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ABSTRACT

Freshwater mussels, which are important members of freshwater ecosystems and 

contributors to water quality, are known to inhabit many Pacific Northwest rivers. The 

Elwha River on the Olympic Peninsula has been the topic of much study due to the 

presence of two dams, installed in the early 1900s, that have blocked fish passage for 

nearly a century. This has greatly reduced salmon runs and consequently the dams are 

scheduled to be removed. For freshwater mussels with parasitic glochidia the extent that 

dams interfere with passage of mussels' fish hosts can disrupt recruitment in mussel 

populations. Prior to this study of the Elwha River it was unknown if mussels still 

inhabited any part of this river. The structure of populations found in the Elwha River 

were compared to population structures from two other northwest streams (Toy, 1998; 

Helmstetler and Cowles, 2008). I found no mussels above the Elwha dams. Below the 

dams, all populations within the mainstem of the Elwha River contained large individuals 

calculated to be of considerable age as well as young individuals suggesting active 

recruitment and a level of stability to support these populations. Populations found in side 

channels associated with a Chinook Rearing Channel contained adults which have 

apparently been present since the installation of the Chinook Rearing Channel, along with 

a very high proportion of young mussels suggesting that the populations are well 

established and experiencing extraordinary levels of recruitment. These populations will 

all be exposed to increasing sedimentation or scour when dam removal takes place, 

presenting a serious threat to the survival of  mussels in the Elwha River system.
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 INTRODUCTION

DIVERSITY OF FRESHWATER MUSSELS 

The highest freshwater mussel diversity in the world is found in North America 

(Bogan, 1993; Obermeyer et al., 2006), where 297 species are represented in two 

different families. Of these, 21 species are endangered and possibly extinct, 77 are listed 

as endangered but extant, 43 are threatened, 72 are of special concern, with another 14 

undetermined. Only 70 are considered currently stable (Williams et al., 1993; Bogan, 

1993) making freshwater mussels one of the most threatened groups of freshwater 

organisms in North America ( Blalock and Sickel, 1996; Vaughn and Taylor, 1999; 

Strayer and Smith, 2003) . The majority of mussel species found in North America are 

concentrated in the East and Midwest, especially around the Mississippi drainage. Only 

three genera, Margaritifera, Anodonta, and Gonidea are found in the Pacific Northwest 

comprising 5 – 8 species (Bogan, 1993; Nedeau et al., 2009).

ECOLOGY OF FRESHWATER MUSSELS

Freshwater mussels fulfill an important function in aquatic ecosystems. As sessile 

filter feeders, they remove large quantities of organic materials from the water column. 

This improves the clarity of the water, reduces eutrophication, and constitutes an 

important step in the benthic food web. During their filter feeding water enters through 

the incurrent siphon and is filtered as it passes over the gills. Captured particles are 

digested and remaining nutrients are cycled into the benthic environment through 

excretion of agglutinated feces and pseudofeces which are expelled through the excurrent 
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siphon and settle to the bottom (Ricciardi et al., 1997). While filtering water they collect 

contaminants that are present in the water and concentrate these in their tissues, thus 

functioning as an indicator of water purity (Clarke, 1981; Nedeau et al., 2009). 

In many parts of the world adult freshwater mussels have few natural predators. 

Without habitat disturbance, most die of old age (Bauer, 1992). In other areas, such as the 

United States, mussels may be preyed upon by raccoons, otters, muskrat, and birds 

(Clarke, 1981; Toy, 1998). 

In the benthic community, mussels often serve as a substrate for algae and 

occasionally for other invertebrates. Filamentous algae and diatoms are often found 

attached to the mussel shells (Stober, 1972). In some cases they also serve as a substrate 

for the zebra mussel, Dreissena polymorpha, an invasive species which will grow on any 

hard surface including other mussels. Zebra mussel infestation may overstress, suffocate, 

and kill endemic mussel populations (Bogan, 1993; Ricciardi, 1997; Nedeau et al., 2009) 

However, D. polymorpha is not presently a problem in the Northwest (Nedeau et al., 

2009).

GROWTH AND LIFESPAN

Mussel shells are composed of two valves held together by a hinge ligament. Each 

year new annuli are added to the ligament. These rings progressively build the ligament 

posteriorly as the mussel grows. Visible rings accumulate by the deposition of “rest” 

bands formed in April and May. The anterior portion of the ligament, as well as the shell 

around the umbo, is often worn from chemical action and abrasion by the substrate since 
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it is the anterior end of the shell that is typically buried (Toy, 1998)(Figure 1). 

Examination of these ligament rings constitutes the most reliable method of aging 

mussels. Ligament length itself is a good indicator of the age of mussels in lieu of 

counting rings (Stock, 1996; Toy, 1998)(Figures 1, 2A, and 2B).

The life span of mussels is a major consideration when evaluating a population’s 

structure (Bauer, 1992). Because of their longevity, impacts on a population may not be 

immediately detectable but effects may be cumulative over time (Bogan, 1993; Hastie et  

al., 2000). Several factors including temperature and degradation of ecosystems are 

known to limit growth of mussels (Bauer, 1992; Bogan, 1993).

HABITAT

Mussels are not randomly distributed in aquatic ecosystems but rather are found 

in stable substrates of cobble with interstitial gravel (Vannote and Minshall, 1982). Often 

a conglomeration of sand and gravel seems to be the preferred substrate of the western 

pearl shell mussel, Margaritifera falcata, while floaters, Anodonta sp., prefer softer 

sediment. Substrates high in mud sediment accumulation have lower population densities 

(Stober, 1972; Clarke, 1981). Suitable substrate is often one of the most important 

determining environmental factors for mussel population locations (Vaughn and Taylor, 

1999). 

Many species of mussels, including Margaritifera populations, obtain maximum 

densities and ages in areas of a river which have scattered large boulders contributing to 

the stability of the cobbles and gravel (Vannote and Minshall, 1982; Toy, 1998). Large 
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Figure 1: Dorsal view of a fairly large M. falcata showing how ligament length was 
measured. Wear around the umbo has degraded the oldest part of the ligament. Ligament 
length was measured from the point of the umbo (anterior end of ligament), where the 
ligament is known to have originally begun, to the posterior end of the ligament.
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Figure 2:  Regressions showing the relationship between ligament length (x, mm) 
and age (y, years) in M. falcata mussels in Washington's Bear Creek and Battle 
Creek. Data from Toy (1998). A. Regression based on all mussels. y = 0.0166x2 + 
0.4x, R2 = 0.94, n =556. B. Regression based on the 5 oldest mussels in each 10 
mm ligament length size class. y = 0.143x2 + 0.708x, R2 = 0.99, n = 27.



woody debris also contributes to the stability of the habitat. These bulwarks of coarse 

debris contribute to providing suitable habitat for juvenile and adult mussels, as well as 

ideal habitat for juvenile salmonids which serve as hosts to the mussel larvae (Toy, 

1998). Mussels are also known to live in association with sedge root-mats, which may 

help to stabilize the substrate (Howard and Cuffey, 2003).

Mussels such as M. falcata which grow primarily in streams flourish in water 

velocities that are low enough to allow for substrate stability but high enough to prevent 

excess silt or sediment accumulation (Toy, 1998; Vaughn and Tayor, 1999). They also 

grow best in areas where low velocity and low boundary stress are present even during 

high discharges (Howard and Cuffey, 2003). Periodic scour from flooding may keep 

populations relatively young due to mortality during these events (Vannote and Minshall, 

1982). Some mussels can be located near higher flows of 1-3 m/s; however, most are 

largely confined to shallow, lower-velocity areas near the banks (Howard and Cuffey, 

2003). These factors limit or prevent mussel growth in areas such as riffles. Mussels are 

more often found in shallow pools where reduced water velocity is experienced, the 

hydraulics and sediment transport being greatly affected by flow rates (Howard and 

Cuffey, 2003). 

Evidence also suggests that many freshwater mussels are negatively affected by 

eutrophication (Skinner et al., 2003). Given the fact that freshwater mussels are long-

lived and of limited motility, that they filter large volumes of water and are sensitive to 

turbidity, sedimentation, and pollution, and that they are dependent on other members of 
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the community for reproductive success, freshwater mussels are excellent indicators of 

riverine stability (Williams et al., 1993; Toy, 1998; Howard and Cuffey, 2003). 

THREE MUSSEL GENERA FOUND IN THE PACIFIC NORTHWEST

Margaritifera

The genus Margaritifera, the pearlshell mussel, is found in many northern 

climates, being circumboreal in distribution (Toy, 1998; Skinner et al., 2003). M. falcata, 

the western pearlshell (Figure 3), is found in the western United States from California 

inland to New Mexico and north to the southern interior of British Columbia (Clarke, 

1981). Margaritifera is a unionoid genus typically found in cool, clear streams. It has 

little tolerance for turbid or eutrophic water, being found primarily in oligotrophic or 

mesotrophic habitats (Ziuganov et al., 2000). These mussels prefer shallow, slowly 

moving waters, often associated with stable gravel or cobble substrate and are not 

typically found in deep pools or rapid streams (Vannote and Minshall, 1982; Nedeau et  

al., 2009).

 M. falcata can be distinguished from other mussels in the Pacific Northwest by its 

black periostracum, an elongated shape, and a flat to concave ventral edge. If the valves 

are opened, distinct pseudocardinal teeth can be observed and the inner nacre is pearly 

purple, pink or white in color (Roscoe and Redelings, 1964; Clarke, 1981; Nedeau et al., 

2009). M. falcata may reach sizes of 8 - 14.5 cm in length depending on environmental 

conditions (Bauer, 1992).
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Figure 3: Margaritifera falcata of various sizes from the Elwha River. These are from 
the Lagoon population (population 6).



These mussels show asymptotic growth, growing fastest when young and experiencing a 

gradual reduction of growth rate with increasing age (Toy, 1998)(Figure 4). Growth rates, 

size, and maximum age are shown to correlate with latitude (Stober, 1972; Hastie et al., 

2000). Bauer (1992) conducted a study in which latitude alone accounted for 55% of the 

variance seen in growth rates between populations. Populations in more northern latitudes 

tended to grow more slowly but reached larger sizes and attained older ages. This is 

generally thought to be due to reduced metabolism and growth as a result of living in 

cooler water and a reduced supply of nutrients (Toy, 1998).

Freshwater mussels are one of the longest lived invertebrates in the world. M. 

falcata in the western United States can live to be 130 years (Bauer, 1992; Bogan, 1993) 

and even higher maximum ages of up to 190+ years have been attributed to 

Margaritifera  in Arctic latitudes (Ziuganov et al., 2000). 

In order to determine the sex of a mussel a histological study must be conducted 

on the sectional pedal complexes containing the gonad tissue (Hastie et al., 2000). 

Margaritifera are typically dioecious but are known to occasionally show hermaphroditic 

morphology, especially in low population densities (Clarke, 1981: Bauer, 1987). 

Hermaphrodites exhibit half male and half female gonad tissue (Toy, 1998).

Margaritifera mussels are typically gravid from May to June in the northern US 

(Clarke, 1981; Toy, 1998). Sperm are released into the water by males and may be drawn 

in by a female through the incurrent siphon. Fertilization occurs internally. Embryos 

develop to the glochidial stage in a marsupia, a pouch in the female’s gills until ready for 

release (Toy, 1998; Koenig, 2000; Nedeau et al., 2009). Speed of development is 
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Figure 4:  The correlation between age and shell length in Toy (1998). Asymptotic 
growth is displayed. Regression: 15.01x0.48, R2 = 0.86, n = 556.
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temperature dependent (Koenig, 2000). A single female may release 3-4 million 

glochidia per season (Toy, 1998). 

Many mussels including Margaritifera falcata are obligate parasites on host 

salmonids during the glochidial phase of their lives. The glochidia are released by the 

mother and attach temporarily to the gills or other body parts of the fish. Although 

accounts exist of mussel glochidia being occasionally transported by unusual means 

(Darwin, 1878; Darwin, 1882), under normal circumstances they are fully dependent on 

the host fish populations.  Without suitable host fish a mussel population becomes 

functionally extinct as it is no longer capable of successful reproduction (Bogan, 1993; 

Vaughn and Taylor, 1999). The mussel glochidia stage is the most vulnerable point in 

their life cycle (Bogan, 1993). The two episodes of highest mortality rates for the mussels 

occur between the release of glochidia from the female mussel into the water column and 

contact with a host fish, and again after the glochidia break free from the host fish and 

settle to a suitable habitat to occupy (Toy, 1998).

Glochidia from M. falcata, which are approximately 0.05 mm in length when 

released from the mother mussel, are generally released in mid-summer (Toy, 1998). The 

adult female mussel expels glochidia through the excurrent siphon. The parasitic 

glochidia swim or drift in the water column and if inhaled by the fish, they pass by the 

fish’s gills and have the chance to attach. Upon successful attachment, they are rapidly 

covered by host epithelial gill tissue and a cyst forms. They remain embedded in the gills 

for about 2-5 weeks until breaking free through movement of their foot and sloughing off 

of the cyst (Vannote and Minshall, 1982; Toy, 1998). 
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Young fish are most susceptible to glochidial infection, but develop immunity 

with age. Typically glochidia do not successfully encyst on host fish over the age of 2 

years (Skinner et al., 2003). Parasitism by the mussels is not thought to have a negative 

effect on the survival or health of the host except under extremely high glochidial 

infection which is rarely seen in natural settings (Skinner et al., 2003).

 In Margaritifera, the glochidia rely upon six to seven small teeth for attachment 

to host gill tissue (Roscoe and Redelings, 1964). M. falcata glochidia are host-specific, 

specializing on only a few species of salmonids. Because of this specificity, its presence 

serves as an excellent indicator of rivers inhabited by these salmonids (Roscoe and 

Redelings, 1964). The ideal host is the Chinook salmon, Oncorhynchus tshawytscha, a 

federally threatened species (Meyers and Millemann, 1977; Karna and Millemann, 1978). 

Other species known to become infected by M. falcata include Sockeye, Coho, Steelhead, 

Cutthroat trout, and to a lesser extent Chum and Pink salmon (Meyers and Millemann, 

1977; Karna and Millemann, 1978; Stock, 1996). However, it is uncertain how suitable 

these hosts are as the glochidia often fail to fully metamorphose into juveniles on these 

hosts, often suffering detachment before completing development. There is more to be 

learned about host specificity and success rates of development in glochidia on different 

hosts.

After parting from the host the developed glochidia fall to the bed of the river to 

begin the next segment of their lives as sessile juvenile benthic dwellers. If the juvenile 

mussel falls into favorable substrate it will burrow until completely covered by sediment. 

Juveniles are typically found in sandy substrate (85% of the time)(Toy, 1998). They 
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require sediment with a high rate of oxygen exchange between the free water and the 

interstitial water. Inhabiting silty or muddy sediment will often result in death of the 

juveniles. Juveniles spend 6-20 years developing into reproductively mature adults 

(Young and Williams, 1984; Bauer, 1987; Toy, 1998; Skinner et al., 2003).

As adults, the mussels have limited motility and are thus vulnerable to being 

buried by accumulating sediment. Younger individuals, less than 8 cm in shell length, can 

migrate upwards at a rate of up to 0.2 cm·hr-1 when subjected to accumulating 

sedimentation (Vannote and Minshall, 1982). While limited adult migration has been 

reported (Koenig, 2000),  many larger individuals (>10 cm in shell length) fail to migrate 

at all and if covered with sediment will remain buried until they suffocate (Vannote and 

Minshall, 1982). Other studies reported that adult M. falcata move about readily from 

time to time (Roscoe and Redeling, 1964).

Adult mussels are often found partially embedded in the substrate (Roscoe and 

Redelings, 1964). The anterior (foot end) is embedded and the posterior (siphon end) is 

raised into the water column. They typically burrow to 25-40% of their valve length, 

orienting their siphons upwards, away from the substrate and into the water column 

(Vannote and Minshall, 1982; Koenig, 2000). In many studies large individuals seem 

incapable of returning to an upright position once displaced. Dislodged individuals 

typically remain lying horizontally on the substrate. In many cases this does not 

negatively affect them, though they are more vulnerable to suffocation by accumulating 

silt (Vannote and Minshall, 1982). However in a study by Krueger et al. (2007) mussels 
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were shown to re-embed themselves after being upturned by river dredging activities 

given enough time as long as they were not buried by sediment.

Mussels have been shown to orient themselves in relation to water flow, so that 

siphons are directed into the current, probably to maximize their filter-feeding potential 

(Roscoe and Redelings, 1964; Vannote and Minshall, 1982). This is not always the case, 

however. Often they seem to be indiscriminately oriented with respect to current flow 

(Stober, 1972). This could be due to microcurrents present around the substratum, or 

dependent on the time in which the mussels were observed, assuming a relationship 

between current and orientation exists. 

Margaritifera falcata are not well adapted to withstand much siltation. High 

concentration of suspended solids can affect oxygen uptake and nitrogen excretion and 

may cause starvation due to a failure to open the valves to filter feed (Roscoe and 

Redelings, 1964; Bogan, 1993: Toy, 1998). When the water is too turbid, these mussels 

will completely withdraw their mantle and remain firmly closed until turbidity decreases, 

even if it means starvation (Toy, 1998). In areas of increasing siltation, M. falcata is 

being replaced by other species better adapted to these conditions, such as Anodonta and 

Gonidea (Vannote and Minshall, 1982). 

Anodonta

 As many as six species of genus Anodonta, commonly called floaters because of 

their thin, light shells, are also present in the Pacific Northwest. There is disagreement 

over the taxonomy and exact number of species as they are notoriously difficult to 
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identify (Nedeau et al., 2009). These mussels can be identified by a distinct yellow-tan 

periostracum, thin shells, and a lack of pseudocardinal teeth. It is thought that their thin 

shells may be an adaptation that allows them to remain lighter and better able to survive 

in light, silty sediments that would bury and suffocate Margaritifera (Clarke, 1981). 

Anodonta is considered to be a generalist and may be found in deeper lakes and 

reservoirs than Margaritifera. It also thrives in permanently flooded marshes and other 

soft benthic environments. It is more tolerant of eutrophication than is M. falcata. As 

impoundments are constructed Anodonta will often inhabit these newly created lakes. In 

many cases, Anodonta will replace existing Margaritifera populations as a river system 

changes from a clear flowing stream to a more silty, lower oxygen condition (Nedeau et  

al., 2009). 

Anodonta is also generally considered to be less host specific than Margaritifera. 

They are thought to utilize a wider variety of host fish, though these are not presently 

known they likely include salmonid species and even carp (Lima et al., 2006). Anodonta 

glochidia possess hooks for attachment, and the glochidia are often found on the fins 

rather than the gills of host fish (Roscoe and Redelings, 1964; Nedeau et al., 2009). This 

may be another reason why their specificity is less stringent than that of Margaritifera. 

Gonidea

Gonidea angulata, the ridgeback mussel, has a distinct ridge extending from the 

umbo to the ventral-anterior margin. They possess the thickest shell of the western 

mussels. These mussels often have one pseudocardinal tooth on the right valve and may 
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have a second, small tooth on the left valve. The nacre is usually pearly white (Clarke, 

1981) . 

Ridgeback mussels tend to inhabit cold, clean rivers draining into the Pacific 

(Toy, 1998). They are found west of the Continental Divide ranging from California to 

British Columbia. Much of their habitat overlaps that of Margaritifera. However, they 

are more tolerant of muddy and sandy substrates than is Margaritifera and can withstand 

moderate sediment deposition (Clarke, 1981). They are one of the least studied of the 

freshwater mussels found in the Northwest. Host fish species are unknown but are 

probably similar to those of Margaritifera or Anodonta (Clarke, 1981).

THE ELWHA RIVER

The Elwha River, located on the Olympic Peninsula, is a swift, cold, glacial fed 

system that drains from the Olympic Mountains into the Strait of Juan de Fuca (Figure 5). 

It is fed by many drainages and tributaries, with at least 77 km of river suitable to the 

spawning and rearing of salmon (Adamire and Fish, 1991). Most of the river valleys are 

composed of steep forested slopes, which become more gradual towards the mouth of the 

river. The river historically transported large amounts of sediment into the Strait of Juan 

de Fuca which provided material for the Ediz Hook outside Port Angeles which forms the 

harbor for this city (National Park Service, 1995). Highest flow occurs in December and 

January, and low flow in August and September (Figure 6) (USGS, 2008).

Many kinds of fish were historically reported to migrate up the Elwha River, 

including spring and fall runs of Chinook, Coho, Pink, Sockeye, Blueback, Chum salmon
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Figure 5: The Elwha Watershed located on the north Olympic Peninsula in western 
Washington. White line shows north boundary of Olympic National Park. The box shows 
extent of view in Figure 7. Inset shows location in Washington state.
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Figure 6: Water flow data for the Elwha River, Oct 2007 to Sept 2008 (USGS, 2008). 
The circle shows the approximate time of year this survey was conducted.
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and Steelhead. Before the construction of the two Elwha dams these fish had unlimited 

access to the upper extent of the river and were found in most tributaries, Lake 

Sutherland, Indian Creek and Little River, which are located above the present Elwha 

dam (National Park Service, 1995). 

Two hydroelectric dams were constructed in the early 1900s without allowance 

for fish passage, resulting in the reduction of anadromous salmon habitat by 95% in the 

Elwha river system (National Park Service, 1995). In 1910 Mr. Thomas Aldwell formed 

Olympic Power Company and began construction of the Elwha dam 7.8 km from the 

mouth of the river. This dam was completed in 1912. It stands 32 m tall and 114 m wide 

forming Lake Aldwell (5 km long). A fishway was not installed for migrating fish despite 

requirements by an 1893 law (Adamire and Fish, 1991). In place of a fishway an 

ineffective fish lift system was put in place. Complaints about loss of fish runs began 

almost immediately. Initially lack of a fishway was excused by the builders as the dam 

was not “sufficiently completed” for such an installation. The State Fish Commissioner 

clearly stated the need for an effective fishway as soon as possible (Adamire and Fish, 

1991; National Park Service, 1995). 

In 1912, the gates of the Elwha Dam were closed and water began to accumulate. 

The dam quickly blew out at the base. Repairs were made in 1913 with the stipulation 

that a fishway must be operable when the dam was to reopen (Adamire and Fish, 1991). 

The Dam began operation in December of 1913. Still, no fishway was in place. 

Immediate effects on salmon runs were observed. After three years of negotiations 

between the Fish Commissioner and Aldwell, consent to operate a hatchery rather than a 
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fishway was given by the State. In 1917 several varieties of fish were present at the 

hatchery including Chinook, Pink, Coho, Chum, Sockeye, Steelhead, and searun 

Cutthroat (Adamire and Fish, 1991; National Park Service, 1995) but the hatchery was 

never highly successful. By 1922, few salmon were ascending the river as far as the 

Elwha dam and the hatchery operations were discontinued. In 1946, the lower hatchery 

building was destroyed as a fire hazard and no replacement was built (Adamire and Fish, 

1991). 

 Construction on a second dam, Glines Canyon dam, 21 km upstream from the 

mouth of the river and 64 m tall, began in 1926 and was completed in 1927. Ownership 

was by Crown-Zellerbach, which by then had also obtained ownership of the lower dam 

as well. No fishway was considered since the lower dam prevented all fish from passing 

upstream (Adamire and Fish, 1991). 

In 1975 rearing ponds were constructed near the Port Angeles municipal water 

intake for rearing of Chinook, Oncorhynchus tshawytscha, fingerlings to augment salmon 

returns to the Elwha River (Adamire and Fish, 1991; Winter and Crain, 2008). This 

provided a relatively stable outflow in the man-made channel .

EFFECTS OF DAMS ON MUSSELS

Effects of damming on aquatic ecosystems have been well documented (Bogan, 

1993; National Park Service, 1995; Blalock and Sickel, 1996; Vaughn and Taylor, 1999; 

Sethi et al., 2004; Duda et al., 2008). Construction and presence of dams are associated 

with reductions in mussel numbers and densities (Sethi et al., 2004). The primary causes 

20



are thought to be the reduction of salmonid hosts and degradation of natural resources 

from the numerous effects of impoundments (Vaughn and Taylor, 1999). Detrimental 

effects are synergistic and cumulative over time (Hastie et al., 2000).

Modifications that dams produce to river channels are also known to have strong 

impacts on existing populations of mussels. Dams change the physical, chemical and 

biological environment of rivers both up and downstream (Williams et al., 1993). In 

Bogan’s (1993) study damming resulted in the local loss of the bivalves’ host fish. Bogan 

blamed this loss, coupled with increased siltation and various types of industrial and 

domestic pollution for many cases of rapid decline in the unionoid bivalve fauna in North 

America.

A study by Vaughn and Taylor (1999) showed a gradual decrease in mussel 

species richness with increasing proximity to dam reservoirs on mussels in Oklahoma 

rivers. Mussel populations required a large distance from impoundments for richness and 

diversity to recover. Another study in the Cumberland River showed an 84% decline in 

the original mussel species richness from pre-impoundment levels in the Lake Barkley 

reservoir region. The concern was expressed that this often makes way for invasive 

species to get a foothold (Blalock and Sickel, 1996). 

One of the problems posed by impoundments is the regulated water flow through 

dams. This can cause high flow and deep water in periods that are not optimal for the 

mussels, such as when glochidia are released, normally a time of relatively low river 

levels. Regulation may also bring low flow at other times of the year when mussels are 

growing and producing egg and sperm and need higher amounts of nutrients. In addition, 
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regulated flow can result in stranding the mussels when water levels drop too low. This 

often results in desiccation of the mussels which may cause stress or death. It also poses a 

threat to fish populations on which the mussels depend (Vaughn and Taylor, 1999). 

Since mussels live best in areas where they will not be displaced by flooding or exposed 

during desiccation (Howard and Cuffey, 2003), the presence of dams greatly reduces 

their suitable habitat.

River disturbances also create a change in the siltation of downstream habitats. 

Under increasingly silty conditions, mussel communities will change to include greater 

numbers of those species with less specific needs, more capable of dealing with siltation, 

and able to use a wider range of host species (Blalock and Sickel, 1996). Under 

diminished silt and sedimentation, on the other hand, benthic environment may lack 

suitable substrate for the mussels to burrow their foot into.

PLANS FOR REMOVAL OF THE ELWHA DAMS

The two dams on the Elwha River are currently scheduled for removal in 2011 

(National Park Service, 2009). The deconstruction of Glines Canyon Dam will be the 

largest to date in the United States (National Park Service, 1995). Increased 

sedimentation and turbidity downstream of deconstruction is predicted due to 16.2 

million m3 of sediment currently trapped behind the two dams. Widespread death of 

aquatic species is anticipated throughout the river system, including the area around the 

mouth of the Elwha (National Park Service, 1995). At present, 12.6 million m3 of 

sediment has collected in Lake Mills and 3.6 million m3 in Lake Aldwell (National Park 
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Service, 1995). No plans for removal of this accumulated sediment, other than natural 

river transport, are proposed. The turbidity downstream from the dams currently reaches 

a maximum of 800 NTU (Nephelometric Turbidity Units) during high flow. Upon dam 

deconstruction turbidity is expected to experience a rise of 2,000 to 25,000 NTUs for the 

days immediately following. Suspended solids are expected to rise from a current 

maximum of 1,500 ppm to as much as 51,000 ppm immediately upon removal of the 

dams. Aggradation and scour are also expected to change features of the river bed 

(National Park Service, 1995). This could also have major negative impacts on any 

remaining mussel fauna in the river, especially the sensitive M. falcata (Vannote and 

Minshall, 1982; Bogan, 1993; Blalock and Sickel, 1996; Skinner et al., 2003; Kreuger et  

al., 2007).

BIOLOGICAL EFFECTS OF ELWHA DAM REMOVAL

In anticipation of dam removal, much study has been focused on the Elwha River 

and aquatic species inhabiting the river (National Park Service, 1995; Duda et al., 2008; 

Morley et al., 2008; Shaffer et al., 2008; Winter and Crain, 2008; Woodward et al., 

2008). However, no studies had been conducted on the status of mussels in the Elwha 

River or on the likely effects of dam removal on these vulnerable populations. Before this 

study it was not even known whether any mussels remained in the river, and if so, what 

species and in what numbers. Due to the absence of salmon migration above the dams for 

so many years, it was considered unlikely that any mussel populations had experienced 

recruitment above the lower dam unless planted trout have substituted as hosts. Given the 
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long life span of M. falcata, however, it was possible that some remnant populations still 

existed above the dams.

 M. falcata is known to inhabit several nearby rivers in the Olympic Peninsula 

such as the Sol Duc, Clearwater, and Ozette (Helmstetler and Cowles, 2008; Cowles, 

personal communication). While these drainages are diverse and exhibit varying 

characteristics, they present reason to suggest that the Elwha River may have historically 

included these freshwater mussels. In addition, the lower Elwha, below the dams, is 

frequented by the salmonid species necessary for mussel reproduction. 

Further evidence of the mussel's presence was provided by the discovery of M. 

falcata valves from the lower Elwha River (D. Cowles, personal communication). In 

2007, two live mussels obtained from the Elwha River below the first dam were collected 

by local fisheries biologists. The mussels measured approximately 7 and 12 cm in length. 

These lengths suggest they were mussels of mature age, estimated to be approximately 

53-63 yrs and 110-120 yrs respectively based on regressions from Toy (1998).

Due to the presence of mussels in nearby rivers and streams and the collection of 

two live individuals from the Elwha itself, I had reason to hypothesize that populations of 

M. falcata could be present in the Elwha. Anodonta, which regularly utilize trout hosts 

and are better adapted to reservoir conditions were known to inhabit Lake Sutherland, a 

lake which drains into the Elwha above the Elwha Dam. Anodonta could conceivably 

also have populations in the Elwha itself. It was not known whether any G. angulata 

inhabit the Elwha. 
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The removal of the two dams in the Elwha River will cause significant changes in 

the river morphology, possibly upsetting and even exterminating present mussel 

populations. Assessing current mussel populations and estimating what effect dam 

removal might have on their populations would be valuable for conservation purposes. 

The purpose of this study was to (1) survey the Elwha River for the presence of 

freshwater mussels, and (2) compare the structure of populations, if found, with mussel 

populations' structure in nearby rivers. The null hypothesis that I tested was that mussel 

populations throughout the length of the Elwha do not differ in population structure from 

that of mussels in thriving populations in nearby rivers.
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MATERIALS AND METHODS

PRELIMINARIES

A survey of the Elwha River was conducted in the summer of 2008 to evaluate 

the presence, distribution and population dynamics of mussels present. As a first step, 

topographical and road maps were consulted and various sites along the river were visited 

to guide in determining the best access points for the river survey. A large portion of the 

river above the lower dam runs within Olympic National Park (Figure 5). A park research 

permit was obtained to conduct research in this area. Land outside the park consisted of 

Klallum Indian reservation and private property. A state scientific collecting permit and 

tribal permission were obtained for work in these areas. Public access points were 

assessed, and permission was sought from private landowners and from the Elwha 

Project, which is a series of reconstruction projects in preparation for dam removal, for 

access to other sites on the river. 

SYSTEMATIC SURVEY

The systematic survey of the lower Elwha River was conducted on all accessible 

portions of the river from Lake Mills to the river mouth (Figure 7). Systematic surveys 

are better for describing patchy mussel populations than is random sampling and provides 

good spatial coverage (Strayer and Smith, 2003). 

Data gathered from the survey determined areas with mussel populations to be 

revisited for further analysis. Attention was focused on areas suitable for wading or 

snorkeling and containing habitat such as pools and light runs known to be favored by 
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Figure 7: Sections of the Elwha River system which were surveyed. Lake Sutherland is 
off the map, draining into the Indian Creek. See Figure 5.
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mussels (Stober, 1972; Clarke, 1981; Vannote and Minshall, 1982; Stock, 1996; Toy, 

1998; Koenig, 2000; Skinner et al., 2003; Howard and Cuffey, 2003, Nedeau et al., 

2009). Besides the main river channel, side channels and water bodies potentially suitable 

for mussel habitat were also surveyed. These included river channels no longer occupied 

by the main flow, side channels and tributaries at the mouth of the river and portions of 

the Little River tributary, as well as Lake Mills and Lake Aldwell and parts of Lake 

Sutherland which drains into the Elwha via Indian Creek. The locations of mussel 

populations were recorded by GPS.

A group of six members including myself, Dr. Cowles and 4 volunteers carried 

out the survey. Training in safe snorkeling and identification of mussels was conducted 

with the volunteers on the first day to ensure competence and safety in surveying and to 

allow them to develop a search image for the mussels.

Surveys were conducted during full daylight and during a season of low water 

flow (August 25 – September 5, 2008) (USGS, 2008) to maximize water clarity and 

visual acuity for the snorkelers (Figure 6). For the survey, the Elwha River system was 

divided into sections (Figure 7). The river above Lake Mills, which I designated the 

upper reach, was not readily accessible and was not surveyed. Lake Mills and Lake 

Aldwell were surveyed by boat, checking every few hundred meters along the shoreline 

and wading through shallow areas which appeared to be potential mussel habitat. The 

shores of Lake Sutherland were spot checked by boat in several places, but not 

systematically. The Elwha River below Lake Mills but above Lake Aldwell was 

designated the middle reach and was surveyed by snorkeling. The lower reach extended 
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from Lake Aldwell down to tidewaters and was also surveyed by snorkeling. Several 

kilometers of the Little River were surveyed by wading and viewing box and several 

sections of lower Indian Creek were spot checked in a similar manner. 

For snorkel surveying, river sections with entry and exit points were designated 

which could be snorkeled in 3-4 hrs. Four to five snorkelers then surveyed these sections, 

with 2-3 on each side of the river. All sections of the river with pools and light runs, 

which were possible mussel habitat, were snorkeled including side channels. Sections 

with wide areas of suitable habitat were snorkeled repeatedly or in a zig-zag fashion in 

order to view all of the potential substrate. Side channels were included in the survey. 

Rapids and riffles, which are not preferred habitats for mussels, were not surveyed for 

safety reasons. 

As much as possible, snorkelers arranged themselves so that the substrate was 

viewed by more than one snorkeler. Typically two sections of river, one in the morning 

and one in the afternoon, were surveyed per day. One half of the day was occupied with 

snorkeling and the other half with measuring a population of mussels. Each population 

that was found was given a descriptive name and a number, with lower numbers 

representing populations further upstream (Table 1).

The Elwha Project site, part of the lower reach of the Elwha, required special 

attention. In this area, the Elwha Project group was modifying a water intake system to 

supply water to the city of Port Angeles, some industries, and fish rearing ponds to avoid 

siltation after the dams are removed. Several hundred meters of the east side of the river 
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Table 1: Basic population information for M. falcata in the Elwha River; GPS 
coordinates, counts, shell length data, density estimates, and habitat characteristics. 
(* = Estimated counts of total population based on counting individuals within a surveyed 
area and multiplying this count by the total estimated area.)

Pop 1 
Below Dam

Pop 2
Powerline

Pop 3 
Dewatered

Pop 4 
North Outfall 

Pop 5
Rearing 
Outflow

Pop 6 Lagoon

GPS 
Coordinates

N48 05.854
W123 33.446

N48 06.403
W123 33.110

N48 06.756
W123 33.136

N48 07.136
W123 33.088

N48 07.136
W123 33.109

N48 07.151
W123 33.186

Number of 
measured 
individuals

34 0 154 222 477 215

Total 
population

144 38 154 6000* 860 1000*

Shell Length Data (mm)

Mean 65.8 - 70.3 46.5 47.5 50.8

Min 21 - 28 16 14 10

Max 128 - 131 95 88 86

Mussel Density

Approx. 
Total Area

- - - 545 m2 313 m2 216 m2

Estimated 
Density

- - - 11.0 
mussels/m2

2.75 
mussels/m2

4.93 
mussels/m2

Habitat Characteristics

Water Flow Low, calm Moderate Moderate to 
Swift

Low, calm Low, 
moderate

Low

Depth 0.25-0.75 m, 
some mussels 
several 
meters deep

0.75-1.5 m Down to 3 m 0.5 – 2 m 0.3 – 0.5 m 0.5 – 1.5 m

Substrate Gravel and 
silt, large 
scattered 
boulders, 
some woody 
debris

Gravel, some 
silt, medium-
sized 
boulders, 
submerged 
roots

Silt and sand, 
cracked 
bedrock, 
boulders, and 
woody debris

Much silt, 
large amount 
of woody 
debris, a few 
cobbles

Fine to coarse 
gravel, sand, 
silt, some 
cobble

Gravel and 
cobble, thick 
silt, some 
cobble

% Cover 100% cover 
for most of 
population

100% cover 
for most of 
population

<50% cover 
for much of 
population

100% cover 100% N side,
10-15% S 
side

100% NE 
side, 10% 
center of 
lagoon
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near the project water intake were dewatered by a coffer dam in early July 2008. Dr. 

Cowles and I visited this site immediately after dewatering and discovered a sizable 

mussel population. Because of time constraints and interference with the ongoing 

construction, we were only able to quickly measure the shell length of these mussels and 

return them to the river at a site just downstream of the construction project. This was 

designated the “Dewatered” population. The man-made channels associated with the 

Chinook rearing ponds on the Elwha Project site had very abundant mussel populations 

and special attention was paid to this area.

EXAMINATION OF INDIVIDUAL POPULATIONS

Population Density

In the side channel associated with the water intake and Chinook Rearing Channel 

one population (<1000) was counted and the number of individuals was divided by the 

approximate area covered by the population. In the larger populations (>1000) an 

estimate of total population number and density was achieved based on a count of all 

mussels within a measured portion of the population multiplied by the ratio of the full 

area to the counted area of the population. 

In the mainstem of the Elwha River populations were scattered and few mussels 

were found in clumps. Often mussels were separated by over 2 m, the maximum 

suggested distance where gamete exchange is still possible (Bauer, 1987). Population 

area was not measured in the mainstem river due to the difficulty in discerning the ill-

defined population boundaries.
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Habitat Characterization

Along with mapping the location of mussel populations, data was collected on 

their physical habitat including visual characterizations of the substrate in which the 

mussels were found, stream flow and water characteristics of the population habitat, 

shading, and any overhanging foliage or algal growth associated with the mussels. Details 

of data collection are outlined below.

Substrate

Type of substrate was noted based on visual estimation. Terminology and 

approximate size categorization follow standard categories (Wetzel and Likens, 2000; 

Strayer and Smith, 2003). If there was any interstitial sediment between cobbles this was 

noted, as well as the presence of other larger substrates such as boulders or logs.

River Characteristics

The morphology of the river where the mussels were located was noted. This 

included indicating whether mussels were found in pools, runs or riffles, and whether 

they were found in tributaries, side channels, or the main river channel. Other physical 

characteristics of the river were noted such as the presence of boulders or other large 

debris close enough to possibly obstruct or divert the current within the mussel's habitat. 
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Velocity

Water velocity at mussel beds was estimated as low (less than approximately 10 

cm·s-1), moderate (10 to 50 cm·s-1), or swift (greater than approximately 50 cm·s-1) based 

on the experience of the snorkelers as they surveyed the area. 

Shading

The amount of shade cover was recorded for populations using a spherical crown 

densiometer at the center of the population. If the population was very large and showed 

variation in coverage two readings were taken. In some areas where overhanging trees 

and brush were thick and essentially 100% cover, it was simply noted that the area was 

shaded.

DATA COLLECTION

After conducting a preliminary count and assessing the spatial extent of a 

population, the members of the team were divided into mussel collectors who snorkeled 

through the population systematically from the downstream to the upstream end 

collecting and returning specimens, and data collectors measured the mussels. Data 

collectors set up a station on the stream bank easily accessible to the mussel collectors. 

Each mussel was measured for mass, length, height, width, and ligament length. Mussels 

were returned to the river close to where they were collected. Effort was made to 

minimize the amount of time mussels remained out of the water so that they were 
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stressed as little as possible. The upstream pattern of coverage minimized siltation and 

disturbance in the area being searched.

While it was impossible to assure that mussels were returned to their exact 

location in the river the population area was small enough and the habitat similar enough 

throughout that it was unlikely for them to be placed in an inhospitable location. 

Returned mussels were re-embedded in the substrate in a natural orientation, in a near 

vertical position with the anterior 20-40% of the shell embedded and the posterior end 

raised (Koenig, 2000)(Figure 8).

Collection of Individual Mussels

For small populations (< 200), all mussels found were counted and measured. 

This was the case with the Below Dam and Dewatered populations. The Powerline 

population was also small, but we were not able to take measurements on mussels in that 

population. A count was conducted instead. 

If mussel numbers were high (>200) the first 200 mussels, starting at the 

downstream end of the population, were measured. Original plans were to randomly 

sample these mussels from throughout the population. However, there did not appear to 

be a pattern for distribution of mussel sizes through a population based on observation 

and supported by other studies (Helmstetler and Cowles, 2008). In the North Outfall, 

which was much larger, I chose to measure every 5th mussel encountered by snorkelers, 

rather than every mussel, until data had been gathered on at least 200 individual mussels. 

This extended the area and extent of the population which was sampled.
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Figure 8: Natural orientation of mussels. This cluster was in the North Outfall 
population. Siltation here is heavier than normally observed for Margaritifera but was 
common in the side channels.



Turbidity severely hampered the sampling process so we chose to begin at the 

downstream edge of a population and proceed upstream until at least 200 mussels had 

been counted and measured. If possible snorkelers then counted the remaining mussels 

but left them in situ. During these counts, all volunteers moved upstream together in a 

line perpendicular to stream flow, counting all mussels within their vision and staying 

separated by a small distance from the person to their left or right. In this way we 

attempted to get as complete a count as possible while minimizing the chance of counting 

a single mussel multiple times. So many mussels existed in the two largest populations 

that counts were made only over a portion of the population until 200 – 400 had been 

counted, then multiplied by the remaining area to find estimates based on the area left 

uncounted. 

Measurements of Individual Mussels (Figure 9)

Length - Length was measured from the anterior (foot) end to the posterior (siphon) end 

using a pair of digital calipers (A). 

Height - Height was measured as the greatest distance from dorsal to ventral sides, which 

was approximately in the middle of the valves, slightly towards the umbo (B).

Width - Width was measured by holding the mussel with the hinge up and anterior end 

facing the measurer.  The calipers were placed across the hinge spanning the left and 

right valves at the widest spot (C). 
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Figure 9: Measuring individuals for (A) shell length, (B) shell height, (C) shell width, 
and (D) ligament length.



Ligament Length - Ligament length was measured, using calipers, from the umbo to the 

posterior end of the ligament. Annuli in the ligament were not counted as this requires 

severing the ligament and killing the mussel (D). 

Mass -  The mussels were weighed on a portable scale to the nearest 0.1 gram. Before 

weighing the mussels they were allowed to naturally drain, but their shells were not 

forced open to achieve complete drainage in order to minimize trauma to the mussels. My 

assumption was that a small amount of water would remain in the mussel shells but that 

these amounts would be similar in most individuals, giving a predictable relationship. 

The relatively low scatter found in the size vs mass relationship supports this assumption.

POPULATION STRUCTURE

For comparing the proportion of different size classes among populations, each 

population was subdivided into three size bins. The smallest individuals, of 0-50 mm 

shell length, were assigned to the juvenile size bin based on the approximate size at 

which sexual maturity is reached in Margaratifera (Young and Williams, 1984; Bauer, 

1987; Toy, 1998; Skinner et al., 2003). The adult size bin was comprised of mussels 

greater than 50 and up to 90 mm in shell length. Mussels over 90 mm in shell length were 

placed into a large adult bin. The relative proportions of each of these size bins was 

compared among populations by Chi-square.
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DATA ANALYSIS AND CLEANING

 Statistics were calculated and graphs  were constructed using Excel spreadsheets 

and SPSS 12.0 statistical software. A probability of 0.05 or less was accepted as a 

statistically significant difference.

Initial analyses clearly showed a few outliers in the shell length vs mass and 

height relationships. Mass-based outliers may have been due to the fact that a few of the 

shells in a population were dead but remained in place either empty or filled with 

sediment. We partially completed measurements on a few mussels before discovering 

that they were dead, and though data from known dead mussels were eliminated, it is 

possible that the few outliers were from dead mussels which had not been discovered. To 

eliminate these mussels from analysis, a regression was made on mass as a function of 

shell length. Mussels with the most extreme 5% of residuals from this regression were 

eliminated from regression analysis. In the case of shell height I decided to discard 

outliers to eliminate what may have been data from an unusual shell morphology (Figure 

10). Most shells possessed a similar relationship between length and height; however 

several shells had an unusual C-shaped morphology in which height appeared to be large 

respective to shell length. I decided to discard outliers that may have resulted from this 

unusual morphology. Exactly what causes this difference in morphology bears further 

investigation.
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Figure 10: Two shell morphologies seen in M. falcata. The shell to the right has the 
morphology most frequently encountered. The shell to the left has an unusual C-shaped 
morphology with an increased height to length ratio and an exaggerated concavity in the 
profile of its ventral edge.



Estimating Mussel Age

In order to estimate the ages of mussels in these populations I used data from Toy 

(1998). Her evaluation of mussels in two western Washington streams, Bear Creek and 

Battle Creek, included aging mussels based on ligament length and shell length along 

with actual counts of ligament growth bands. Toy was generous enough to allow me 

access to the raw data from her study. Using Toy's (1998) data I generated two 

regressions. First, I calculated the best-fit relationship of age as a function of ligament 

length based on all her data, Bear Creek and Battle Creek combined (Equation 1; Figure 

2A). 

Equation 1:

y = 0.0166x2 +0.4x (y=mean age, x=ligament length in mm), R2 =0.94, n = 556

I calculated the maximum estimates of age based on ligament length in her data. To do 

this, I first calculated the residuals in her data after fitting the best-fit regression above. 

Then, for every 10 mm bin of ligament length I selected the 5 data points having the 

highest residual. These represented the oldest mussels in each size category. I then 

created a regression of maximum age as a function of ligament length (Equation 2, Figure 

2B) by using these selected data points.

Equation 2:

y = 0.0143x2 +0.708x (y=max age, x=ligament length in mm), R2 = 0.99, n = 27

I then used these two relationships to estimate the mean and maximum ages of mussels in 

my study without sacrificing them to count the ligament bands. 
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RESULTS

Six populations of M. falcata were discovered in the Elwha River system, all 

below the Elwha Dam (Figure 11)(Table 1). No mussels were found in the river above 

the dam. No mussels were found in Lake Aldwell or Lake Mills (Figure 11). Anodonta 

sp. were found in Lake Sutherland (Figure 5).

POPULATIONS IN THE MAINSTEM OF THE ELWHA RIVER (Figure 11)

Population 1: “Below Dam”

Population 1, containing 144 mussels, was found just below the Elwha Dam, on 

the inside of a bend in the river. The sediment was a soft mixture of gravel and silt with 

scattered woody debris and large boulders. Individuals were mostly scattered rather than 

clustered; often individuals were a meter or more from each other. The majority of the 

mussels were scattered along a shallow shelf at a depth of approximately 0.25 to 0.75m 

deep. Other individuals were observed at greater depths downstream where the river 

deepened rapidly along the edge of a rocky cliff.

Population 2: “Powerline”

Population 2, containing 38 mussels, was found several kilometers downstream 

from population 1,  a short distance upriver from the Elwha River Project construction 

taking place at the municipal water intake. A high-voltage power line crossed the river 

nearby. This population was scattered along the edge of the west side of the river. The 

water was shallow, 0.75-1.5 m deep and swifter than at other populations, so that 
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Figure 11: Locations where mussels were found in the Elwha River. Larger 
populations are represented by larger symbol size. The box shows the extent of view in 
Figure 12.



snorkelers had to hold onto the numerous rocks and woody debris to keep from being 

swept downstream as individuals were counted. The area was almost completely shaded 

by large overhanging alder and cottonwood trees, many with their roots extending into 

the river. The sediment was composed of some silt, much gravel and some medium-sized 

boulders. No measurements were taken on these mussels due to time constraints.

Population 3: “Dewatered”

Population 3 consisted of 154 mussels. The habitat of this population had recently 

experienced a severe disturbance at the time we discovered it. Located a short distance 

upstream from the industrial water intake the entire east side of the river had been 

dewatered for construction as part of the Elwha River Project the day before our arrival. 

Most of these mussels were nestled in cracks in the bedrock of the river bank, while 

others were scattered through silt and gravel among boulders at the entrance of a small 

side channel. River channel morphology suggested that the area had been a run and 

construction workers verified that the current had been swift and deep along that shore. 

Mussels were found down to what would have been a depth of 3 m below the water 

surface before dewatering. Mussels in this population were scattered or in small clusters 

in microhabitats that would have been partly protected from the current. All these 

mussels were collected from the dewatered area, measured for shell length, and placed in 

the river across or downstream from the construction. Time constraints and ongoing 

construction in the area did not allow for further measurements to be taken.
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POPULATIONS IN THE SIDE CHANNELS (Figure 11, 12)

Population 4: “North Outfall”

Population 4 was the largest population found. Our initial estimate was 5,000 

individuals, but a later actual count during transplantation by the Elwha Restoration 

Project and Olympic National Park, in conjunction with U.S. Fish and Wildlife, Peninsula 

College, and the Klallum Indian Reservation's Fisheries Department resulted in an 

approximation of 6,000 mussels in this population (P. Crain, personal communication). 

Water velocity in the North Outfall population was low with an accumulation of 

silt and much small woody debris throughout the channel. A few scattered rocks were 

present.  Mussels lined the entire bed of the channel, often grouped in clusters of 5 to 15 

or more. The channel was lined with large overhanging trees and brush which shaded the 

water. The water depth ranged from 0.5 – 2 m with steep banks. Mussels were abundant 

at all depths throughout the channel, living mostly in the silty mud of the channel bed. 

Population 5: “Rearing Outflow”

Population 5 consisted of 865 mussels. This area receives water from both the 

north outfall channel and the Chinook Salmon Fish Rearing Channel which has been 

operative since 1975 (Winter and Crain, 2008). The substrate was gravel with a coat of 

light silt. The water velocity in the outflow was variable, ranging from flowing pools to 

small riffles.  The water depth averaged 0.3 - 0.5 m with a deeper channel directing the 

thalweg. Mussels were found throughout this channel with the highest density along the 
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Figure 12: The side channels and mussel populations associated with the 
municipal water intake for Port Angeles and the fish rearing outflow with 
populations labeled. This was the site of the “Elwha River Project” 
construction during this study. The location of this view is shown by the box in 
Figure 11. Mussel populations are circled.



north side and much lower density in the small riffles. Eight hundred sixty individuals 

were counted. Tall trees and brush shaded the north side of the channel while the south 

side was more exposed having 10-15% or less cover. 

Population 6: “Lagoon”

The Lagoon population was estimated at 1,000 individuals and received water 

from the Chinook Salmon Fish Rearing Channel as well as some water from the main 

river. The water velocity was low and turbidity and sedimentation rates were high, 

especially due to ongoing construction activities directly upstream. The substrate was 

largely gravel and cobble with soft silt covering everything. Water depth ranged from 

about ½ m near shore to 1½  m or more in the center of the lagoon. Trees and brush 

shaded the northeast side of the lagoon while the center had about 10% cover. The 

population was most dense on the shaded north side but distributed throughout the 

channel. 

POPULATION COUNTS AND DENSITY

Mussel population sizes were highest in the side channel populations, the largest 

being the North Outfall population with an estimated 6,000 individuals. Populations 

found in the mainstem river itself were an order of magnitude smaller, with the 

Dewatered population having the highest count at 154 individuals (Table 1).  Although 

the area covered by mussel populations in the river was not measured, subjective 
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observations indicate that individuals were widely scattered and at low density 

(<1mussel/m2), even when the large stretches of river devoid of mussels were ignored. 

POPULATION CHARACTERISTICS

Mussel mass increased as a power of the increase in shell length (Figure 13). The 

relationship between shell length and shell width, height, and ligament were linear 

(Figures 14-16, Table 2; Appendix I). The mussels ranged from 10 to 131 mm in shell 

length and from 2 to 54 mm in ligament length.  If ligament length to age relationships in 

the Elwha mussels are similar to those in Toy's (1998) study, the Elwha mussels ranged 

from 1 to about 80 years old.

COMPARISON OF POPULATION STRUCTURE

The relative proportion of juveniles (0-50mm shell length), adults (50.5-90mm 

shell length), and large adults (+90mm shell length) were compared among populations 

using Chi-square analysis. The two mainstream river populations (Below Dam and 

Dewatered) were not significantly different from one another (χ2 = 0.117, p = 0.913, 

Figure 17). Similarly, the two side stream populations (North Outfall and Rearing 

Outflow, Figure 18) were not significantly different (χ2 = 0.619 , p = 0.734). Both these 

groups, however, were significantly different from the lagoon population (Figure 19)

(Main River channel to Lagoon, χ2  = 104.22, p < 0.001; Side channel to Lagoon, χ2 = 

14.792, p < 0.001) which was located at the confluence of the river and side stream and 

had population structure intermediate between the other two groups. For subsequent 
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Figure 13: Relationship of mass (Y, g) to shell length (X, mm) in the Elwha River 
mussels. Outliers may have been dead mussels and are marked as X symbols. 
Regression: y = 0.00015x2.87, R2 = 0.98, n= 702.
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Figure 14: Relationship of shell height (Y, mm) to shell length (X, mm) in the 
Elwha River mussels. A 95% confidence interval on the data is shown with outliers 
marked. Many of the outliers here are suspected to have unusual C-shaped shell 
morphology. Regression: y = 0.490x + 1.785,  R2 = 0.971, n = 915.



51

Figure 15: Relationship of shell width (Y, mm) to shell length (X, mm) in the 
Elwha River mussels. Regression: y = 0.269x – 0.151 , R2 = 0.904, n = 915. 
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Figure 16: Relationship of ligament length (Y, mm) to shell length (X, mm) in 
the Elwha River mussels. n = 915. Best-fit regression of ligament length (Y) as a 
function of shell length (X): y = 0.426x – 2.948 , R2 = 0.929. Best-fit regression 
of shell length (Y) as a function of ligament length (X): y = 2.175x + 10 , R2 = 
0.931.



Table 2: Morphometric relationships of M. falcata in the Elwha mussels. Regressions for 
mass, height, width and ligament length against shell length [x = shell length (mm), y = 
variable].

Mass (Figure 13) Height (Figure 14) Width (Figure 15) Ligament Length 
(Figure 16)

Regressions w/shell 
length

y = 0.00015x2.84 y = 0.490x + 1.785 y = 0.269x -0.151 y = 0.426x – 2.948

R2 0.98 0.97 0.9 0.93

n 702 915 915 915

p-value <0.001 <0.001 <0.001 <0.001
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Figure 19: Size structure of the Lagoon population (population 6). Estimated ages are 
based on age to length relationships in Toy (1998).



analysis I therefore grouped the mainstream river populations together into one group and 

the side channel populations into another group (Figure 20). Chi-square comparisons 

between these two groups confirmed that they differed significantly both in the 

proportion of the largest (χ2 = 858.772, p < 0.001) and of the smallest size classes (χ2 = 

114.973, p < 0.001). The river group had a greater proportion of large adults, which were 

virtually nonexistent in the side channel group (Figure 20). The side channel group, 

however, had a very high proportion of smaller, juvenile individuals in the population, 

and was significantly different from the river group in this respect also (Figure 20). 

Both the mainstream river populations and the side stream populations in the 

Elwha river differed significantly in population structure from Toy's (1998) Battle Creek 

and Bear Creek populations and from the Olympic Peninsula's Clearwater River 

populations in Helmstetler and Cowles (2008)(Table 3). Although overall population 

structure was similar, both the Elwha River populations and the side channel populations 

had a significantly higher proportion of juvenile mussels than did Toy's or Helmstetler 

and Cowles' populations (Figure 21, Table 3). The Elwha side channel population also 

differed by being depauperate in the largest size classes.

57



58



Table 3: Comparisons of Elwha River mussel population structures with those from 
Battle and Bear Creeks (Toy, 1998) and from the Olympic Peninsula's Clearwater River 
(Helmstetler and Cowles, 2008). Each population was divided into 3 size classes: juvenile 
(up to 50 mm shell length), adult (50-90 mm shell length) and large adult (over 90 mm 
shell length). The proportions of these size classes were compared among populations. In 
this table the “Main River” group = Elwha River populations 1 and 3. The “Side 
Channel” group = Elwha River populations 4 and 5 (Figure 11).

Comparisons χ2 p-value

Overall population structure:

Main River to Bear Creek / 
Battle Creek

84.66 <0.001

Side Channel to Bear Creek / 
Battle Creek

5178.85 <0.001

Main River to Clearwater River 367.73 <0.001

Side Channel to Clearwater 
River

17146.92 <0.001

Proportion of large adults in the population:

Main River to Bear Creek / 
Battle Creek 

84.53 <0.001

Side Channel to Bear Creek / 
Battle Creek

95.34 <0.001

Main River to Clearwater River 4.48 0.03

Side Channel to Clearwater 
River

144.24 <0.001

Proportion of juveniles in the population:

Main River to Bear Creek / 
Battle Creek

84.53 <0.001

Side Channel to Bear Creek / 
Battle Creek

5159.34 <0.001

Main River to Clearwater River 366.44 <0.001

Side Channel to Clearwater 
River

17118.57 <0.001
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DISCUSSION

HABITAT CHARACTERISTICS

 Mussels are known to prefer living in habitats with water velocities of less than 

1m/s (Howard and Cuffey, 2003). Areas with higher velocities may stress the mussels by 

making it more difficult to filter food, reducing the chances of successful fertilization of 

females, or making recruitment more difficult (Howard and Cuffey, 2003). 

Most mussel populations I found were in conditions where the typical flow 

throughout the channel was low, such as in the man-made side channels of the Port 

Angeles municipal water intake and Rearing Channels. The exception to this was the 

Powerline population where the flow was swift enough to make swimming upstream by 

the snorkelers very difficult and necessitating holding onto vegetation or rocks  to keep 

from being swept downstream. Also, many of the mussels in the Dewatered population 

appeared to have been in areas of high velocity flow. In both cases, it appeared that in-

stream structures partially shielded the mussels from the swiftest water. In the case of the 

Powerline population, many large boulders, cobbles and submerged root structures were 

littered throughout this scattered population. In the case of Dewatered mussels, the 

individuals in areas that would have experienced the highest flow were wedged into 

cracks in bedrock or between the large boulders of the bank. Many of the mussels in both 

populations of the mainstem river were very large (≥90 mm) suggesting they had lived 

under higher current conditions for a long time yet their growth did not seem to be 

impaired. 
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It is likely that water currents are higher at most of the sites during much of the 

year (Figure 6). Nevertheless, my observations support the general trend observed 

elsewhere that M. falcata favors relatively protected spots. Observations at the dewatered 

site suggest that they can even be found in strong current if a small microhabitat such as a 

crack in a rock is available, and also that they may sometimes live at depths of 3 m or 

more, a greater depth than is usually reported (Roscoe and Redelings, 1964; Howard and 

Cuffey, 2003). 

MUSSEL DENSITY AND POPULATION STRUCTURE

As seen in Table 1, mussel density was high in the man-made side channels and 

lagoon which were associated with the Chinook Rearing Channel outflow (Figure 12). 

Young fish are kept in the rearing pond and may be released into this side channel 

system. Because of the presence of young fish combined with relatively stable flows in 

the man-made channels, the mussels appear to be able to reproduce very effectively. The 

North Outfall population was a dense population with active recruitment flourishing on a 

soft, silty substrate that is not normally considered to be ideal habitat for this species. 

Indeed, the North Outfall population has one of the highest proportions of the smallest 

size classes of this species reported in the Pacific Northwest (Stock, 1996; Toy, 1998; 

Helmstetler and Cowles, 2008). Possibly the stable flow and presence of fish hosts are 

sufficient to counteract any negative effects of the silty sediment and enough oxygen is 

able to penetrate the sediment far enough to keep the younger mussels alive.

62



In the mainstem river populations (populations 1-3) density appeared much lower. 

The Powerline population was so scattered that density was well below 1mussel/m2. 

Density was so low that it was questionable if these mussels were capable of exchanging 

gametes and maintaining recruitment (Bauer, 1987; Toy, 1998; Koening, 2000). With the 

scattered population structure seen in the Powerline population, as well as in the outskirts 

of the Below Dam and Dewatered populations, it may be that little successful gamete 

exchange is taking place. Female Margaritifera mussels take sperm into their mantle 

cavities and fertilize their eggs there. Because of this, it is often assumed that the 

reproductive success of the mussel depends on the distance separating individuals, with 

dense populations producing the greatest number of fertilized eggs per female (Bauer, 

1987). However, some Margaritifera are hermaphroditic (Bauer, 1987; Toy, 1998), and 

hermaphrodism has been shown to be more common in sparsely distributed mussel 

populations (Bauer, 1987). Hermaphrodism is simultaneous and the mussel is likely able 

to self-fertilize (Bauer, 1987), so even isolated individuals may be able to successfully 

reproduce. Furthermore, since the glochidial stage is attached to a fish host for several 

weeks, offspring may travel some distance before dropping off and growing into an adult. 

It is conceivable, therefore, that all these populations within the Elwha River system are 

actually a metapopulation with at least some genetic exchange between them. The local 

populations cited here, especially the most densely aggregated individuals, may therefore 

be demes since the mussels are likely close enough together for extensive exchange of 

gametes. I chose, however, to refer to them as populations, using the generic definition of 

a population as a group of individuals of the same species living close to one another at 
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the same time, and potentially capable of interbreeding (Morris, 1992). Whether these 

populations are true, reproductively isolated populations or merely demes within a 

metapopulation was not addressed by this study and will require further analysis.

It is unfortunate that methods of data gathering were not consistent between 

populations, however, each population presented different challenges to a systematic 

approach. These challenges included the presence of ongoing construction limiting our 

access to Dewatered population and greatly impacting this population. Because the North 

Outfall was such an unexpectedly large population I chose to change procedure to 

accommodate by measure every 5th mussel to obtain at least 200 individuals rather than 

measuring every individual. This was done in order to gather a sample from throughout 

the population rather than from a small corner of the population. In the Powerline 

population we were not able to take immediate measurements due to prolonged exposure 

to cold water. Time constraints prevented us from returning to the population.

BASIS FOR CORRELATION

 In Elwha River mussels I found a stronger correlation between shell length and 

other measurements such as shell width and height or mussel weight than I did between 

ligament length and these parameters. Further, due to circumstances at collection 

ligament length could not be measured on the Dewatered population. I therefore chose 

shell length as the  basis for comparison among Elwha populations. The relationship 

between ligament length and shell length appears to be slightly different in the Elwha 

populations than it is in the Clearwater, Battle Creek and Bear creek drainages (Appendix 
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II), implying that Elwha mussels may be younger than mussels of similar shell length 

from other watersheds. 

AGE ESTIMATES

The age estimates in Figures 17-21 and in Equations 1 and 2 are based on 

ligament length, which typically is most closely associated with age in M. falcata (Toy, 

1998). While some variation exists in band lengths and in the integrity of measured 

ligaments, it is generally believed that accurate measurements of ligament length can lead 

to reliable predictions of age (Stock, 1996; Toy, 1998). Tentative assurance that these age 

estimates are approximately correct can be obtained by examining the age structure in the 

“Rearing Outflow” population (Figure 18).  The best estimate of age for the largest 

mussels in this population is 35 to 42 years, with most adults estimated at 29-35 years old 

or less.  Since these mussels live in the outflow of the fish rearing ponds which were 

opened in 1975, this is about the maximum age they could be expected to be. The North 

Outfall population may have been in place longer but their age structure (Figure 18) also 

suggests that with only a few exceptions their maximum age may be about the same. 

Counting growth rings in the ligament or in the shell may have produced more certain 

age estimates but those techniques can be difficult and time-consuming, plus the mussels 

must be killed in order for the measurements to be made. One goal of this study was to 

conserve the mussels left in the river so I avoided lethal procedures. 

Brett Blundon (personal communication) estimated the ages of 15 of the largest 

mussels found in the Elwha Dam population by counting growth rings in the shell. He 
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reported that ages were hard to determine because of shell erosion near the umbo. Based 

on these counts of shell growth rings, Blundon concluded that these mussels were short 

lived and fast growing, with individuals of 100-140 mm in shell length ranging from only 

12 to 18 years in age. These age estimates are dramatically lower than those of multiple 

other studies for mussels of this size. Based on Toy's (1998) data these mussels should be 

about 42 to 86 years old. Other authors have noted that shell growth rings in 

Margaritifera are quite difficult to count (Rubbel, 1913 ; Roscoe and Redelings, 1964; 

Stober, 1972). Perhaps seasonality in the Elwha river is not pronounced enough to 

produce clear shell growth rings in most years, so that a shell ring count produces an 

underestimate of age. On the other hand, several recent papers (Haag and Commens-

Carsen, 2008; Haag, 2009) have argued that shell growth rings are the most reliable 

method for estimating the age of freshwater mussels, and that other methods may 

overestimate age. Resolution of this issue will require further study.

PRESENCE OF MUSSELS IN THE ELWHA RIVER ABOVE THE DAMS

The fact that no mussels were found above the lowest dam in the Elwha River 

suggests one of two possibilities. First, mussels may not have originally inhabited the 

Elwha but were brought into the river system by naturally migrating or transplanted 

anadromous fish from other rivers since the construction of the dams. This is likely true 

at least for populations in the man-made side channels associated with the Rearing 

Outflow since the channels are largely populated by Chinook salmon from the Dungeness 

hatchery (Winter and Crain, 2008). The rearing ponds were built in 1975 (Winter and 

66



Crain, 2008), and the age estimates of the oldest mussels in the rearing channel date them 

to approximately this time. In the main river populations, the great size of the mussels 

found there suggests a much earlier establishment of the population, approaching the time 

of dam construction. If the scenario of a recent introduction of mussels to the Elwha is 

correct, no mussels were found above the dam because there has never been opportunity 

for them to travel above the lowest dam since no fish passage is possible. 

A second possibility is that mussels may have existed in the Elwha much earlier 

than dam construction but have simply died out above the dams due to changes in 

hydrology and blockage of fish passage. Given their long life spans, it is conceivable that 

remnant populations of mussels which lived in the river before the dams could still be 

alive. However none were found upstream from the Elwha dam, implying that if they 

were present before, they have died out. Probable reasons include scouring of the river 

bed and loss of fine sediments due to changes in hydrology (National Park Service, 

1995), exacerbated by lack of recruitment since the salmon are blocked from migrating 

upstream. Although some salmonids such as rainbow (Oncorhynchus mykiss), brook 

(Salvelinus fontanalis), and cutthroat trout (O. clarkii) are present above the dams (Duda 

et al., 2008; Pess et al., 2008) glochidial transport by any of these species has apparently 

not been sufficient to sustain the mussel population. 

SUMMARY

No mussels were found above the lowest dam. Mussel populations present in the 

man-made side channels exhibit very high recruitment and appear to be thriving 
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populations. Populations within the main river stem, while having significantly lower 

recruitment, do still indicate a population capable of sustaining itself under current 

circumstances. Though the lower Elwha has experienced loss of much of the finer 

substrate since construction of the dams (National Park Service, 1995), recruitment of 

small juvenile mussels compares favorably with what has been observed in healthy 

streams (Toy, 1998; Helmstetler and Cowles, 2008). However, strong changes in river 

hydrology predicted to occur with dam removal (National Park Service, 1995; Sethi et  

al., 2004; Duda et al., 2008; Pess et al., 2008; Shaffer et al., 2008; Winter and Crain, 

2008; Woodward et al., 2008) present great challenges to the continued existence of these 

mussels. As a result of this study it is recommended that efforts be taken to preserve this 

indicator species in the Elwha River.
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Appendix I

Elwha Mussels (Margaritifera falcata)
Raw Data for This Study

Live Shell Shell Shell
Ligament

mass length height width length
Population          Location                       Number                (g)                 (mm)                (mm)              (mm)           (mm)  
1 Below Dam 1001 62.0 33.0 17.0 22.0
1 Below Dam 1002 52.0 27.0 13.0 17.0
1 Below Dam 1003 50.0 26.0 13.0 18.0
1 Below Dam 1004 56.0 29.0 15.0 17.0
1 Below Dam 1005 83.0 41.0 22.0 33.0
1 Below Dam 1006 60.0 30.0 16.0 22.0
1 Below Dam 1007 62.0 34.0 18.0 21.0
1 Below Dam 1008 53.0 26.0 14.0 18.0
1 Below Dam 1009 98.0 51.0 27.0 43.0
1 Below Dam 1010 62.0 30.0 15.0 21.0
1 Below Dam 1011 23.0 14.0 6.0 6.0
1 Below Dam 1012 21.0 12.0 6.0 6.0
1 Below Dam 1013 25.0 14.0 7.0 8.0
1 Below Dam 1014 38.0 22.0 10.0 12.0
1 Below Dam 1015 70.0 39.0 22.0 27.0
1 Below Dam 1016 55.0 29.0 16.0 18.0
1 Below Dam 1017 128.0 64.0 37.0 54.0
1 Below Dam 1018 82.0 43.0 24.0 29.0
1 Below Dam 1019 62.0 35.0 17.0 23.0
1 Below Dam 1020 60.0 30.0 16.0 21.0
1 Below Dam 1021 56.0 31.0 15.0 18.0
1 Below Dam 1022 70.0 37.0 19.0 23.0
1 Below Dam 1023 57.0 29.0 15.0 16.0
1 Below Dam 1024 55.0 31.0 14.0 19.0
1 Below Dam 1025 76.0 40.0 21.0 26.0
1 Below Dam 1026 86.0 43.0 25.0 30.0
1 Below Dam 1027 69.0 37.0 19.0 25.0
1 Below Dam 1028 75.0 40.0 22.0 28.0
1 Below Dam 1029 65.0 35.0 18.0 24.0
1 Below Dam 1030 60.0 33.0 16.0 22.0
1 Below Dam 1031 64.0 34.0 18.0 24.0
1 Below Dam 1032 113.0 57.0 32.0 46.0
1 Below Dam 1033 105.0 54.0 28.0 43.0
1 Below Dam 1034 84.0 43.0 22.0 32.0

2 Power Line (Individuals were not measured)

3 Dewatered 3001 61.0
3 Dewatered 3002 85.0
3 Dewatered 3003 58.0
3 Dewatered 3004 70.0
3 Dewatered 3005 85.0
3 Dewatered 3006 121.0
3 Dewatered 3007 130.0
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3 Dewatered 3008 73.0
3 Dewatered 3009 131.0
3 Dewatered 3010 42.0
3 Dewatered 3011 99.0
3 Dewatered 3012 51.0
3 Dewatered 3013 69.0
3 Dewatered 3014 64.0
3 Dewatered 3015 71.0
3 Dewatered 3016 42.0
3 Dewatered 3017 97.0
3 Dewatered 3018 49.0
3 Dewatered 3019 76.0
3 Dewatered 3020 64.0
3 Dewatered 3021 85.0
3 Dewatered 3022 72.0
3 Dewatered 3023 48.0
3 Dewatered 3024 66.0
3 Dewatered 3025 83.0
3 Dewatered 3026 74.5
3 Dewatered 3027 74.5
3 Dewatered 3028 79.0
3 Dewatered 3029 37.5
3 Dewatered 3030 47.0
3 Dewatered 3031 36.0
3 Dewatered 3032 70.0
3 Dewatered 3033 64.0
3 Dewatered 3034 55.5
3 Dewatered 3035 33.0
3 Dewatered 3036 73.0
3 Dewatered 3037 88.0
3 Dewatered 3038 97.0
3 Dewatered 3039 112.0
3 Dewatered 3040 27.5
3 Dewatered 3041 69.0
3 Dewatered 3042 129.0
3 Dewatered 3043 39.0
3 Dewatered 3044 39.5
3 Dewatered 3045 77.0
3 Dewatered 3046 51.0
3 Dewatered 3047 71.0
3 Dewatered 3048 66.0
3 Dewatered 3049 65.0
3 Dewatered 3050 76.0
3 Dewatered 3051 108.0
3 Dewatered 3052 80.0
3 Dewatered 3053 75.0
3 Dewatered 3054 71.5
3 Dewatered 3055 61.0
3 Dewatered 3056 37.5
3 Dewatered 3057 54.0
3 Dewatered 3058 70.0
3 Dewatered 3059 65.0
3 Dewatered 3060 79.0

75



3 Dewatered 3061 43.0
3 Dewatered 3062 51.0
3 Dewatered 3063 67.0
3 Dewatered 3064 87.0
3 Dewatered 3065 90.0
3 Dewatered 3066 117.0
3 Dewatered 3067 116.5
3 Dewatered 3068 78.0
3 Dewatered 3069 67.0
3 Dewatered 3070 42.0
3 Dewatered 3071 53.0
3 Dewatered 3072 84.0
3 Dewatered 3073 85.0
3 Dewatered 3074 65.0
3 Dewatered 3075 67.0
3 Dewatered 3076 53.0
3 Dewatered 3077 45.0
3 Dewatered 3078 46.0
3 Dewatered 3079 59.0
3 Dewatered 3080 97.0
3 Dewatered 3081 49.0
3 Dewatered 3082 77.0
3 Dewatered 3083 80.0
3 Dewatered 3084 67.0
3 Dewatered 3085 70.5
3 Dewatered 3086 52.0
3 Dewatered 3087 66.0
3 Dewatered 3088 73.5
3 Dewatered 3089 80.0
3 Dewatered 3090 84.0
3 Dewatered 3091 83.0
3 Dewatered 3092 55.0
3 Dewatered 3093 70.0
3 Dewatered 3094 64.0
3 Dewatered 3095 65.0
3 Dewatered 3096 79.0
3 Dewatered 3097 69.0
3 Dewatered 3098 82.0
3 Dewatered 3099 106.0
3 Dewatered 3100 54.0
3 Dewatered 3101 69.0
3 Dewatered 3102 79.0
3 Dewatered 3103 81.0
3 Dewatered 3104 84.0
3 Dewatered 3105 79.0
3 Dewatered 3106 49.0
3 Dewatered 3107 53.0
3 Dewatered 3108 64.0
3 Dewatered 3109 52.0
3 Dewatered 3110 71.5
3 Dewatered 3111 85.0
3 Dewatered 3112 123.0
3 Dewatered 3113 75.0
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3 Dewatered 3114 91.0
3 Dewatered 3115 46.0
3 Dewatered 3116 63.0
3 Dewatered 3117 75.0
3 Dewatered 3118 78.0
3 Dewatered 3119 40.0
3 Dewatered 3120 50.0
3 Dewatered 3121 71.0
3 Dewatered 3122 75.0
3 Dewatered 3123 77.0
3 Dewatered 3124 46.0
3 Dewatered 3125 66.5
3 Dewatered 3126 56.0
3 Dewatered 3127 65.0
3 Dewatered 3128 66.0
3 Dewatered 3129 98.0
3 Dewatered 3130 79.0
3 Dewatered 3131 51.0
3 Dewatered 3132 76.0
3 Dewatered 3133 48.0
3 Dewatered 3134 70.0
3 Dewatered 3135 79.0
3 Dewatered 3136 70.0
3 Dewatered 3137 51.0
3 Dewatered 3138 86.0
3 Dewatered 3139 81.0
3 Dewatered 3140 70.0
3 Dewatered 3141 74.0
3 Dewatered 3142 67.0
3 Dewatered 3143 76.0
3 Dewatered 3144 52.0
3 Dewatered 3145 81.0
3 Dewatered 3146 50.0
3 Dewatered 3147 66.0
3 Dewatered 3148 93.0
3 Dewatered 3149 59.0
3 Dewatered 3150 78.0
3 Dewatered 3151 108.0
3 Dewatered 3152 47.0
3 Dewatered 3153 50.0
3 Dewatered 3154 59.0

4 North Outfall 4001 18.6 62.0 30.0 16.0 21.0
4 North Outfall 4002 15.3 59.0 29.0 15.0 20.0
4 North Outfall 4003 15.3 59.0 29.0 14.0 21.0
4 North Outfall 4004 11.9 51.0 26.0 12.0 18.0
4 North Outfall 4005 1.7 31.0 16.0 18.0 19.0
4 North Outfall 4006 23.3 64.0 32.0 17.0 22.0
4 North Outfall 4007 18.3 62.0 29.0 16.0 22.0
4 North Outfall 4008 17.9 60.0 31.0 15.0 23.0
4 North Outfall 4009 14.7 54.0 30.0 13.0 22.0
4 North Outfall 4010 10.8 51.0 26.0 14.0 17.0
4 North Outfall 4011 5.3 43.0 22.0 11.0 15.0
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4 North Outfall 4012 3.2 30.0 16.0 17.0 9.0
4 North Outfall 4013 22.2 64.0 33.0 16.0 27.0
4 North Outfall 4014 16.7 59.0 29.0 15.0 20.0
4 North Outfall 4015 12.1 52.0 26.0 13.0 19.0
4 North Outfall 4016 11.0 51.0 27.0 13.0 15.0
4 North Outfall 4017 17.4 59.0 30.0 15.0 20.0
4 North Outfall 4018 13.2 55.0 27.0 14.0 19.0
4 North Outfall 4019 10.3 50.0 25.0 13.0 17.0
4 North Outfall 4020 16.6 58.0 29.0 15.0 22.0
4 North Outfall 4021 10.6 51.0 25.0 13.0 19.0
4 North Outfall 4022 10.6 50.0 25.0 13.0 18.0
4 North Outfall 4023 10.4 51.0 25.0 14.0 18.0
4 North Outfall 4024 21.7 64.0 31.0 16.0 23.0
4 North Outfall 4025 17.8 60.0 30.0 16.0 20.0
4 North Outfall 4026 19.3 61.0 31.0 16.0 24.0
4 North Outfall 4027 17.3 45.0 22.0 11.0 16.0
4 North Outfall 4028 5.1 40.0 21.0 10.0 13.0
4 North Outfall 4029 12.4 54.0 26.0 14.0 19.0
4 North Outfall 4030 7.5 44.0 22.0 11.0 14.0
4 North Outfall 4031 8.7 47.0 24.0 11.0 18.0
4 North Outfall 4032 5.5 41.0 21.0 10.0 14.0
4 North Outfall 4033 3.8 39.0 20.0 9.0 12.0
4 North Outfall 4034 3.7 39.0 20.0 9.0 13.0
4 North Outfall 4035 4.7 41.0 20.0 10.0 14.0
4 North Outfall 4036 4.5 39.0 20.0 10.0 14.0
4 North Outfall 4037 2.9 34.0 19.0 18.0 10.0
4 North Outfall 4038 5.4 40.0 21.0 10.0 14.0
4 North Outfall 4039 10.5 51.0 26.0 13.0 18.0
4 North Outfall 4040 11.9 52.0 26.0 14.0 17.0
4 North Outfall 4041 10.6 50.0 25.0 13.0 18.0
4 North Outfall 4042 12.6 54.0 27.0 13.0 18.0
4 North Outfall 4043 9.1 46.0 25.0 11.0 19.0
4 North Outfall 4044 7.9 44.0 23.0 11.0 15.0
4 North Outfall 4045 11.8 53.0 27.0 14.0 17.0
4 North Outfall 4046 9.7 49.0 24.0 13.0 16.0
4 North Outfall 4047 17.5 60.0 30.0 16.0 21.0
4 North Outfall 4048 3.2 48.0 24.0 14.0 14.0
4 North Outfall 4049 8.5 47.0 24.0 12.0 16.0
4 North Outfall 4050 10.8 52.0 26.0 13.0 15.0
4 North Outfall 4051 3.1 33.0 18.0 8.0 9.0
4 North Outfall 4052 3.2 34.0 18.0 8.0 11.0
4 North Outfall 4053 11.2 51.0 26.0 13.0 19.0
4 North Outfall 4054 6.8 45.0 23.0 11.0 15.0
4 North Outfall 4055 2.1 28.0 15.0 7.0 8.0
4 North Outfall 4056 1.7 27.0 14.0 7.0 8.0
4 North Outfall 4057 3.9 35.0 20.0 9.0 13.0
4 North Outfall 4058 1.6 27.0 15.0 7.0 9.0
4 North Outfall 4059 17.1 58.0 29.0 15.0 22.0
4 North Outfall 4060 17.4 59.0 30.0 15.0 22.0
4 North Outfall 4061 4.4 37.0 19.0 9.0 12.0
4 North Outfall 4062 0.9 21.0 11.0 5.0 6.0
4 North Outfall 4063 17.1 44.0 23.0 11.0 17.0
4 North Outfall 4064 10.0 51.0 25.0 13.0 19.0
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4 North Outfall 4065 17.7 60.0 30.0 16.0 21.0
4 North Outfall 4066 5.8 41.0 21.0 10.0 14.0
4 North Outfall 4067 5.6 40.0 21.0 10.0 13.0
4 North Outfall 4068 17.2 59.0 29.0 16.0 21.0
4 North Outfall 4069 3.2 30.0 16.0 7.0 10.0
4 North Outfall 4070 5.8 41.0 21.0 10.0 13.0
4 North Outfall 4071 4.0 36.0 18.0 9.0 12.0
4 North Outfall 4072 1.6 21.0 12.0 6.0 7.0
4 North Outfall 4073 4.3 38.0 20.0 9.0 13.0
4 North Outfall 4074 3.3 34.0 18.0 9.0 10.0
4 North Outfall 4075 0.5 20.0 10.0 5.0 5.0
4 North Outfall 4076 0.4 16.0 9.0 4.0 4.0
4 North Outfall 4077 5.7 42.0 21.0 11.0 14.0
4 North Outfall 4078 19.7 62.0 31.0 18.0 20.0
4 North Outfall 4079 10.0 50.0 25.0 12.0 16.0
4 North Outfall 4080 13.2 53.0 27.0 15.0 19.0
4 North Outfall 4081 18.6 47.0 23.0 13.0 17.0
4 North Outfall 4082 11.4 52.0 26.0 14.0 18.0
4 North Outfall 4083 10.9 50.0 26.0 13.0 18.0
4 North Outfall 4084 9.3 49.0 25.0 12.0 16.0
4 North Outfall 4085 12.0 56.0 27.0 13.0 18.0
4 North Outfall 4086 1.7 28.0 15.0 7.0 8.0
4 North Outfall 4087 9.8 49.0 25.0 12.0 18.0
4 North Outfall 4088 12.6 55.0 27.0 14.0 19.0
4 North Outfall 4089 14.1 57.0 28.0 14.0 21.0
4 North Outfall 4090 19.4 62.0 31.0 16.0 24.0
4 North Outfall 4091 8.2 47.0 23.0 12.0 15.0
4 North Outfall 4092 4.1 39.0 19.0 10.0 11.0
4 North Outfall 4093 6.8 44.0 22.0 11.0 15.0
4 North Outfall 4094 1.1 22.0 12.0 6.0 7.0
4 North Outfall 4095 3.8 35.0 19.0 9.0 11.0
4 North Outfall 4096 2.7 31.0 16.0 8.0 10.0
4 North Outfall 4097 3.1 33.0 9.0 17.0 11.0
4 North Outfall 4098 8.6 47.0 23.0 12.0 16.0
4 North Outfall 4099 3.2 54.0 27.0 13.0 16.0
4 North Outfall 4100 8.1 45.0 24.0 11.0 16.0
4 North Outfall 4101 17.9 61.0 30.0 16.0 19.0
4 North Outfall 4102 2.7 31.0 16.0 8.0 10.0
4 North Outfall 4103 5.1 38.0 22.0 9.0 14.0
4 North Outfall 4104 7.4 44.0 22.0 12.0 14.0
4 North Outfall 4105 19.9 63.0 31.0 16.0 23.0
4 North Outfall 4106 2.6 30.0 16.0 8.0 9.0
4 North Outfall 4107 12.3 53.0 27.0 14.0 17.0
4 North Outfall 4108 2.7 32.0 17.0 8.0 10.0
4 North Outfall 4109 14.1 55.0 29.0 14.0 18.0
4 North Outfall 4110 8.4 46.0 24.0 12.0 15.0
4 North Outfall 4111 6.5 43.0 21.0 10.0 13.0
4 North Outfall 4112 5.9 42.0 22.0 11.0 14.0
4 North Outfall 4113 3.2 34.0 18.0 9.0 11.0
4 North Outfall 4114 4.3 38.0 19.0 9.0 12.0
4 North Outfall 4115 2.3 30.0 16.0 7.0 9.0
4 North Outfall 4116 2.4 29.0 15.0 7.0 10.0
4 North Outfall 4117 2.7 30.0 16.0 8.0 9.0
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4 North Outfall 4118 6.3 42.0 21.0 10.0 14.0
4 North Outfall 4119 2.4 30.0 16.0 8.0 9.0
4 North Outfall 4120 2.6 30.0 16.0 8.0 9.0
4 North Outfall 4121 18.8 62.0 32.0 16.0 21.0
4 North Outfall 4122 20.2 63.0 31.0 17.0 20.0
4 North Outfall 4123 13.0 54.0 27.0 14.0 18.0
4 North Outfall 4124 1.8 27.0 14.0 7.0 10.0
4 North Outfall 4125 2.3 30.0 15.0 7.0 9.0
4 North Outfall 4126 3.1 32.0 17.0 8.0 10.0
4 North Outfall 4127 18.0 60.0 30.0 16.0 22.0
4 North Outfall 4128 20.9 65.0 32.0 17.0 23.0
4 North Outfall 4129 11.8 52.0 26.0 13.0 18.0
4 North Outfall 4130 20.7 63.0 31.0 16.0 20.0
4 North Outfall 4131 11.8 52.0 26.0 13.0 18.0
4 North Outfall 4132 3.1 33.0 18.0 8.0 11.0
4 North Outfall 4133 2.0 29.0 15.0 7.0 9.0
4 North Outfall 4134 19.5 62.0 30.0 16.0 21.0
4 North Outfall 4135 5.7 41.0 21.0 10.0 14.0
4 North Outfall 4136 6.9 43.0 23.0 11.0 14.0
4 North Outfall 4137 2.8 32.0 17.0 8.0 10.0
4 North Outfall 4138 0.4 17.0 9.0 4.0 5.0
4 North Outfall 4139 10.6 51.0 26.0 13.0 16.0
4 North Outfall 4140 8.3 46.0 24.0 12.0 15.0
4 North Outfall 4141 6.6 44.0 22.0 11.0 15.0
4 North Outfall 4142 9.4 48.0 25.0 12.0 16.0
4 North Outfall 4143 21.9 65.0 32.0 18.0 22.0
4 North Outfall 4144 20.3 63.0 31.0 16.0 22.0
4 North Outfall 4145 5.9 41.0 21.0 10.0 13.0
4 North Outfall 4146 10.6 51.0 26.0 13.0 18.0
4 North Outfall 4147 2.9 33.0 17.0 8.0 11.0
4 North Outfall 4148 12.3 53.0 27.0 14.0 18.0
4 North Outfall 4149 19.9 63.0 32.0 16.0 22.0
4 North Outfall 4150 13.2 55.0 28.0 14.0 17.0
4 North Outfall 4151 11.6 53.0 27.0 14.0 18.0
4 North Outfall 4152 12.4 55.0 27.0 14.0 18.0
4 North Outfall 4153 10.7 51.0 27.0 13.0 15.0
4 North Outfall 4154 15.7 59.0 29.0 15.0 19.0
4 North Outfall 4155 11.3 49.0 28.0 12.0 18.0
4 North Outfall 4156 9.8 49.0 25.0 13.0 15.0
4 North Outfall 4157 11.9 53.0 28.0 12.0 18.0
4 North Outfall 4158 6.9 44.0 23.0 11.0 15.0
4 North Outfall 4159 5.7 40.0 21.0 10.0 13.0
4 North Outfall 4160 2.8 29.0 19.0 9.0 12.0
4 North Outfall 4161 5.7 38.0 20.0 10.0 12.0
4 North Outfall 4162 11.9 53.0 26.0 13.0 18.0
4 North Outfall 4163 15.6 56.0 27.0 15.0 18.0
4 North Outfall 4164 10.7 50.0 25.0 14.0 17.0
4 North Outfall 4165 21.0 60.0 32.0 17.0 23.0
4 North Outfall 4166 11.9 53.0 26.0 13.0 17.0
4 North Outfall 4167 4.9 38.0 20.0 10.0 11.0
4 North Outfall 4168 24.2 67.0 32.0 16.0 23.0
4 North Outfall 4169 12.1 53.0 26.0 14.0 18.0
4 North Outfall 4170 3.0 33.0 18.0 8.0 11.0

80



4 North Outfall 4171 23.0 66.0 32.0 17.0 23.0
4 North Outfall 4172 1.0 22.0 12.0 6.0 6.0
4 North Outfall 4173 5.1 42.0 21.0 10.0 13.0
4 North Outfall 4174 2.5 31.0 16.0 8.0 9.0
4 North Outfall 4175 4.7 38.0 19.0 9.0 13.0
4 North Outfall 4176 8.6 46.0 24.0 12.0 15.0
4 North Outfall 4177 5.5 41.0 21.0 10.0 13.0
4 North Outfall 4178 13.4 54.0 27.0 14.0 18.0
4 North Outfall 4179 9.5 50.0 25.0 12.0 14.0
4 North Outfall 4180 5.6 40.0 21.0 10.0 13.0
4 North Outfall 4181 3.2 31.0 17.0 8.0 9.0
4 North Outfall 4182 4.1 35.0 20.0 9.0 10.0
4 North Outfall 4183 2.5 30.0 16.0 7.0 10.0
4 North Outfall 4184 3.4 34.0 18.0 9.0 10.0
4 North Outfall 4185 2.4 29.0 16.0 8.0 9.0
4 North Outfall 4186 6.8 43.0 22.0 11.0 15.0
4 North Outfall 4187 4.0 33.0 20.0 9.0 13.0
4 North Outfall 4188 1.9 27.0 14.0 6.0 8.0
4 North Outfall 4189 12.4 53.0 26.0 14.0 17.0
4 North Outfall 4190 0.7 18.0 10.0 5.0 6.0
4 North Outfall 4191 84.7 95.0 45.0 28.0 39.0
4 North Outfall 4192 6.3 43.0 22.0 11.0 13.0
4 North Outfall 4193 16.5 58.0 29.0 15.0 20.0
4 North Outfall 4194 17.2 59.0 30.0 15.0 21.0
4 North Outfall 4195 12.9 53.0 29.0 13.0 22.0
4 North Outfall 4196 12.3 53.0 26.0 14.0 18.0
4 North Outfall 4197 17.4 60.0 29.0 15.0 19.0
4 North Outfall 4198 17.1 59.0 29.0 15.0 24.0
4 North Outfall 4199 10.2 59.0 25.0 13.0 18.0
4 North Outfall 4200 21.9 64.0 32.0 17.0 26.0
4 North Outfall 4201 12.0 53.0 26.0 14.0 18.0
4 North Outfall 4202 9.9 50.0 25.0 12.0 19.0
4 North Outfall 4203 10.0 48.0 26.0 12.0 17.0
4 North Outfall 4204 19.7 63.0 32.0 17.0 23.0
4 North Outfall 4205 15.6 57.0 28.0 16.0 21.0
4 North Outfall 4206 12.6 53.0 22.0 13.0 19.0
4 North Outfall 4207 18.1 54.0 27.0 14.0 19.0
4 North Outfall 4208 12.5 53.0 27.0 14.0 19.0
4 North Outfall 4209 13.0 53.0 28.0 14.0 17.0
4 North Outfall 4210 17.3 60.0 29.0 15.0 22.0
4 North Outfall 4211 11.9 53.0 26.0 14.0 17.0
4 North Outfall 4212 11.4 53.0 26.0 13.0 19.0
4 North Outfall 4213 6.8 43.0 22.0 11.0 15.0
4 North Outfall 4214 8.5 47.0 24.0 12.0 14.0
4 North Outfall 4215 19.5 63.0 30.0 16.0 23.0
4 North Outfall 4216 11.7 53.0 26.0 14.0 18.0
4 North Outfall 4217 12.8 54.0 27.0 14.0 18.0
4 North Outfall 4218 10.7 50.0 25.0 12.0 18.0
4 North Outfall 4219 7.0 44.0 22.0 11.0 14.0
4 North Outfall 4220 12.6 54.0 27.0 13.0 18.0
4 North Outfall 4221 8.6 47.0 24.0 11.0 17.0
4 North Outfall 4222 3.0 33.0 18.0 8.0 11.0
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5 Rearing Outflow 5001 18.2 56.0 30.0 14.0 19.0
5 Rearing Outflow 5002 49.3 80.0 41.0 22.0 34.0
5 Rearing Outflow 5003 17.6 55.0 31.0 14.0 22.0
5 Rearing Outflow 5004 13.1 49.0 28.0 12.0 22.0
5 Rearing Outflow 5005 17.7 66.0 35.0 18.5 26.0
5 Rearing Outflow 5006 15.5 55.0 29.0 15.0 19.0
5 Rearing Outflow 5007 16.2 52.0 28.0 15.0 20.0
5 Rearing Outflow 5008 5.4 36.0 20.0 10.0 13.0
5 Rearing Outflow 5009 64.8 85.0 43.0 24.0 34.0
5 Rearing Outflow 5010 4.2 35.0 19.0 9.0 10.0
5 Rearing Outflow 5011 5.2 36.0 20.0 9.0 13.0
5 Rearing Outflow 5012 11.8 47.0 26.0 13.0 16.0
5 Rearing Outflow 5013 2.5 27.0 15.0 7.0 8.5
5 Rearing Outflow 5014 1.7 22.0 13.0 6.0 7.0
5 Rearing Outflow 5015 1.7 21.0 13.0 6.0 7.0
5 Rearing Outflow 5016 32.1 70.0 36.0 19.0 30.0
5 Rearing Outflow 5017 15.0 51.0 29.0 15.0 19.0
5 Rearing Outflow 5018 10.9 46.0 25.0 13.0 17.0
5 Rearing Outflow 5019 8.2 44.0 23.0 12.0 17.0
5 Rearing Outflow 5020 5.2 39.0 20.0 10.0 13.0
5 Rearing Outflow 5021 2.9 31.0 17.0 19.0 11.0
5 Rearing Outflow 5022 59.6 81.0 42.0 24.0 39.0
5 Rearing Outflow 5023 44.0 76.0 38.0 22.0 30.0
5 Rearing Outflow 5024 34.6 74.0 36.0 20.0 27.0
5 Rearing Outflow 5025 24.3 66.0 33.0 17.0 25.0
5 Rearing Outflow 5026 14.2 54.0 28.0 15.0 19.0
5 Rearing Outflow 5027 10.5 58.0 35.0 13.0 17.0
5 Rearing Outflow 5028 16.9 57.0 30.0 14.0 22.0
5 Rearing Outflow 5029 11.2 47.0 25.0 14.0 17.5
5 Rearing Outflow 5030 18.6 45.0 24.0 12.0 16.0
5 Rearing Outflow 5031 66.2 88.0 43.0 24.0 35.0
5 Rearing Outflow 5032 13.4 50.0 29.0 12.0 21.0
5 Rearing Outflow 5033 21.7 60.0 32.0 16.0 24.0
5 Rearing Outflow 5034 28.8 67.0 34.0 17.0 29.0
5 Rearing Outflow 5035 28.7 66.0 34.0 19.0 25.0
5 Rearing Outflow 5036 16.9 56.0 30.0 15.0 20.0
5 Rearing Outflow 5037 41.4 77.0 39.0 20.0 28.0
5 Rearing Outflow 5038 30.2 70.0 34.0 18.0 25.0
5 Rearing Outflow 5039 18.7 59.0 30.0 15.0 21.0
5 Rearing Outflow 5040 16.0 55.0 27.0 15.0 20.0
5 Rearing Outflow 5041 19.7 61.0 30.0 15.0 23.0
5 Rearing Outflow 5042 5.5 49.0 21.0 11.0 13.0
5 Rearing Outflow 5043 2.1 30.0 15.0 9.0 9.0
5 Rearing Outflow 5044 10.8 48.0 26.0 13.0 16.0
5 Rearing Outflow 5045 18.6 59.0 30.0 15.0 23.0
5 Rearing Outflow 5046 15.5 56.0 30.0 14.0 21.0
5 Rearing Outflow 5047 14.1 52.0 30.0 14.0 19.0
5 Rearing Outflow 5048 16.6 54.0 29.0 15.0 20.0
5 Rearing Outflow 5049 1.8 28.0 15.0 7.0 10.0
5 Rearing Outflow 5050 2.0 28.0 15.0 7.0 9.0
5 Rearing Outflow 5051 15.9 56.0 29.0 15.0 20.0
5 Rearing Outflow 5052 11.8 48.0 28.0 13.0 20.0
5 Rearing Outflow 5053 4.3 37.0 20.0 9.0 12.0
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5 Rearing Outflow 5054 10.1 50.0 26.0 13.0 17.0
5 Rearing Outflow 5055 24.5 63.0 32.0 19.0 22.0
5 Rearing Outflow 5056 1.2 22.0 13.0 6.0 7.0
5 Rearing Outflow 5057 0.4 15.0 9.0 4.0 4.0
5 Rearing Outflow 5058 13.8 53.0 28.0 14.0 19.0
5 Rearing Outflow 5059 18.2 57.0 30.0 15.0 20.0
5 Rearing Outflow 5060 1.0 21.0 12.0 5.0 7.0
5 Rearing Outflow 5061 9.3 46.0 35.0 13.0 17.0
5 Rearing Outflow 5062 19.4 59.0 31.0 16.0 21.0
5 Rearing Outflow 5063 12.2 52.0 27.0 14.0 19.0
5 Rearing Outflow 5064 17.7 55.0 29.0 15.0 21.0
5 Rearing Outflow 5065 1.4 24.0 13.0 6.0 7.0
5 Rearing Outflow 5066 7.0 41.0 23.0 11.0 14.0
5 Rearing Outflow 5067 17.2 57.0 30.0 14.0 23.0
5 Rearing Outflow 5068 20.6 60.0 32.0 16.0 20.0
5 Rearing Outflow 5069 2.8 31.0 16.0 9.0 10.0
5 Rearing Outflow 5070 18.2 43.0 23.0 12.0 17.0
5 Rearing Outflow 5071 18.6 43.0 24.0 12.0 16.0
5 Rearing Outflow 5072 18.4 56.0 30.0 15.0 21.0
5 Rearing Outflow 5073 16.7 56.0 30.0 16.0 19.0
5 Rearing Outflow 5074 29.4 68.0 35.0 19.0 23.0
5 Rearing Outflow 5075 6.1 40.0 22.0 10.0 14.0
5 Rearing Outflow 5076 13.5 53.0 27.0 14.0 21.0
5 Rearing Outflow 5077 39.6 76.0 48.0 21.0 29.0
5 Rearing Outflow 5078 18.3 60.0 30.0 15.0 23.0
5 Rearing Outflow 5079 3.5 33.0 19.0 9.0 11.0
5 Rearing Outflow 5080 2.9 31.0 19.0 9.0 11.0
5 Rearing Outflow 5081 4.7 37.0 20.0 9.0 13.0
5 Rearing Outflow 5082 21.4 62.0 32.0 16.0 21.0
5 Rearing Outflow 5083 10.6 50.0 25.0 13.0 15.0
5 Rearing Outflow 5084 1.2 21.0 13.0 15.0 8.0
5 Rearing Outflow 5085 2.6 30.0 16.0 8.0 10.0
5 Rearing Outflow 5086 0.9 19.0 11.0 5.0 6.0
5 Rearing Outflow 5087 30.0 71.0 36.0 18.0 27.0
5 Rearing Outflow 5088 4.5 35.0 20.0 10.0 12.0
5 Rearing Outflow 5089 17.7 30.0 20.0 7.0 9.0
5 Rearing Outflow 5090 13.1 52.0 30.0 15.0 23.0
5 Rearing Outflow 5091 41.7 76.0 40.0 20.0 28.0
5 Rearing Outflow 5092 22.3 64.0 33.0 12.0 22.0
5 Rearing Outflow 5093 28.8 69.0 34.0 19.0 25.0
5 Rearing Outflow 5094 26.4 68.0 33.0 17.0 25.0
5 Rearing Outflow 5095 10.3 49.0 25.0 13.0 19.0
5 Rearing Outflow 5096 4.9 34.0 20.0 10.0 13.0
5 Rearing Outflow 5097 2.2 28.0 15.0 8.0 9.0
5 Rearing Outflow 5098 31.3 70.0 36.0 19.0 29.0
5 Rearing Outflow 5099 4.7 38.0 20.0 9.0 13.0
5 Rearing Outflow 5100 13.9 52.0 28.0 14.0 19.0
5 Rearing Outflow 5101 7.6 44.0 23.0 11.0 15.0
5 Rearing Outflow 5102 20.8 60.0 31.0 17.0 21.0
5 Rearing Outflow 5103 2.6 31.0 16.0 8.0 10.0
5 Rearing Outflow 5104 45.6 81.0 38.0 21.0 32.0
5 Rearing Outflow 5105 0.7 18.0 10.0 5.0 6.0
5 Rearing Outflow 5106 21.5 60.0 31.0 17.0 23.0
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5 Rearing Outflow 5107 5.3 39.0 21.0 10.0 13.0
5 Rearing Outflow 5108 12.1 53.0 26.0 14.0 18.0
5 Rearing Outflow 5109 42.7 77.0 38.0 21.0 30.0
5 Rearing Outflow 5110 33.9 72.0 36.0 19.0 27.0
5 Rearing Outflow 5111 1.7 25.0 14.0 17.0 9.0
5 Rearing Outflow 5112 2.3 28.0 15.0 8.0 8.0
5 Rearing Outflow 5113 18.1 57.0 29.0 16.0 20.0
5 Rearing Outflow 5114 32.3 66.0 35.0 19.0 26.0
5 Rearing Outflow 5115 0.6 18.0 10.0 5.0 5.0
5 Rearing Outflow 5116 21.3 61.0 31.0 17.0 23.0
5 Rearing Outflow 5117 35.4 74.0 37.0 19.0 27.0
5 Rearing Outflow 5118 22.9 58.0 32.0 17.0 23.0
5 Rearing Outflow 5119 2.5 30.0 15.0 8.0 11.0
5 Rearing Outflow 5120 2.6 30.0 16.0 8.0 9.0
5 Rearing Outflow 5121 7.2 43.0 22.0 11.0 15.0
5 Rearing Outflow 5122 7.4 42.0 23.0 11.0 13.0
5 Rearing Outflow 5123 16.4 56.0 29.0 16.0 19.0
5 Rearing Outflow 5124 24.9 62.0 32.0 17.0 23.0
5 Rearing Outflow 5125 2.6 30.0 16.0 8.0 8.5
5 Rearing Outflow 5126 20.3 61.0 31.0 17.0 23.0
5 Rearing Outflow 5127 2.3 29.0 15.0 7.0 10.0
5 Rearing Outflow 5128 8.6 46.0 24.0 12.0 16.0
5 Rearing Outflow 5129 9.3 44.0 24.0 12.0 17.0
5 Rearing Outflow 5130 17.0 60.0 30.0 15.0 20.0
5 Rearing Outflow 5131 4.1 34.0 20.0 10.0 11.0
5 Rearing Outflow 5132 3.7 32.0 19.0 9.0 11.0
5 Rearing Outflow 5133 1.9 27.0 15.0 7.0 7.5
5 Rearing Outflow 5134 11.1 50.0 26.0 14.0 16.0
5 Rearing Outflow 5135 8.1 45.0 23.0 12.0 15.0
5 Rearing Outflow 5136 4.3 36.0 19.0 9.0 12.0
5 Rearing Outflow 5137 17.1 56.0 30.0 16.0 18.0
5 Rearing Outflow 5138 2.5 28.0 16.0 8.0 9.0
5 Rearing Outflow 5139 1.8 25.0 14.0 7.0 9.0
5 Rearing Outflow 5140 18.8 60.0 30.0 17.0 20.0
5 Rearing Outflow 5141 4.3 35.0 19.0 9.0 13.0
5 Rearing Outflow 5142 1.0 20.0 12.0 5.0 6.0
5 Rearing Outflow 5143 1.7 25.0 14.0 7.0 8.0
5 Rearing Outflow 5144 50.9 81.0 45.0 22.0 33.0
5 Rearing Outflow 5145 14.3 55.0 23.0 14.0 18.0
5 Rearing Outflow 5146 17.8 61.0 30.0 15.0 23.0
5 Rearing Outflow 5147 1.9 30.0 15.0 7.0 9.0
5 Rearing Outflow 5148 3.6 33.0 19.0 8.0 11.0
5 Rearing Outflow 5149 4.3 35.0 19.0 9.0 12.0
5 Rearing Outflow 5150 1.5 33.0 13.0 7.0 7.0
5 Rearing Outflow 5151 24.7 67.0 33.0 17.0 24.0
5 Rearing Outflow 5152 2.0 28.0 15.0 7.0 8.0
5 Rearing Outflow 5153 4.3 35.0 20.0 9.0 12.0
5 Rearing Outflow 5154 2.6 29.0 16.0 8.0 12.0
5 Rearing Outflow 5155 15.7 55.0 30.0 15.0 21.0
5 Rearing Outflow 5156 15.7 56.0 30.0 15.0 20.0
5 Rearing Outflow 5157 18.1 58.0 31.0 15.0 26.0
5 Rearing Outflow 5158 9.5 50.0 25.0 12.0 16.0
5 Rearing Outflow 5159 2.2 30.0 15.0 7.0 7.0
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5 Rearing Outflow 5160 16.9 60.0 30.0 15.0 21.0
5 Rearing Outflow 5161 1.6 25.0 14.0 7.0 7.0
5 Rearing Outflow 5162 58.0 86.0 43.0 22.0 35.0
5 Rearing Outflow 5163 1.6 25.0 14.0 6.0 9.0
5 Rearing Outflow 5164 10.3 48.0 25.0 12.0 17.0
5 Rearing Outflow 5165 2.1 27.0 15.0 7.0 9.0
5 Rearing Outflow 5166 16.8 56.0 31.0 15.0 24.0
5 Rearing Outflow 5167 2.2 27.0 15.0 7.0 9.0
5 Rearing Outflow 5168 2.7 29.0 16.0 8.0 10.0
5 Rearing Outflow 5169 23.8 62.0 32.0 18.0 23.0
5 Rearing Outflow 5170 14.0 54.0 28.0 14.0 19.0
5 Rearing Outflow 5171 14.5 53.0 30.0 15.0 20.0
5 Rearing Outflow 5172 5.4 38.0 20.0 10.0 14.0
5 Rearing Outflow 5173 2.3 28.0 15.0 7.0 9.0
5 Rearing Outflow 5174 1.9 27.0 15.0 7.0 8.0
5 Rearing Outflow 5175 45.1 80.0 39.0 21.0 28.0
5 Rearing Outflow 5176 26.2 67.0 34.0 17.0 24.0
5 Rearing Outflow 5177 1.7 26.0 14.0 7.0 8.0
5 Rearing Outflow 5178 21.8 65.0 32.0 16.0 22.0
5 Rearing Outflow 5179 7.2 44.0 23.0 11.0 15.0
5 Rearing Outflow 5180 13.1 52.0 27.0 14.0 19.0
5 Rearing Outflow 5181 8.0 44.0 23.0 12.0 17.0
5 Rearing Outflow 5182 33.7 74.0 38.0 20.0 28.0
5 Rearing Outflow 5183 11.7 53.0 27.0 14.0 15.0
5 Rearing Outflow 5184 10.2 50.0 26.0 12.0 20.0
5 Rearing Outflow 5185 1.9 26.0 15.0 7.0 8.0
5 Rearing Outflow 5186 49.5 77.0 43.0 21.0 35.0
5 Rearing Outflow 5187 2.5 30.0 16.0 8.0 9.0
5 Rearing Outflow 5188 43.1 76.0 39.0 22.0 32.0
5 Rearing Outflow 5189 3.4 33.0 18.0 8.0 12.0
5 Rearing Outflow 5190 2.4 30.0 16.0 8.0 9.0
5 Rearing Outflow 5191 6.2 39.0 24.0 10.0 15.0
5 Rearing Outflow 5192 2.2 28.0 15.0 7.0 9.0
5 Rearing Outflow 5193 6.8 41.0 22.0 11.0 14.0
5 Rearing Outflow 5194 2.0 28.0 15.0 7.0 8.0
5 Rearing Outflow 5195 16.0 58.0 28.0 15.0 21.0
5 Rearing Outflow 5196 4.4 36.0 19.0 10.0 12.0
5 Rearing Outflow 5197 6.3 40.0 21.0 10.0 13.0
5 Rearing Outflow 5198 12.4 50.0 28.0 13.0 20.0
5 Rearing Outflow 5199 2.6 29.0 16.0 8.0 10.0
5 Rearing Outflow 5200 1.4 24.0 13.0 7.0 7.0
5 Rearing Outflow 5201 1.8 26.0 14.0 7.0 9.0
5 Rearing Outflow 5202 1.3 24.0 13.0 6.0 7.0
5 Rearing Outflow 5203 13.9 53.0 27.0 15.0 19.0
5 Rearing Outflow 5204 20.7 60.0 32.0 16.0 22.0
5 Rearing Outflow 5205 34.0 70.0 35.0 20.0 25.0
5 Rearing Outflow 5206 2.1 27.0 15.0 6.0 8.0
5 Rearing Outflow 5207 9.4 47.0 24.0 12.0 14.0
5 Rearing Outflow 5208 1.0 21.0 12.0 5.0 6.0
5 Rearing Outflow 5209 9.6 44.0 25.0 12.0 18.0
5 Rearing Outflow 5210 1.3 23.0 13.0 6.0 7.0
5 Rearing Outflow 5211 0.9 21.0 12.0 6.0 7.0
5 Rearing Outflow 5212 3.2 33.0 18.0 9.0 11.0
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5 Rearing Outflow 5213 26.3 67.0 33.0 17.0 26.0
5 Rearing Outflow 5214 9.7 46.0 24.0 12.0 17.0
5 Rearing Outflow 5215 1.4 23.0 13.0 6.0 7.0
5 Rearing Outflow 5216 8.7 44.0 24.0 12.0 15.0
5 Rearing Outflow 5217 16.5 57.0 30.0 15.0 22.0
5 Rearing Outflow 5218 22.1 62.0 32.0 16.0 20.0
5 Rearing Outflow 5219 1.5 25.0 14.0 7.0 9.0
5 Rearing Outflow 5220 8.9 46.0 24.0 12.0 17.0
5 Rearing Outflow 5221 12.7 52.0 28.0 13.0 17.0
5 Rearing Outflow 5222 4.5 35.0 20.0 10.0 12.0
5 Rearing Outflow 5223 6.9 42.0 22.0 11.0 14.0
5 Rearing Outflow 5224 22.0 61.0 35.0 16.0 23.0
5 Rearing Outflow 5225 11.9 49.0 29.0 13.0 20.0
5 Rearing Outflow 5226 9.9 45.0 26.0 11.0 17.0
5 Rearing Outflow 5227 7.6 41.0 24.0 9.0 15.0
5 Rearing Outflow 5228 6.0 40.0 21.0 10.0 13.0
5 Rearing Outflow 5229 15.4 57.0 28.0 15.0 20.0
5 Rearing Outflow 5230 19.6 58.0 31.0 16.0 22.0
5 Rearing Outflow 5231 3.4 31.0 19.0 9.0 9.0
5 Rearing Outflow 5232 1.5 24.0 14.0 6.5 7.0
5 Rearing Outflow 5233 32.5 72.0 38.0 20.0 25.5
5 Rearing Outflow 5234 7.0 41.0 23.0 11.0 15.5
5 Rearing Outflow 5235 1.5 25.0 14.5 6.5 9.0
5 Rearing Outflow 5236 1.1 23.0 12.5 6.0 7.5
5 Rearing Outflow 5237 4.8 39.0 20.0 9.5 12.0
5 Rearing Outflow 5238 4.0 35.5 19.0 9.0 12.5
5 Rearing Outflow 5239 22.4 60.0 31.5 17.0 21.0
5 Rearing Outflow 5240 10.0 46.0 25.0 13.0 16.5
5 Rearing Outflow 5241 2.9 31.0 17.0 8.0 10.0
5 Rearing Outflow 5242 2.2 29.0 16.5 9.0 11.0
5 Rearing Outflow 5243 2.5 29.0 16.0 9.0 9.5
5 Rearing Outflow 5244 11.4 50.0 26.0 13.5 16.0
5 Rearing Outflow 5245 28.3 69.0 34.0 19.0 26.0
5 Rearing Outflow 5246 21.7 60.0 32.0 16.5 23.5
5 Rearing Outflow 5247 27.8 69.0 34.0 19.0 25.0
5 Rearing Outflow 5248 27.7 68.0 35.0 19.0 24.0
5 Rearing Outflow 5249 16.2 60.0 29.0 15.0 21.0
5 Rearing Outflow 5250 47.2 79.0 41.0 22.0 31.0
5 Rearing Outflow 5251 16.4 55.0 30.0 15.5 19.0
5 Rearing Outflow 5252 15.5 56.0 30.0 14.5 21.0
5 Rearing Outflow 5253 20.7 61.0 31.5 16.0 20.5
5 Rearing Outflow 5254 17.2 59.0 31.0 15.0 20.0
5 Rearing Outflow 5255 7.1 43.0 23.0 12.0 14.5
5 Rearing Outflow 5256 10.7 51.0 26.0 14.0 16.0
5 Rearing Outflow 5257 23.0 64.0 33.0 16.0 22.0
5 Rearing Outflow 5258 14.2 50.0 29.0 13.0 20.0
5 Rearing Outflow 5259 22.5 59.0 34.0 17.0 23.0
5 Rearing Outflow 5260 10.3 47.0 26.0 12.5 15.0
5 Rearing Outflow 5261 12.8 51.0 29.0 13.5 19.0
5 Rearing Outflow 5262 16.5 57.0 29.0 15.0 19.0
5 Rearing Outflow 5263 12.5 52.0 27.0 13.0 20.0
5 Rearing Outflow 5264 12.5 52.0 27.0 14.0 19.0
5 Rearing Outflow 5265 8.3 45.0 24.0 12.0 14.0
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5 Rearing Outflow 5266 7.0 42.0 23.0 11.0 15.0
5 Rearing Outflow 5267 4.2 37.0 20.0 9.0 10.5
5 Rearing Outflow 5268 4.3 39.0 20.0 9.0 12.5
5 Rearing Outflow 5269 38.6 71.0 40.0 20.0 31.0
5 Rearing Outflow 5270 9.0 73.5 40.0 20.5 27.0
5 Rearing Outflow 5271 9.0 45.0 24.0 12.0 16.0
5 Rearing Outflow 5272 42.3 74.0 39.0 21.0 29.0
5 Rearing Outflow 5273 10.2 46.0 24.0 13.0 16.0
5 Rearing Outflow 5274 21.2 59.0 31.0 15.0 21.0
5 Rearing Outflow 5275 7.9 42.0 23.0 11.5 14.5
5 Rearing Outflow 5276 0.2 14.0 9.0 3.5 4.0
5 Rearing Outflow 5277 9.0 44.0 23.0 14.0 16.0
5 Rearing Outflow 5278 20.5 60.0 31.0 16.0 20.0
5 Rearing Outflow 5279 17.9 60.0 30.5 16.0 20.0
5 Rearing Outflow 5280 16.5 56.0 29.0 15.0 21.0
5 Rearing Outflow 5281 11.1 50.0 25.5 13.0 19.0
5 Rearing Outflow 5282 12.9 52.0 27.0 14.0 17.0
5 Rearing Outflow 5283 28.9 70.0 35.0 20.0 25.5
5 Rearing Outflow 5284 10.5 46.0 28.0 12.0 19.0
5 Rearing Outflow 5285 12.2 51.0 26.0 13.0 18.0
5 Rearing Outflow 5286 14.4 56.0 30.0 14.0 19.0
5 Rearing Outflow 5287 32.7 70.0 36.0 19.0 26.0
5 Rearing Outflow 5288 7.7 45.0 24.0 11.5 14.5
5 Rearing Outflow 5289 5.2 40.0 21.0 10.0 12.0
5 Rearing Outflow 5290 13.4 53.0 29.0 15.0 17.0
5 Rearing Outflow 5291 25.8 68.0 34.0 19.0 24.0
5 Rearing Outflow 5292 22.2 63.0 32.0 16.0 23.0
5 Rearing Outflow 5293 8.3 44.0 25.0 12.0 19.0
5 Rearing Outflow 5294 11.9 55.0 29.5 13.0 20.0
5 Rearing Outflow 5295 2.6 31.0 18.0 9.0 10.0
5 Rearing Outflow 5296 15.5 58.0 29.0 15.0 19.0
5 Rearing Outflow 5297 24.7 65.0 33.0 17.0 24.0
5 Rearing Outflow 5298 52.7 80.0 43.0 23.0 35.0
5 Rearing Outflow 5299 22.4 63.0 31.0 16.0 21.0
5 Rearing Outflow 5300 24.0 66.0 32.0 17.0 25.0
5 Rearing Outflow 5301 26.8 69.0 34.0 17.5 25.0
5 Rearing Outflow 5302 61.2 84.0 42.0 24.0 34.0
5 Rearing Outflow 5303 21.7 62.0 32.0 16.0 25.0
5 Rearing Outflow 5304 9.3 45.0 26.0 11.0 22.0
5 Rearing Outflow 5305 8.3 44.0 23.0 11.0 19.0
5 Rearing Outflow 5306 7.5 42.0 23.0 11.0 17.0
5 Rearing Outflow 5307 8.3 44.0 23.0 12.0 17.0
5 Rearing Outflow 5308 0.7 15.0 8.0 4.0 5.0
5 Rearing Outflow 5309 10.3 46.0 25.0 12.0 15.0
5 Rearing Outflow 5310 22.3 60.0 32.0 16.0 25.0
5 Rearing Outflow 5311 49.5 79.0 40.0 21.0 34.0
5 Rearing Outflow 5312 9.5 44.0 24.0 12.0 17.0
5 Rearing Outflow 5313 13.7 51.0 27.0 14.0 20.0
5 Rearing Outflow 5314 41.6 76.0 38.0 20.0 31.0
5 Rearing Outflow 5315 13.7 52.0 27.0 14.0 18.0
5 Rearing Outflow 5316 8.8 43.0 23.0 12.0 17.0
5 Rearing Outflow 5317 9.0 43.0 25.0 11.0 19.0
5 Rearing Outflow 5318 4.6 36.0 20.0 9.0 12.0
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5 Rearing Outflow 5319 3.6 34.0 20.0 9.0 11.0
5 Rearing Outflow 5320 7.8 40.0 24.0 11.0 16.0
5 Rearing Outflow 5321 1.4 23.0 13.0 6.0 9.0
5 Rearing Outflow 5322 2.2 26.0 14.0 7.0 8.0
5 Rearing Outflow 5323 15.5 55.0 29.0 14.0 23.0
5 Rearing Outflow 5324 44.2 75.0 40.0 21.0 32.0
5 Rearing Outflow 5325 27.1 66.0 34.0 17.0 27.0
5 Rearing Outflow 5326 14.7 53.0 28.0 14.0 20.0
5 Rearing Outflow 5327 2.8 30.0 15.0 9.0 9.0
5 Rearing Outflow 5328 10.0 45.0 25.0 12.0 18.0
5 Rearing Outflow 5329 7.0 40.0 22.0 11.0 16.0
5 Rearing Outflow 5330 1.1 24.0 14.0 6.0 9.0
5 Rearing Outflow 5331 22.6 64.0 31.0 16.0 24.0
5 Rearing Outflow 5332 16.6 60.0 30.0 15.0 21.0
5 Rearing Outflow 5333 12.8 51.0 28.0 14.0 19.0
5 Rearing Outflow 5334 8.3 42.0 24.0 12.0 15.0
5 Rearing Outflow 5335 14.8 56.0 30.0 15.0 21.0
5 Rearing Outflow 5336 1.3 23.0 13.0 6.0 9.0
5 Rearing Outflow 5337 18.6 60.0 31.0 16.0 23.0
5 Rearing Outflow 5338 36.2 70.0 40.0 19.0 25.0
5 Rearing Outflow 5339 13.7 52.0 30.0 14.0 19.0
5 Rearing Outflow 5340 23.0 65.0 33.0 17.0 26.0
5 Rearing Outflow 5341 7.1 43.0 23.0 11.0 14.0
5 Rearing Outflow 5342 2.2 31.0 16.0 9.0 11.0
5 Rearing Outflow 5343 69.4 93.0 46.0 34.0 38.0
5 Rearing Outflow 5344 10.6 51.0 26.0 13.0 19.0
5 Rearing Outflow 5345 18.9 60.0 30.0 15.0 23.0
5 Rearing Outflow 5346 10.1 50.0 26.0 13.0 19.0
5 Rearing Outflow 5347 13.7 55.0 27.0 14.0 20.0
5 Rearing Outflow 5348 2.6 30.0 16.0 8.0 11.0
5 Rearing Outflow 5349 1.7 28.0 14.0 6.0 10.0
5 Rearing Outflow 5350 3.0 32.0 18.0 10.0 12.0
5 Rearing Outflow 5351 27.0 67.0 35.0 17.0 29.0
5 Rearing Outflow 5352 18.6 61.0 30.0 15.0 22.0
5 Rearing Outflow 5353 56.9 80.0 44.0 24.0 40.0
5 Rearing Outflow 5354 20.5 62.0 32.0 16.0 26.0
5 Rearing Outflow 5355 29.8 70.0 35.0 20.0 30.0
5 Rearing Outflow 5356 11.1 52.0 30.0 15.0 22.0
5 Rearing Outflow 5357 11.5 54.0 30.0 15.0 21.0
5 Rearing Outflow 5358 20.9 61.0 32.0 16.0 22.0
5 Rearing Outflow 5359 7.7 44.0 23.0 11.0 16.5
5 Rearing Outflow 5360 15.4 56.0 28.0 15.0 21.0
5 Rearing Outflow 5361 37.1 75.0 38.0 19.0 29.0
5 Rearing Outflow 5362 3.0 31.0 19.0 9.0 11.0
5 Rearing Outflow 5363 22.7 63.0 32.0 16.0 23.0
5 Rearing Outflow 5364 9.7 47.0 25.0 13.0 18.0
5 Rearing Outflow 5365 15.7 54.0 30.0 15.0 21.0
5 Rearing Outflow 5366 22.2 64.0 32.0 17.0 24.0
5 Rearing Outflow 5367 3.3 35.0 19.0 8.0 11.0
5 Rearing Outflow 5368 6.5 44.0 23.0 11.0 16.0
5 Rearing Outflow 5369 19.6 60.0 32.0 15.5 22.0
5 Rearing Outflow 5370 22.3 62.0 33.0 18.0 24.0
5 Rearing Outflow 5371 8.5 46.0 24.0 12.0 16.0
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5 Rearing Outflow 5372 1.9 28.0 15.0 7.0 10.0
5 Rearing Outflow 5373 26.3 66.0 35.0 19.0 25.0
5 Rearing Outflow 5374 15.3 56.0 30.0 15.0 22.0
5 Rearing Outflow 5375 9.8 49.0 25.0 12.0 19.0
5 Rearing Outflow 5376 1.2 24.0 13.0 6.0 9.0
5 Rearing Outflow 5377 0.7 21.0 12.0 5.0 7.0
5 Rearing Outflow 5378 6.7 44.0 23.0 11.0 17.0
5 Rearing Outflow 5379 6.2 40.0 23.0 10.0 18.0
5 Rearing Outflow 5380 10.5 50.0 26.0 12.0 21.0
5 Rearing Outflow 5381 20.9 61.0 32.0 16.0 22.0
5 Rearing Outflow 5382 7.7 44.0 23.0 11.0 16.5
5 Rearing Outflow 5383 15.4 56.0 28.0 15.0 21.0
5 Rearing Outflow 5384 37.1 75.0 38.0 19.0 29.0
5 Rearing Outflow 5385 3.0 31.0 19.0 9.0 11.0
5 Rearing Outflow 5386 22.7 63.0 32.0 16.0 23.0
5 Rearing Outflow 5387 9.7 47.0 25.0 13.0 18.0
5 Rearing Outflow 5388 10.5 49.0 26.0 13.0 18.0
5 Rearing Outflow 5389 15.7 54.0 30.0 15.0 21.0
5 Rearing Outflow 5390 22.2 64.0 32.0 17.0 24.0
5 Rearing Outflow 5391 3.3 35.0 19.0 8.0 11.0
5 Rearing Outflow 5392 6.5 44.0 23.0 11.0 16.0
5 Rearing Outflow 5393 19.6 60.0 32.0 15.5 22.0
5 Rearing Outflow 5394 22.3 62.0 33.0 18.0 24.0
5 Rearing Outflow 5395 8.5 46.0 24.0 12.0 16.0
5 Rearing Outflow 5396 1.9 28.0 15.0 7.0 10.0
5 Rearing Outflow 5397 26.3 66.0 35.0 19.0 25.0
5 Rearing Outflow 5398 15.3 56.0 30.0 15.0 22.0
5 Rearing Outflow 5399 9.8 49.0 25.0 12.0 19.0
5 Rearing Outflow 5400 1.2 24.0 13.0 6.0 9.0
5 Rearing Outflow 5401 0.7 21.0 12.0 5.0 7.0
5 Rearing Outflow 5402 6.7 44.0 23.0 11.0 17.0
5 Rearing Outflow 5403 6.2 40.0 23.0 10.0 18.0
5 Rearing Outflow 5404 10.5 50.0 26.0 12.0 21.0
5 Rearing Outflow 5405 3.6 35.0 20.0 9.0 11.0
5 Rearing Outflow 5406 15.4 60.0 30.0 15.0 20.0
5 Rearing Outflow 5407 2.5 29.0 19.0 8.0 11.5
5 Rearing Outflow 5408 48.5 80.0 41.0 21.0 35.0
5 Rearing Outflow 5409 10.3 50.0 26.0 12.0 18.0
5 Rearing Outflow 5410 5.9 39.0 22.0 10.0 16.0
5 Rearing Outflow 5411 4.5 35.0 20.0 10.0 13.0
5 Rearing Outflow 5412 2.9 33.0 19.0 10.0 12.0
5 Rearing Outflow 5413 12.4 51.0 27.0 14.0 19.0
5 Rearing Outflow 5414 8.8 45.0 26.0 11.0 19.0
5 Rearing Outflow 5415 8.0 46.0 23.0 11.0 17.0
5 Rearing Outflow 5416 3.4 31.0 19.0 9.0 12.0
5 Rearing Outflow 5417 7.5 43.0 23.0 11.0 16.0
5 Rearing Outflow 5418 4.0 35.0 20.0 9.0 13.5
5 Rearing Outflow 5419 1.6 26.0 14.0 6.0 8.0
5 Rearing Outflow 5420 1.8 27.0 14.0 7.0 8.0
5 Rearing Outflow 5421 6.6 39.0 22.0 12.0 16.0
5 Rearing Outflow 5422 1.0 21.0 12.0 5.0 7.0
5 Rearing Outflow 5423 1.7 25.0 15.0 7.0 9.0
5 Rearing Outflow 5424 6.6 43.0 22.0 11.0 14.0
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5 Rearing Outflow 5425 10.7 50.0 26.0 13.0 20.0
5 Rearing Outflow 5426 5.3 37.5 21.0 10.0 15.0
5 Rearing Outflow 5427 10.2 47.0 24.0 13.0 17.0
5 Rearing Outflow 5428 1.1 23.0 12.0 6.0 7.0
5 Rearing Outflow 5429 1.6 25.0 14.0 7.0 9.0
5 Rearing Outflow 5430 2.6 31.0 16.0 9.0 11.0
5 Rearing Outflow 5431 1.5 25.0 14.0 6.0 9.0
5 Rearing Outflow 5432 16.2 59.0 29.0 15.0 21.5
5 Rearing Outflow 5433 22.3 64.0 32.0 16.0 24.0
5 Rearing Outflow 5434 7.8 42.0 25.0 10.0 15.0
5 Rearing Outflow 5435 4.4 36.0 20.0 9.0 13.0
5 Rearing Outflow 5436 14.4 54.0 28.0 14.0 20.0
5 Rearing Outflow 5437 17.1 58.0 30.0 15.0 20.0
5 Rearing Outflow 5438 3.8 36.0 19.0 9.0 13.0
5 Rearing Outflow 5439 3.3 35.0 18.0 9.0 12.0
5 Rearing Outflow 5440 10.6 49.0 25.0 13.0 17.0
5 Rearing Outflow 5441 11.5 54.0 27.0 13.0 20.0
5 Rearing Outflow 5442 8.9 45.0 24.0 13.0 16.0
5 Rearing Outflow 5443 4.8 29.0 15.0 17.0 9.0
5 Rearing Outflow 5444 4.8 41.0 20.0 10.0 14.0
5 Rearing Outflow 5445 13.5 57.0 28.0 13.0 23.0
5 Rearing Outflow 5446 12.7 50.0 29.0 14.0 20.0
5 Rearing Outflow 5447 32.0 71.0 36.0 19.0 28.0
5 Rearing Outflow 5448 31.1 70.0 34.0 19.0 30.0
5 Rearing Outflow 5449 9.5 46.0 24.0 12.0 18.0
5 Rearing Outflow 5450 2.4 29.0 15.0 7.0 10.0
5 Rearing Outflow 5451 13.3 55.0 28.0 13.0 20.0
5 Rearing Outflow 5452 2.3 29.0 15.0 17.0 10.0
5 Rearing Outflow 5453 2.3 25.0 17.0 7.0 11.0
5 Rearing Outflow 5454 3.1 33.0 17.0 8.0 11.0
5 Rearing Outflow 5455 17.7 57.0 32.0 14.0 23.0
5 Rearing Outflow 5456 11.6 51.0 26.0 13.0 20.0
5 Rearing Outflow 5457 7.2 43.0 22.0 11.0 15.0
5 Rearing Outflow 5458 4.0 34.0 19.0 9.0 11.0
5 Rearing Outflow 5459 3.2 32.0 16.0 9.0 13.0
5 Rearing Outflow 5460 5.3 40.0 20.0 10.0 16.0
5 Rearing Outflow 5461 14.7 56.0 29.0 14.0 20.0
5 Rearing Outflow 5462 11.4 51.0 25.0 13.0 20.0
5 Rearing Outflow 5463 2.7 30.0 16.0 9.0 11.0
5 Rearing Outflow 5464 7.8 46.0 23.0 11.0 17.0
5 Rearing Outflow 5465 0.7 19.0 10.0 5.0 5.0
5 Rearing Outflow 5466 3.9 34.0 17.0 9.0 11.0
5 Rearing Outflow 5467 2.8 31.0 16.0 9.0 9.0
5 Rearing Outflow 5468 3.9 34.0 19.0 9.0 12.0
5 Rearing Outflow 5469 2.7 30.0 16.0 7.0 9.0
5 Rearing Outflow 5470 1.9 27.0 14.0 6.0 8.0
5 Rearing Outflow 5471 1.0 20.0 11.0 5.0 6.0
5 Rearing Outflow 5472 3.0 31.0 16.0 8.0 10.0
5 Rearing Outflow 5473 18.0 58.0 30.0 15.0 23.0
5 Rearing Outflow 5474 44.9 75.0 40.0 22.0 40.0
5 Rearing Outflow 5475 12.0 51.0 26.0 14.0 17.0
5 Rearing Outflow 5476 10.4 45.0 25.0 13.0 20.0
5 Rearing Outflow 5477 12.0 50.0 29.0 14.0 20.0
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6 Lagoon 6001 16.4 58.0 30.0 14.0 23.0
6 Lagoon 6002 21.0 60.0 33.0 17.0 22.0
6 Lagoon 6003 12.0 48.0 27.0 14.0 18.0
6 Lagoon 6004 14.4 55.0 28.0 14.0 21.0
6 Lagoon 6005 9.3 46.0 27.0 11.0 17.0
6 Lagoon 6006 3.2 34.0 18.0 9.0 11.0
6 Lagoon 6007 14.2 54.0 28.0 14.0 22.0
6 Lagoon 6008 14.7 57.0 29.0 14.0 22.0
6 Lagoon 6009 14.3 58.0 31.0 16.0 21.0
6 Lagoon 6010 15.1 53.0 30.0 15.0 20.0
6 Lagoon 6011 14.4 54.0 28.0 14.0 22.0
6 Lagoon 6012 11.6 52.0 27.0 13.0 18.0
6 Lagoon 6013 6.0 41.0 22.0 11.0 14.0
6 Lagoon 6014 4.2 32.0 19.0 10.0 10.0
6 Lagoon 6015 1.5 26.0 15.0 7.0 9.0
6 Lagoon 6016 31.2 66.0 37.0 18.0 34.0
6 Lagoon 6017 58.8 78.0 43.0 25.0 33.0
6 Lagoon 6018 14.6 55.0 29.0 14.0 24.0
6 Lagoon 6019 13.2 54.0 28.0 14.0 20.0
6 Lagoon 6020 0.1 10.0 6.0 3.0 3.0
6 Lagoon 6021 10.2 48.0 26.0 13.0 18.0
6 Lagoon 6022 15.7 57.0 29.0 14.0 20.0
6 Lagoon 6023 24.3 60.0 35.0 16.0 27.0
6 Lagoon 6024 13.2 53.0 28.0 14.0 20.0
6 Lagoon 6025 21.2 59.0 33.0 18.0 20.0
6 Lagoon 6026 19.2 56.0 32.0 17.0 22.0
6 Lagoon 6027 16.4 57.0 29.0 14.0 22.0
6 Lagoon 6028 6.3 42.0 22.0 11.0 15.0
6 Lagoon 6029 10.3 48.0 25.0 13.0 19.0
6 Lagoon 6030 33.1 68.0 36.0 19.0 30.0
6 Lagoon 6031 12.0 51.0 26.0 13.0 22.0
6 Lagoon 6032 13.4 53.0 28.0 14.0 19.0
6 Lagoon 6033 10.0 46.0 27.0 12.0 20.0
6 Lagoon 6034 12.6 51.0 26.0 13.0 20.0
6 Lagoon 6035 6.4 41.0 21.0 11.0 14.0
6 Lagoon 6036 21.5 61.0 34.0 28.0 22.0
6 Lagoon 6037 16.4 59.0 30.0 16.0 21.0
6 Lagoon 6038 12.1 48.0 22.0 14.0 17.0
6 Lagoon 6039 7.2 43.0 23.0 12.0 13.0
6 Lagoon 6040 9.9 48.0 25.0 12.0 19.0
6 Lagoon 6041 12.5 51.0 28.0 13.0 19.0
6 Lagoon 6042 20.2 61.0 31.0 16.0 25.0
6 Lagoon 6043 9.9 45.0 26.0 12.0 18.0
6 Lagoon 6044 5.4 38.0 22.0 10.0 13.0
6 Lagoon 6045 17.8 54.0 32.0 15.0 20.0
6 Lagoon 6046 14.0 54.0 28.0 14.0 20.0
6 Lagoon 6047 14.6 55.0 28.0 13.0 22.0
6 Lagoon 6048 10.7 48.0 26.0 13.0 18.0
6 Lagoon 6049 43.2 77.0 39.0 20.0 34.0
6 Lagoon 6050 12.9 52.0 27.0 13.0 20.0
6 Lagoon 6051 14.6 54.0 28.0 14.0 20.0
6 Lagoon 6052 15.6 54.0 30.0 14.0 22.0
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6 Lagoon 6053 39.0 70.0 40.0 20.0 30.0
6 Lagoon 6054 17.9 59.0 31.0 15.0 23.0
6 Lagoon 6055 3.9 33.0 19.0 9.0 10.0
6 Lagoon 6056 2.2 29.0 18.0 8.0 10.0
6 Lagoon 6057 6.3 42.0 22.0 11.0 14.0
6 Lagoon 6058 0.2 10.0 6.0 3.0 3.0
6 Lagoon 6059 0.2 10.0 6.0 3.0 2.0
6 Lagoon 6060 12.8 52.0 28.0 13.0 19.0
6 Lagoon 6061 20.9 61.0 31.0 16.0 22.0
6 Lagoon 6062 5.5 38.0 22.0 10.0 14.0
6 Lagoon 6063 9.8 47.0 26.0 12.0 18.0
6 Lagoon 6064 9.3 43.0 28.0 10.0 19.0
6 Lagoon 6065 18.1 59.0 30.0 15.0 23.0
6 Lagoon 6066 16.5 54.0 29.0 14.0 24.0
6 Lagoon 6067 37.6 71.0 39.0 20.0 31.0
6 Lagoon 6068 22.7 58.0 33.0 16.0 24.0
6 Lagoon 6069 29.1 65.0 36.0 18.0 26.0
6 Lagoon 6070 8.6 45.0 24.0 12.0 16.0
6 Lagoon 6071 6.7 44.0 23.0 11.0 14.0
6 Lagoon 6072 2.8 17.0 8.0 10.0 10.0
6 Lagoon 6073 64.5 86.0 44.0 25.0 35.0
6 Lagoon 6074 36.0 71.0 38.0 19.0 30.0
6 Lagoon 6075 39.3 75.0 40.0 20.0 32.0
6 Lagoon 6076 33.3 71.0 36.0 19.0 29.0
6 Lagoon 6077 16.3 56.0 30.0 15.0 22.0
6 Lagoon 6078 24.4 61.0 33.0 16.0 24.0
6 Lagoon 6079 5.0 38.0 22.0 10.0 15.0
6 Lagoon 6080 10.1 49.0 25.0 13.0 16.0
6 Lagoon 6081 24.2 63.0 34.0 16.0 25.0
6 Lagoon 6082 29.9 66.0 37.0 18.0 30.0
6 Lagoon 6083 13.4 56.0 28.0 14.0 21.0
6 Lagoon 6084 14.7 55.0 29.0 15.0 20.0
6 Lagoon 6085 18.1 62.0 31.0 16.0 23.0
6 Lagoon 6086 12.7 51.0 29.0 13.0 21.0
6 Lagoon 6087 18.0 57.0 31.0 16.0 21.0
6 Lagoon 6088 27.2 67.0 34.0 18.0 26.0
6 Lagoon 6089 18.4 56.0 31.0 15.0 22.0
6 Lagoon 6090 16.0 59.0 29.0 15.0 22.0
6 Lagoon 6091 24.5 62.0 34.0 17.0 26.0
6 Lagoon 6092 3.7 35.0 19.0 10.0 11.0
6 Lagoon 6093 39.6 74.0 38.0 20.0 30.0
6 Lagoon 6094 6.7 41.0 23.0 11.0 13.0
6 Lagoon 6095 6.4 42.0 23.0 11.0 14.0
6 Lagoon 6096 15.0 57.0 29.0 15.0 26.0
6 Lagoon 6097 6.0 39.0 22.0 11.0 15.0
6 Lagoon 6098 15.6 55.0 30.0 15.0 20.0
6 Lagoon 6099 1.4 23.0 14.0 7.0 8.0
6 Lagoon 6100 2.4 29.0 16.0 8.0 10.0
6 Lagoon 6101 3.3 32.0 18.0 9.0 12.0
6 Lagoon 6102 39.8 71.0 40.0 20.0 31.0
6 Lagoon 6103 5.5 38.0 22.0 10.0 13.0
6 Lagoon 6104 12.7 53.0 28.0 13.0 20.0
6 Lagoon 6105 16.0 51.0 33.0 15.0 23.0
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6 Lagoon 6106 1.0 23.0 13.0 6.0 7.0
6 Lagoon 6107 4.8 37.0 21.0 9.0 14.0
6 Lagoon 6108 18.1 56.0 31.0 15.0 23.0
6 Lagoon 6109 5.8 38.0 23.0 10.0 15.0
6 Lagoon 6110 1.5 25.0 15.0 7.0 9.0
6 Lagoon 6111 9.0 46.0 25.0 12.0 16.0
6 Lagoon 6112 0.3 12.0 8.0 3.0 5.0
6 Lagoon 6113 8.1 44.0 23.0 12.0 15.0
6 Lagoon 6114 16.1 56.0 31.0 14.0 21.0
6 Lagoon 6115 16.5 57.0 31.0 15.0 22.0
6 Lagoon 6116 8.2 45.0 24.0 12.0 16.0
6 Lagoon 6117 15.8 54.0 32.0 13.0 22.0
6 Lagoon 6118 2.9 31.0 17.0 9.0 10.0
6 Lagoon 6119 15.0 56.0 29.0 14.0 20.0
6 Lagoon 6120 45.0 77.0 42.0 21.0 34.0
6 Lagoon 6121 9.0 44.0 25.0 11.0 17.0
6 Lagoon 6122 14.9 54.0 39.0 14.0 21.0
6 Lagoon 6123 10.3 46.0 27.0 11.0 18.0
6 Lagoon 6124 23.2 61.0 35.0 17.0 22.0
6 Lagoon 6125 11.1 47.0 28.0 13.0 19.0
6 Lagoon 6126 6.9 41.0 23.0 11.0 14.0
6 Lagoon 6127 22.2 62.0 33.0 16.0 24.0
6 Lagoon 6128 14.0 52.0 28.0 14.0 19.0
6 Lagoon 6129 16.8 53.0 31.0 16.0 21.0
6 Lagoon 6130 5.3 39.0 21.0 10.0 13.0
6 Lagoon 6131 28.5 66.0 35.0 18.0 26.0
6 Lagoon 6132 6.5 41.0 22.0 11.0 15.0
6 Lagoon 6133 28.5 69.0 35.0 17.0 27.0
6 Lagoon 6134 10.5 48.0 25.0 13.0 19.0
6 Lagoon 6135 21.6 62.0 33.0 16.0 24.0
6 Lagoon 6136 20.8 62.0 33.0 16.0 23.0
6 Lagoon 6137 185.9 59.0 31.0 14.0 22.0
6 Lagoon 6138 15.1 55.0 29.0 14.0 20.0
6 Lagoon 6139 18.5 59.0 31.0 16.0 23.0
6 Lagoon 6140 7.2 42.0 23.0 11.0 16.0
6 Lagoon 6141 6.6 41.0 33.0 11.0 14.0
6 Lagoon 6142 17.7 59.0 31.0 15.0 26.0
6 Lagoon 6143 14.8 54.0 29.0 14.0 20.0
6 Lagoon 6144 0.5 17.0 10.0 5.0 6.0
6 Lagoon 6145 20.1 61.0 32.0 16.0 24.0
6 Lagoon 6146 6.1 41.0 22.0 11.0 13.0
6 Lagoon 6147 22.5 64.0 33.0 16.0 26.0
6 Lagoon 6148 5.4 38.0 22.0 10.0 15.0
6 Lagoon 6149 9.0 44.0 26.0 11.0 14.0
6 Lagoon 6150 44.2 77.0 41.0 21.0 33.0
6 Lagoon 6151 45.8 78.0 41.0 21.0 34.0
6 Lagoon 6152 18.2 61.0 31.0 15.0 21.0
6 Lagoon 6153 26.3 64.0 35.0 17.0 28.0
6 Lagoon 6154 11.8 52.0 27.0 13.0 20.0
6 Lagoon 6155 10.6 48.0 25.0 13.0 18.0
6 Lagoon 6156 13.8 56.0 38.0 14.0 20.0
6 Lagoon 6157 7.0 43.0 23.0 11.0 14.0
6 Lagoon 6158 33.5 67.0 38.0 18.0 32.0
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6 Lagoon 6159 40.0 73.0 41.0 19.0 32.0
6 Lagoon 6160 11.0 48.0 26.0 14.0 17.0
6 Lagoon 6161 20.5 63.0 32.0 16.0 24.0
6 Lagoon 6162 7.8 45.0 34.0 11.0 16.0
6 Lagoon 6163 7.6 44.0 24.0 12.0 14.0
6 Lagoon 6164 3.3 30.0 20.0 8.0 13.0
6 Lagoon 6165 6.0 38.0 24.0 9.0 18.0
6 Lagoon 6166 11.2 50.0 26.0 13.0 17.0
6 Lagoon 6167 28.6 65.0 36.0 18.0 28.0
6 Lagoon 6168 43.7 76.0 41.0 20.0 33.0
6 Lagoon 6169 33.3 68.0 38.0 18.0 31.0
6 Lagoon 6170 43.9 76.0 41.0 21.0 32.0
6 Lagoon 6171 14.4 55.0 38.0 14.0 20.0
6 Lagoon 6172 1.9 26.0 16.0 7.0 10.0
6 Lagoon 6173 2.9 31.0 19.0 9.0 13.0
6 Lagoon 6174 5.8 41.0 22.0 10.0 16.0
6 Lagoon 6175 7.1 46.0 24.0 11.0 16.0
6 Lagoon 6176 4.7 37.0 20.0 10.0 12.0
6 Lagoon 6177 1.8 25.0 15.0 7.0 10.0
6 Lagoon 6178 13.1 52.0 23.0 13.0 21.0
6 Lagoon 6179 2.5 29.0 16.0 8.0 9.0
6 Lagoon 6180 10.1 48.0 27.0 12.0 20.0
6 Lagoon 6181 26.9 69.0 35.0 17.0 25.0
6 Lagoon 6182 1.5 24.0 15.0 7.0 8.0
6 Lagoon 6183 10.0 48.0 26.0 12.0 19.0
6 Lagoon 6184 13.1 53.0 28.0 14.0 18.0
6 Lagoon 6185 39.8 72.0 41.0 20.0 33.0
6 Lagoon 6186 41.7 75.0 40.0 20.0 33.0
6 Lagoon 6187 12.0 49.0 28.0 14.0 19.0
6 Lagoon 6188 7.5 42.0 24.0 12.0 16.0
6 Lagoon 6189 11.7 51.0 28.0 14.0 19.0
6 Lagoon 6190 18.6 60.0 31.0 16.0 21.0
6 Lagoon 6191 17.4 58.0 30.0 15.0 23.0
6 Lagoon 6192 22.5 62.0 33.0 16.0 24.0
6 Lagoon 6193 3.7 33.0 19.0 9.0 12.0
6 Lagoon 6194 14.7 56.0 30.0 13.0 23.0
6 Lagoon 6195 18.0 60.0 31.0 15.0 23.0
6 Lagoon 6196 6.6 43.0 23.0 11.0 14.0
6 Lagoon 6197 10.8 49.0 37.0 13.0 18.0
6 Lagoon 6198 7.8 44.0 24.0 12.0 14.0
6 Lagoon 6199 19.6 57.0 31.0 16.0 20.0
6 Lagoon 6200 10.2 48.0 28.0 11.0 20.0
6 Lagoon 6201 8.8 54.0 32.0 17.0 19.0
6 Lagoon 6202 5.8 40.0 22.0 10.0 15.0
6 Lagoon 6203 7.3 44.0 24.0 11.0 14.0
6 Lagoon 6204 20.2 58.0 33.0 16.0 21.0
6 Lagoon 6205 12.2 51.0 27.0 14.0 19.0
6 Lagoon 6206 12.3 53.0 29.0 13.0 21.0
6 Lagoon 6207 15.7 55.0 29.0 15.0 20.0
6 Lagoon 6208 2.1 25.0 16.0 8.0 9.0
6 Lagoon 6209 1.6 23.0 15.0 7.0 8.0
6 Lagoon 6210 22.7 63.0 33.0 17.0 23.0
6 Lagoon 6211 14.6 54.0 39.0 14.0 20.0
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6 Lagoon 6212 12.7 51.0 28.0 14.0 19.0
6 Lagoon 6213 11.7 50.0 27.0 14.0 18.0
6 Lagoon 6214 40.0 73.0 39.0 31.0 34.0
6 Lagoon 6215 13.0 52.0 28.0 14.0 19.0
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Appendix II

Comparison of Ligament length (mm) as a function of Shell length (mm) between Elwha 
populations (E), Toy (1998)(T), and Helmstetler and Cowles (2008)(H). For mussels > 56 
mm shell length the (H) data set has longer ligament length than the (E) data set (Zerbe et  
al., 1982)
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