted to NAVD88 (North American Vertical
Datum of 1988) using measurements from NOAA Tide station 9449211 in Bellingham Bay from Table 5.
Table 5. Major tidal datums for Nooksack River Estuary, from Bellingham Station 9449211.
Datum Description
Mean Higher-High Water (MHHW)
Mean High Water (MHW)
Mean Tide level (MTL)
Mean Sea Level (MSL)
National Geodetic Vertical Datum of 1929 (NGVD29)
Mean Diurnal Tide Level (DTL)
Mean Low Water (MLW)
North American Vertical Datum of 1988 (NAVD88)
Mean Lower Low Water (MLLW)

Water Level
(ft, NAVD88)
8.03
7.31
4.59
4.47
3.93
3.77
1.87
0
-0.48

5.2.Results
Figure 14 shows a composite of the soundings used to develop the DEMs. For reference, USGS River
Mile locations along the Nooksack River are indicated along with the existing levees along the river.
Soundings taken in 1939 were taken at frequent intervals and extend from overbank to overbank. The
1948 soundings were taken after a 10-year return interval flood event in 1945 and span channel areas
but not overbanks. In this part of the Nooksack, the soundings from 2009 center around Ferndale and
downstream bridge locations but do not cover many intermediate channel zones.
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Figure 14. Sounding Locations from 1939, 1948 and 2009 Surveys on the Nooksack River Downstream
of Ferndale.
Figure 15 shows the DEMs that were constructed from the soundings. The quality of a DEM is largely
reliant on the resolution of the surface data used to construct it, so several things are evident from the
gathered data. The level of detail on the 1939 is much better than on the 1948 DEM which mostly relies
on mid-channel data and has fewer cross sections. A DEM for the 2009 data was only possible in the
vicinity of Ferndale and near Marine drive with a very small section at the Slater Road bridge crossing.
Despite these drawbacks several conclusions can be drawn from the DEMs.
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ft
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Figure 15. Digital Elevation Maps for Lower Nooksack in 1939, 1948 and 2009.
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In Figure 16 panel A, data from 1939, 1948 and 2009 is shown at the Marine Drive Bridge. It should be
recalled that in 1939 leveeing had only recently been initiated and so conditions in the channel were
likely shifting from the pre-levee to the leveed condition. The channel bed in 1939 has a deep pool
under the bridge which does not appear as prominent in 1948. This is possibly because no cross section
was taken at the bridge in that year. In 2009 deep sections appear near the right bank upstream of the
bridge and on the left bank downstream of the bridge. This is consistent with the river bends upstream
and downstream of the bridge. Figure 16 panel B shows the results of subtracting DEM elevations
between the three time periods. These results are indicative of general trends only. They should not be
considered very accurate assessments of sedimentation because of the lack of resolution and lack of
alignment in the DEMS. In panel B, orange areas are indicative of net aggradation and blue areas are
indicative of net erosion. For example, between 1939 and 1948, the area at mid channel under the
bridge can be seen to aggrade several feet while between 1939 and 2009 the upstream portion of the
river bend experiences erosion. Table 6 summarizes the approximate amount of net aggradation and
erosion in this section of river for the different time periods.
Table 6. DEM Approximate Analysis of Erosion and Aggradation at Marine Drive Bridge between Years
1939, 1948 and 2009.
Time Period
1939 - 1948
1948 - 2009
1939 - 2009
Aggradation (cu. yds.)
+65100
+41200
+77400
Erosion (cu. yds.)
-23700
-37100
-40700
Net (cu. yds.)
+41400
+4100
+36600
Care must be taken to keep from considering the relative erosion and aggradation amounts as
cumulative from 1939 to 1948 and 1948 to 2009 because the DEMs have different resolutions and
different coverage areas. The main conclusion that can be drawn from these calculations is that
between 1939 and 2009, the area near Marine Drive Bridge has aggraded and that most of that
aggradation occurred very quickly after the construction of levees in the 1930s and early 1940s. From
1948 to 2009, the DEM analysis indicates that there has been reworking of sediment but not much
further aggradation.
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(A)

Erosion

(B)
Aggradation

Figure 16. DEM Analysis near Marine Drive Bridge.
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Figure 17 compares DEM elevations for the Nooksack River between Ferndale and Marine Drive for the
period between 1939 and 1948. The main features of this analysis are that the changes in channel bed
are more pronounced upstream near Ferndale than they are downstream near Marine Drive. There are
more areas of large aggradation and far more areas of erosion near Ferndale. The lower reach south of
Slater Road does not show the wide variation in depths over this 10 year period.

Figure 17. Comparison of 1939 and 1948 DEMs, Ferndale to Marine Drive.
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1939 to 2009

1939 to 1948

Figure 18. DEM Comparisons at Ferndale, 1939 to 1948 and 1939 to 2009.
Figure 18 illustrates some of the issues and difficulties involved in establishing and interpreting the
DEMs. The large area of erosion that appears on the 1939 to 1948 comparison at the top of the map
near Interstate Highway 5 is likely the result of a mislocated survey cross section on the 1948 survey
map. The 1939 to 2009 comparison probably presents a more accurate picture of long term change in
this area. As in many other leveed locations, a commonly observed channel change is the deepening of
the channel near revetted channel banks. This leads to a more rectangularly shaped channel rather than
the more gradual u-shaped or v-shaped channel that occurs in unleveed areas.
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Figure 20 presents overlays of channel cross sections along the Nooksack River. The channel bed
elevations are plotted for sections at roughly the same downstream location and are indexed by their
approximate USGS River Mile. For example, Figure 19 shows the three channel cross sections that are
compared on Figure 20 at Station 1-+ 50. Although the cross sections are not taken at the exact same
location, they are chosen so that they represent approximately the same river reach in 1939, 1948, and
2009 (or other years as applicable).

.
Figure 19. Example of Channel Cross Section Locations for River Mile 1.5 (Station 1+50).
An important conclusion to be drawn from the channel cross-section comparisons is that the most
significant change in channel cross section occurs between 1939 and 1948. Similarly to what is seen in
the DEMs, the channel becomes less u-shaped and more rectangular within the leveed reaches. Stations
1+20 and 1+30, downstream of the levees and Marine Drive, show the deepening of a low flow channel
on the left bank between 1948 and 2009 while stations 1+50 and 1+80 in the bend above Marine Drive
show a slight deepening of a low flow channel on the right bank during that time period. This is
consistent with the idea that the channel thalweg tends to migrate across the channel (in this case from
right bank to left bank) at the inflection point between river bends. It may also imply that the unleveed
left bank downstream of Marine Drive has the potential of erosion in the future. The surprising
conclusion from the channel cross section comparison is how little the channel has changed in the 60
years between the 1948 and 2009 surveys, especially upstream of Slater Road (stations 3+30 and
higher).
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Figure 20a. Nooksack Channel Cross Sections, Stations Refer to USGS River Miles.
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Figure 20b. Nooksack Channel Cross Sections, Stations refer to USGS River Miles. (continued)
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As a final analysis, the mean channel depth was calculated for available cross sections under conditions
of high (bankfull) flow. Figure 21 presents the profiles for average channel slope between Ferndale and
Marine Drive for 1939, 1948, and 2009. As verification for the 2009 data, additional points have been
added for cross sections from a 1991 USACE HEC-2 river model. The effects of bridge crossings are
clearly seen in the 1948 and 2009 profiles (Note: the Slater Road bridge was constructed between 1939
and 1948). As flow is accelerated through a bridge opening, the sediment downstream is eroded and the
mean channel depth increases. The amount of scour downstream of a bridge opening is often indicative
of how much of a barrier it presents to flood flows.
Two important conclusions can be drawn from Figure 21. Firstly, Marine Drive Bridge appears to present
enough of a channel restriction that a channel deepening should persist downstream of the bridge.
However, the thalweg of the channel will not necessarily be always in the same location. Secondly, the
channel slope between Ferndale and the Nooksack Delta seems to have decreased and become more
uniform between 1939 and 2009. The calculated channel slope based on a best fit line is 0.0032 in 1939
and decreases to 0.0022 and 0.00024 in 1948 and 2009 respectively. There is no significant difference
between the calculated channel slopes in 1948 and 2009. The main difference between 1948 and 2009
is the continued reduction in the variation of the slope – the slope has become more uniform. This slope
reduction may have number of causes. It may result from scour of sediment from the leveed reaches at
and downstream of Ferndale or it may occur because of the growing tide flats at the mouth of the
Nooksack Delta as discussed in section 3.5. Most likely it is a combination of both those causes.

30

20
1939 Bed
1948 Bed
1991 Bed
2009 Bed
1939 slope
1948 slope
2009 slope

Mean channel depth elevation (ft, NAVD88)

18
16
14

Slater Road
Bridge

12
10

Marine Drive
Bridge

8
6

Main St &
RR bridges

4

I-5 Bridge

2
0
-2
0

1

2

3 River Miles 4

5

Figure 21. Mean Channel Bed Elevation Profiles, Lower Nooksack River from Ferndale to Marine Drive.
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6. Future potential channel modifications
Any project that significantly modifies flow in the lower Nooksack has the potential to affect the
operation of hatchery intake. This includes tasks like gravel mining, dredging, levee repair, as well as log
jam placement, levee breaching and setbacks, bridge replacement, and flow diversions. In general,
activities that reduce dry month flows or change sediment deposition will affect the site the most. At
this time it is not known if repairs will be made to any of the levees upstream of Marine Drive, but levee
failure during high flows could lead to partial rerouting of flow away from the main channel of the
Nooksack and changes in the sedimentation pattern at Marine Drive.
The planned Puget Sound Nearshore Ecosystem Restoration Project (PSNERP) contains many elements
that would affect flows at the site. Potential project activities that will affect the Nooksack delta include:






Reconnection of the Lummi River to the Nooksack River channel and partial diversion of low
flows into the Lummi River,
Removal of parts of the Rayhorst, Dean Foods and Hovander levees,
Levee setback of right bank levees to Ferndale Drive,
Installation of log jams,
and raising of Slater Road and Slater Road Bridge over the Nooksack River.

Implications of potential channel modifications on the site – Aside from the raising of Slater Road
which will affect channel slope but is not likely to produce major changes at the hatchery intake, the
majority of the planned work for the PSNERP is likely to reduce low flows at the site. Levee removal and
setback also carries with it the intended consequence of restoring side channel function and possible
reactivation of old Sloughs in the Lower Nooksack River and Delta. While these are desirable changes
from an ecosystem standpoint, they present challenges to the operation of a reliable hatchery water
supply at Marine Drive.

7. Alternative Analysis for Hatchery Water Supply
Several options were reviewed for their potential to maintain reliable flows to the fish hatchery. These
options were selected to make use of existing equipment and facilities where possible and keep costs
low. The alternatives discussion is conceptual and is based on a general understanding of conditions and
costs in the region. It examines risks and benefits only and does not include a cost estimate.

7.1.No action
Under this alternative, the current surface intake and pump configuration would be retained and
pumping would take place only if water levels and sedimentation at the intake structure allowed for safe
operation. An operations change that allowed simultaneous use of both slurry pumps would allow flow
rates up to an estimated 1400 gallons per minute when the intake was operable. In the event that one
pump fails, the operation could return to the current one pump mode during the repair period.
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Pros – This is the lowest cost option. Equipment and piping are already in place. Chief Martin Reservoir
could be managed to allow for very short flow interruptions, however the small capacity of the reservoir
would only allow interruption of intake flow for one or two hours.
Cons – High sediment loads and the accretionary environment of the Lower Nooksack River mean that
the active sedimentation at the right bank in the vicinity of the intake has a high probability of
continuing. The downtime associated with inoperable intake conditions is likely to remain a problem, at
least for the foreseeable future, since the channel thalweg seems to be currently migrating away from
the intake to the left bank of the river. This action carries the risk of complete loss of use of the facility.

7.2.Addition of a third pump or operation of both pumps
Concerns about pump wear, maintenance and energy costs currently have the facility operating with
only one of the two slurry pumps. A third pump can be added in parallel to the system to insure
redundancy or to provide added flows if needed. The maximum capacity of the system with three
pumps is estimated at 1800 gallons per minute with all three pumps running or 1400 gallons per minute
with two pumps running. The current operating range is 850 gallons per minute with one pump. These
estimates are preliminary and need to be confirmed with a formal engineering design analysis.
Pros – The addition of a third pump is a relatively low cost option that makes use of current equipment
and piping. This option can be combined with other alternatives to provide added flows if needed.
Alternatively, an operations change that allowed simultaneous use of both slurry pumps would allow
flow rates up to an estimated 1400 gallons per minute when the intake was operable. In the event that
one pump fails, the operation could return to the current one pump mode during the repair period.
Cons – A third pump or simultaneous operation of both existing pumps will incur added maintenance
and energy costs and does not solve the essential problem of sedimentation at the intake inlet.

7.3.Channel maintenance and dredging
One of the options for sediment control at the intake is to dredge out accumulated sediments on an as
needed basis and remove debris if allowable. This would involve acquiring the permits, identifying a
suitable dredged materials disposal area and either purchasing or hiring sediment removal equipment.
The frequency of dredging would be dictated by conditions at the intake. The dredged area could allow
the existing “T” screen to be used as an intake structure or water extraction could continue with a
surface intake.
Pros – This is a relatively low cost alternative that makes use of current equipment. The scope and costs
of a single dredging action are known ahead of time and require no additional engineering. This option
may also be used as an interim measure while a more permanent solution is developed.
Cons – Long term dredge and channel maintenance costs are not easily estimated. Because of the
dynamic nature of sediment and wood loading near the site, it is not possible to accurately predict how
often maintenance dredging will need to occur. If several high flows occur in a year, there may be a
need to dredge more than once a year or the intake may remain clear for several years. Unless the large
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wood island currently located upstream of the right pier of the Marine Drive Bridge is removed or
erodes naturally, it is most likely that sedimentation after dredging will be fairly rapid and the associated
risk of function at the intake is significant. The risk for downtime may moderated by keeping the surface
intake for use when the “T” screen is blocked by sediment.

7.4.Relocation of intake – bridge-based intake
One of the ways to mitigate the risk for fish hatchery water withdrawals from the Nooksack River is to
design an adaptive intake system. This approach would consist of installing piping to allow a movable
intake location that would follow the scour hole that occurs naturally downstream of the Marine Drive
Bridge. The intake inlet would likely be surface floating to increase mobility. In order to accomplish this
action for least cost, the pump station would remain in place and intake piping would be designed to
allow water withdrawals from either right bank, left bank or possibly even mid-channel of the river.
Pipe lengths and pump rates would need to be engineered to guard against negative suction pressures
(cavitation) at the pump inlets. The most likely location for a flexible intake system is on the
downstream (south) side of the Marine Drive Bridge. It is likely that a new pump priming system would
have to be engineered to implement this alternative. A variation of this option is simply to move the
pumps and intake to a location near the left bridge abutment. Although this would be more expensive
than just adding new piping, it would avoid the possibility of negative suction pressures at the pumps.
Pros – This option could be accomplished at a moderate cost without much additional pumping
equipment. Since this approach results in a moveable intake, as sedimentation patterns change in the
river, water supply can be assured regardless of future actions upstream of the intake.
Cons – This alternative requires careful design and installation of new piping and equipment to
minimize head loss in the piping and guard against pump damage during operation. High flow rates may
be limited by these considerations. In addition to coordination with Whatcom County on use of the
bridge for the intake, an intake located at the bridge would have to be protected against debris and
vessel impacts and possible vandalism and would not likely be operated while unmonitored.

7.5.Relocation of intake – upstream relocation
Because of the continued sedimentation on the right bank of the Nooksack below the Marine Drive
Bridge, one alternative would be to move the intake location to a known area of deep unobstructed flow
such as the outside (right bank) of the wide bend between stations 1+50 and 1+80. This bend in the river
has maintained a persistent deep low flow channel since the river was leveed.
Pros – The steep bank and high flow near the right bank in this area indicate that a large pool of deep
water is currently available for water withdrawals. Wood debris does not appear to accumulate on the
right bank of this bend, probably because of the rapid flows and the depth of the channel.
Cons – The intake for the fish hatchery could not be relocated to this area without moving the pumps
and running additional piping to tie in with the pipe along Marine Drive / Kwina Road. The relocation of
pumps carries a relatively high cost. In addition, relocation to this area would require levee repair and
continued maintenance to make sure that the bank would not erode past the new pump intake location.
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Levee removals and levees setback that are planned for PSNERP in this area would have to be altered to
preclude the possibility of channel migration, sedimentation and formation of debris jams at the new
intake location.

7.6. Alternate water supply - groundwater
To mitigate the risk for loss in fresh water flow at the hatchery intake, an option is to supplement the
hatchery water supply with groundwater extraction. As outlined in section 3.3, it is unlikely that well
yields and water quality at the intake site will be adequate to extract groundwater at that location. A
more likely location for a well or wells would be in the uplands of the Lummi peninsula or North of
Lummi Bay where well yields can be in excess of 100 gallons per minute. Groundwater extraction would
require a new well or wells and piping of well water to the aquaculture facility.
Pros – Groundwater extraction reduces dependence on the river intake or supplements flow rates, and
is available during both low flows and floods. This option could be used in combination with other
alternatives to minimize risk of flow interruptions.
Cons – This alternative would have relatively high costs and would require new facilities such as wells,
pumps and piping. In addition, the extraction of fresh water from local aquifers competes with other
potable water needs of the Lummi Nation. It is not likely that this alternative would be practical unless
the groundwater extraction facility was a multiple use facility serving different water needs in the
community.

8. Conclusions and Recommendations
The present location of the fish hatchery intake presents both opportunities and challenges. Hydraulic
conditions at the Marine Drive Bridge support the continued existence of an area of deep flow
downstream of the bridge; however the location of that pool can migrate across the channel because of
the active sediment transport occurring in the river. Most large woody debris settles in the delta
downstream of the bridge, but the present accumulation of wood and sediment on the right pier of the
bridge is blocking flow and causing sedimentation at the fresh water intake. The salt wedge from
Bellingham Bay appears to stay well downstream of the site but climate change and ecosystem
restoration activities may reduce low flows in the channel and allow upstream migration of the wedge.
Intake modifications and management must take into account the intake’s location in an active accreting
estuary.
Table 7. Alternatives Analysis Summary.
Alternative
No action
Third pump
Dredging
Bridge-based intake
Upstream relocation
Groundwater extraction

Risk of service
interruption
High
Very Low
Low to Medium
Low
Low to Medium
Very Low

Costs
None
Low
Low to Medium
Medium
High
High
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Adaptive/Flexible use
with other alternatives
Yes
Yes
Yes

Results of the alternatives analysis are summarized briefly in Table 7. In terms of risk and relative cost,
the most practical alternatives appear to be the use of continued dredging or the installation of a
flexible intake system. Other options such as increasing flows with a third pump or supplementation of
hatchery water from other sources may also be possible. Further refinement of these alternatives will
require a cost estimate and preliminary engineering design of the chosen alternatives.
In addition, the conclusions drawn from the DEMs and channel cross sections are general and
preliminary because of the lack of resolution in modern (2009) data. The analysis should be confirmed
by increasing the frequency and extent of soundings in the Nooksack River channel and overbanks. This
will allow a better characterization of channel changes and current conditions.
Finally, future actions at the fish hatchery intake need to be coordinated with other stakeholders along
the Nooksack River to understand what actions are planned both upstream and downstream of the site.
This will allow further refinement of the options for hatchery water management and perhaps present
some opportunities for cooperation and inform decision-making about habitat enhancement.
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