This proposed study to make archeologically detailed measurements of salmon redds in the Chilkat Valley near Haines, Alaska is the first part of an overall effort to determine the effect of spawning salmon on sediment transport in alluvial streams for my PhD dissertation.  While many researchers have reported bulk measurements of spawned gravels (see Kondolf (1993) for a summary of these), no one has yet measured the parameters of redd structures proposed herein.  These detailed measurements are necessary for developing a theoretical model to predict spawned gravel entrainment and for accurately reconstructing redds in flumes for testing and refining the theoretical equations.  Redd parameters that will be observed, measured, or calculated include:
1) Particle size, shape, sorting, angles of entrainment, projection, exposure, and looseness;

3) Redd topography and stratification; 

4) Redd form drag; 
5) Free surface flow interactions with the redd structure; and 

6) Hyporheic flow through the redd.  

Where possible, redds chosen for measurement will be located in channel areas likely to dewater during winter low flows and that are out of site of the public.  Sites that fit these criteria are prevalent on the Chilkat and Klehini Rivers for chum and sockeye; the out of the public eye criterion is obtainable for all sites except the pink excavation site on the Chilkoot River.  Measurement techniques will be perfected with at most two pink salmon redds before data on pink redds is collected in Horsefarm Creek (1o site) or the Chilkoot River below the Chilkoot Lake outlet (alternate site).  After pinks, redds constructed by other salmon species will be measured in the order of chum, sockeye, coho, and king salmon.  Primary and alternate sites for redd excavation are proposed for each species of salmon to account for annual differences in spawner distribution and density (Figure 1 and Table 1). 
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Figure 1. Approximate locations of primary and alternate sites for measuring attributes of pacific salmon (Oncorhynchus spp.) redds.

Table 1.  Approximate coordinates of site locations for measuring attributes of pacific salmon (Oncorhynchus spp.) redds.

	Site name
	Species
	Primary or alternate
	Latitude
	Longitude

	Big Boulder Creek
	King
	Primary
	59°27'12"N
	136°22'26"W

	Little Boulder Creek
	King
	Secondary
	59°26'17"N
	136°13'9"W

	Salmon Creek
	Coho
	Primary
	59°23'35"N
	136° 0'22"W

	Upper Chilkat River
	Coho
	Secondary
	59°31'60"N
	136° 2'25"W

	Upper Chilkat River
	Sockeye
	Primary
	59°29'7"N
	136° 2'36"W

	Spring Pond Creek
	Sockeye
	Secondary
	59°17'28 "N
	135°48'40"W

	Herman Creek
	Chum
	Primary
	59°24'35"N
	136° 3'53"W

	Klehini River
	Chum
	Primary
	59°25'18 "N
	136° 9'2"W

	Lower Chilkat River
	Chum
	Secondary
	59°22'34"N
	135°51'2"W

	Horsefarm Creek
	Pink
	Primary
	59°20'21"N
	135°46'57"W

	Chilkoot River
	Pink
	Secondary
	59°19'42"N
	135°33'28"W


At redds targeted for measurements, the bankfull and active channel depths and width will be measured at the redd location and a longitudinal profile of the channel will be surveyed for a distance of one bankfull width up and downstream of the redd.  Except on braided stream sites, flow discharge will be measured immediately upstream of the redd, and I will regionalize streamflow records from nearby gaging stations to classify the discharge at the redd with a probability of exceedence.  Flow depths and time averaged velocity profiles will be measured at a number of locations on and in the vicinity of the redd to quantify its form drag and interaction with the stream’s free surface.  While recording video underwater and on land, non-toxic dye such as that used by the Haines municipality to locate potable water pipe breaks will be released in surface flow upstream of the redd to observe turbulence generated by the dune-like structure of the tailspill.  Video capture will continue while dye is released in the bed surface at locations directly upstream of the redd to observe hyporheic flow through the redd.  
A Wolman (1954) surface pebble sample of 100 unspawned particles will then be collected adjacent to the redd before an aluminum velocity barrier that encircles the redd is pounded into the stream to a depth that exceeds the base of the egg pocket (Figure 2).  This temporary structure is intended to prevent sediments from being washed downstream during redd dissection.  With the structure in place, an x-y gridded elevation (z-axis) survey will be made of the redd’s surface with laser level, rod, and either tapes or a wire grid laid on top of the redd.  Redd dissection will proceed top-down starting at the highest elevation on the tailspill and will quantify the horizontal stratigraphy of the tailspill and egg pocket.  A tarp will be laid on the bed surface between the soon to be excavated portion of the redd and the aluminum barrier to capture any fine sediment that is flushed from redd gravels during dissection.  Fine sediments will be removed from the tarp and added to the gravels after removal of each layer of the redd is complete.  For each layer of the redd, particles will be removed one at a time and placed in a bucket labeled with the octant from which it was removed (Figure 2).  After each discernible horizontal layer of the redd is removed, a gridded elevation survey of the redd will be remade.  In this way, sampled particles will be given an xyz coordinate that will allow 3d re-creation of redds in the flume.  
The first through tertiary axis of sampled particles will be measured to determine their shape and size; the latter will be plotted for all particles in each octant and redd layer to derive cumulative percent finer graphs for each redd layer and octant.  With these plots, particle sorting (σ) can be determined with an equation by Blatt et al. (1980):  

σ = 3.32 (log K84 – log K16)/4 + 3.32(log K95 – log K5)/6.6, 

(1)
where K84 refers to the particle size of which 84 percent of sampled particles are smaller.  The sorting coefficient is used with Buffington et al.’s (1992) equation for particle angle of entrainment 

Øn = (25 + 0.57n)(D/K50)-(0.16+ 0.0016n) σ-(0.21 + 0.0024n),


(2)
where Øn is the nth percentile friction angle, n is the number of particles sampled, D is the particle diameter of interest, and K50 is the median particle size.  Kirchener et al.’s (1990) equations are then used to determine particle protrusion (p) and exposure (e) 
en = 0.5[D – K50 + (D +K50) cos Ø100-n] 



(3)
pn = en + (π/12)K50.





(4)
Along with additional variables that I will arrive at elsewhere, equations 1-4 will allow me to calculate dimensionless critical shear stress for entrainment of stratigraphic layers of the redd in the same fashion but in greater detail than Montgomery et al. (1996) did when calculating entrainment of surface particles on redd tailspills.  

At this point I still have not measured or incorporated gravel looseness into equations for predicting particle entrainment.  It is worth noting that looseness and redd form drag were recognized by Montgomery et al. (1996) as shortcomings in their simplified predictions of redd stability.  Considering that spawned gravels feel looser underfoot than adjacent unspawned bed surfaces, loosening must be a function of changes to bed materials that occur during redd building, namely particle coarsening and sorting.  Not coincidentally (because egg incubation depends on it), porosity is a function of coarsening and sorting and is calculated with the ratio of the volume of voids to the volume of gravels measured by the displacement method.  I am unsure, however, whether looseness via porosity should be quantified for the horizontal layers individually or for the vertical stratigraphy of the entire tailspill.  For this reason, on the second redd measured for each species of salmon, I propose taking up to three vertical plug samples of tailspill materials with a thin walled, 6-inch diameter circular cylinder tube.  The tube will be pounded into the tailspill up to the depth of the original bed surface, material will be excavated from around the tube, the tube end will he held closed with a thin sheet of plastic while it is withdrawn sideways, and the tube will be carefully sealed with a pvc cap.  Tubed sediments will be frozen and transported in coolers via Wings of Alaska to Juneau and Alaska Airlines express to Spokane, WA from which they will be transported to and analyzed in detail at the University of Idaho’s engineering lab in Moscow.  Plug sampling is not likely to harm eggs incubating in the nest.  Even so, I requested authorization to destroy two redds of each salmon species except pink (for which I requested 4) as a precaution. 

With the detailed measurements of redds described above, accurate reconstruction of redds in the flume will allow time lapse video, instantaneous laser measurements of bed topography, and three dimensional flow measurements of simulated redds in a flume at the University of British Columbia.  These measurements will allow me to empirically determine the effect of redd form on entrainment and unraveling of the redd in flows approaching the entrainment threshold of redd surface particles.  
The idea to model entrainment of spawned gravels is not an altogether new one, but is one that requires further development.  Montgomery et al. (1996) characterized the surface roughness of redd tailspills and adjacent unspawned bed surfaces immediately after spawning with paired surface pebble counts of 100 across two separate anadromous streams, one in Alaska (18m wide) and one in Washington state (11m wide), and used Kirchner's (1990) theoretical shear stress formula and an equation for bed scour to calculate that spawned gravels are more stable than unspawned gravels.  Based on their pebble counts and analysis, Montgomery et al. (1996) concluded that it may be difficult to restore mass spawning salmon populations in streams with depressed escapements because the consistently under-spawned streambed may be too mobile to protect incubating eggs.  In some disagreement, Gottesfeld et al. (2004), with long-term measurements of sediment transport by salmon and floods in hand, concluded that spawned sediments may be more susceptible to transport than they would be otherwise due to spawning induced form alterations to the streambed, upside down flipping of the bed surface (Figure 3), and mobilization of gravels during spawning into thalwegs and pools where they are more easily transported.


Figure 2.  Aluminum box and measurement layout for salmon redds.



Figure 3.  Generalized redd morphology showing how streambeds can be upturned by spawning salmon.

The question of spawned gravel stability with time post-spawn is separate from the question of initial redd stability, but is answerable if the relative effect of variables on entrainment can be determined.  Hassan et al. (2008) measured gravel mobilization during redd construction by spawning salmon dominating sediment transport in anadromous mountain streams, but recognized the unknown effect of redd structures and redd density on sediment transport between spawning events.  Mass sediment transport by salmon during redd building is relatively easy to quantify, but only by understanding the effect of redd construction on bedload transport between spawning seasons can we begin to understand the greater role of salmon as engineers of anadromous streams.  Hassan et al. (2008) report that spawning salmon mobilized an average of half the annual bedload in four mountain streams in BC, Canada, yet it is some balance between spawner density driven effects on streambed disturbance and flood magnitude that may control the expression and productivity of salmon in anadromous rivers.  Given the effort and funding put toward stream restoration, determining the effect of salmon spawning on sediment entrainment—the physical underpinning of river ecosystems--could have profound effects on anadromous watersheds world-wide.  
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