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An Assessment of Suitable Feed Quantity and Quality for Riffleshell Mussels

(Epioblasma spp.) Held in Captivity

Amy L. Bush
(ABSTRACT)

Optimum feed ration was determined for riffleshell mussels (Epioblasma spp.)
held in captivity. Mussels were fed one of four rations (0.49, 0.72, 1.28, or 1.73 mg dry
wt1) of algae Neochloris oleoabundans for 2-h trials in spring, summer, fall, and winter.
The test ration resulting in the most feed absorbed per hour (net absorption rate, mgh™)
was determined to be the optimum feed ration. Mussels absorbed the greatest amount of
food when fed the highest ration. Suggested feed rations for captive adult Epioblasma
species are 1.73 mg1" when held at moderate temperatures (i.e., 15-19°C), and 1.28 mg1

! when held at cool temperatures (i.e., 11°C).

Seasonal utilization of protein by oyster mussel (E. capsaeformis) and rainbow
mussel (V. iris) was examined with O:N ratios. Ratios were determined for mussels fed a
low or high-protein diet (0.11, or 0.31 mg protein (mg dry algal feed)™), and for mussels
held in a hatchery or in the Clinch River, in spring, summer, and winter. Significant
differences in O:N ratios were not observed between mussels fed a low or high-protein
diet (p > 0.05). The O:N ratios were significantly highest in spring and summer, and
lowest in winter (p < 0.05). Mussels primarily utilized protein in spring and summer, and
conserved protein in winter. A diet high in energy was suggested in spring and summer,

and a diet high in protein was suggested in winter.
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Introduction

Freshwater mussels are bivalves belonging to the super family of Unionidae.
Species of the genus Epioblasma will be the focus of this study. Freshwater mussels are
distinguished by a unique life cycle that requires a vertebrate (usually fish) host for their
larvae. They live a sedentary existence in primarily lotic habitats, burrow into substrate,

and feed by clearing particulate matter from suspension.
Freshwater Mussel Imperilment in North America

North America contains the greatest diversity of freshwater mussel species
throughout the world (Williams et al. 1993), with 304 identified taxa (Turgeon et al.
1998). Nonetheless, freshwater mussels face a degree of imperilment like no other faunal
groups in North America (USFWS 2004b). For example, 55% of freshwater mussels in
North America are considered extinct or imperiled (according to The Nature
Conservancy), in contrast to 7% of birds and mammals (Master 1990, Williams et al.
1993). Percentages of extinction and endangerment for freshwater mussels are alarming.
Federal classifications list about 72% of freshwater mussels as endangered, threatened, or
of special concern (Williams et al. 1993). Another 13% of taxa are presumed extinct
(Howells et al. 1997, Neves et al. 1997, Neves 1999). Unfortunately, more than a third of
these extinctions and endangerments have occurred within the past century (USFWS
2004b). Furthermore, over the past thirty years, mussel numbers and species have
continued to decline (Williams et al. 1993) and are expected to further decline as threats

to their habitats increase (Bogan 1993).
Importance of Freshwater Mussels

Freshwater mussels serve key ecological functions. Mussels provide ecological
services such as recycling of nutrients, removing and controlling particulants and
pollutants, increasing sediment water and oxygen content through bioturbation of
sediment, consuming primary producers, providing habitat (i.e., shells) for aquatic insects
and algae, and serving as a major food item for mammals such as muskrats, otters, and
raccoons (Lewandowski et al. 1975, Vannote et al. 1980, Kasprzak 1986, Nalepa et al.
1991, Vaughn and Hakenkamp 2001). Thus, they are responsible for water purification

services and provide a link between primary producers and predators (Vannote et al.



1980). Freshwater mussels are also important indicators of aquatic health and useful
biomonitors of long-term pollution. Consequently, reductions and extinctions of
freshwater mussels will inevitably yield deleterious consequences on the trophic ecology

of aquatic systems.
Causes of Freshwater Mussel Imperilment

The prime culprit of freshwater mussel imperilment is habitat destruction caused
from impoundments, channelization, poor agricultural practices, mining, industry, and
urban run-off. As a consequence, silt and sediment, heavy metals, excess nutrients,
pesticides, and various chemicals pervasively flow into aquatic habitats, affecting
substrate and water quality. Mussels are unable to evade incoming pollutants and
consequently, must endure negative effects such as suffocation from silt, unstable
substrate for burrowing, death or reduced recruitment from heavy metals, accumulation
of toxins within tissues, reduced physiological functioning, and the elimination of
suitable host fish for their larvae. Other threats include predators (particularly, muskrats)
and invasive competitors, such as the zebra mussel (Dreissena polymorpha) and Asian

clam (Corbicula fluminea).
Concern for Riffleshell Mussels

Riffleshell mussels of the genus Epioblasma have proven particularly vulnerable
to habitat alterations and face the danger of extinction. The gravity of the riffleshell
plight is evidenced by the conservation status of these species. For instance, all twenty-
five riftleshell species and subspecies listed in Williams et al. (1993) are recognized as
extinct, endangered, or threatened. Furthermore, fourteen of these species are already
considered extinct, while another ten species are in danger of extinction (Williams et al.
1993). For this reason, riffleshell mussels were targeted for this study. More
specifically, the northern riffleshell (E. forulosa rangiana), oyster mussel (E.
capsaeformis), and Cumberlandian combshell (E. brevidens) have been decimated to
principally small and isolated populations, primarily due to habitat destruction. They
have consequently been listed as Federally Endangered; that is, in danger of extinction
throughout all or a significant portion of their range. Given this status, these Epioblasma

spp. have been selected as the target species for this study.



The oyster mussel and Cumberlandian combshell typically occupy riffle and shoal
habitats of medium to large-sized rivers (USFWS 2004a). They were historically
distributed throughout the Cumberland River and Tennessee River systems (USFWS
2004b). E. capsaeformis was widely distributed among six states, including Alabama,
Georgia, Kentucky, North Carolina, Tennessee, and Virginia (USFWS 2004a, USFWS
2004b). Likewise, E. brevidens was distributed widely and occurred among Alabama,

Kentucky, Missississippi, Tennessee, and Virginia (USFWS 2004a).

The decline of E. capsaeformis and E. brevidens populations in the Cumberland
River and Tennessee River systems has been attributed to habitat alterations such as
impoundments, channelization, coal mining, gravel mining, and toxic spills (USFWS
2004b). Impoundments within these systems are significant and have been ascribed as
the primary culprit for the decline of these species (USFWS 2004b). The entire length of
the main stems of the Tennessee and Cumberland rivers as well as many of their
tributaries have been impounded, resulting in barriers to host fish passage and the
inundation of essential riffle habitats (USFWS 2004b). Channelization within the two
river systems is similarly widespread and has resulted in substrate instability and habitat
alteration due to channel maintenance activities (USFWS 2004b). Coal mining is
significant within these systems and has imposed numerous deleterious affects. It has
lead to increased sediment loads, acid mine drainage, and repeated mine tailing spills
(Hampson et al. 2000), with subsequent kills to fish and mussels (USFWS 2004b).
Persistent gravel mining within the Cumberland River system also poses a serious threat

to mussel survival.

As a consequence of such threats, E. capsaeformis and E. brevidens survive as
small, isolated populations and are threatened with extinction. Populations of E.
capsaeformis were abundantly distributed in the Cumberland River system. Today, it no
longer persists in that river system nor the mainstem of the Tennessee River; it has been
eliminated from many Tennessee River tributaries, and can be found only within a few
streams (USFWS 2004a). Populations of E. brevidens have experienced a similar
decline. This species is no longer found in the mainstem of the Cumberland River nor
the mainstem of the Tennessee River and has been eliminated from many of its tributaries

(USFWS 2004a).



The northern riffleshell has historically been located in riffle and run habitats of
small to large streams within the Ohio River system and westward toward Lake Erie, St.
Clair River, and Detroit River basins (USFWS 1993). It also was once a widely
distributed species throughout its range (USFWS 1994). Causes of E. forulosa rangiana
decline are comparable to those of other freshwater mussel species. Habitat deterioration
due to impoundments, channelization, poor agricultural practices, industrial pollution,
and urban-runoff has created poor conditions for continued survival of E. torulosa
rangiana within its range. The species has consequently suffered more than a 95%
reduction in its range. Extant populations survive only in short reaches of six streams in

Kentucky, Michigan, Ohio, and Pennsylvania (USFWS 1993).
Recovery Efforts

Populations of E. capsaeformis, E. brevidens, and E. torulosa rangiana have been
reduced to such an extent that natural recovery is not likely (USFWS 1993, USFWS
2004a). As a consequence, their recovery is dependent upon propagation of progeny in
captive environments (USFWS 1993, USFWS 2004a). Hatchery-reared progeny provide
a means of boosting extant populations and establishing new populations where suitable
habitat occurs. Additionally, captive environments provide a location to temporarily hold

mussels in need of relocation or detainment.

Present efforts to rear and hold freshwater mussels in captive environments have
been limited by a lack of knowledge on their physiological needs. Knowledge of
nutritional requirements and culture conditions is still in a rudimentary phase. In order
for riffleshell mussels, such as E. capsaeformis, E. brevidens, or E. torulosa rangiana, to
be successfully reared or held in captivity, an understanding of nutritional requirements is
necessary. This study seeks to increase knowledge and provide management
recommendations on diet quantity and quality requirements for captive adult riffleshell

mussels.
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Chapter One: Determine an optimum feeding ration for adult riffleshells

(Epioblasma spp.) held in captivity.

Introduction:

Recovery efforts for the endangered oyster mussel (Epioblasma capsaeformis),
Cumberlandian combshell (E. brevidens), and northern riffleshell (E. torulosa rangiana)
are dependent on successful rearing in captivity (USFWS 1993, USFWS 2004).
However, at present, a suitable ration for riffleshell mussels has never been determined.
Determination of an optimum feed ration for riffleshell mussels is fundamental to the

captive care of these endangered species.

Adult freshwater mussels are recognized as suspension feeders. Mussels capture
entrained particulate material by pumping water through their incurrent apertures. They
may regulate the rate of feeding by constricting or closing feeding apertures, or they may
increase the amount of material rejected (pseudofeces) for ingestion (Foster-Smith 1975).
Feeding regulation depends upon quantity and quality of feed provided to captive

mussels.

The quantity of food consumed by marine bivalves in captivity has long been
recognized as one of the more important factors limiting aquaculture efforts (Davis 1953,
Rice and Smith 1958, Winter 1978). Quantity consumed is often expressed as a ration
(weight of diet per weight of consumer per unit time). If a mussel is fed a ration that is
too low or one that is too high, it will suffer nutritive stress. For example, if a ration is
too low, a mussel may continuously feed in order to maximize ingestion rate (Gatenby
2000). This activity is energetically costly (Willows 1992). Similarly, a low ration may
not provide an adequate quantity of calories necessary for growth (Widdows 1991,
Gatenby 2000) and reproduction (Gatenby 2000), resulting in stress or mortality
(Widdows 1991, Willows 1992). If a ration is too high, a mussel may respond by
decreasing filtration rate and increasing pseudofeces production (Foster-Smith 1975).
Pseudofeces represent a composite of rejected materials and mucous, and are likely to
foul the gills and palps of mussels at high concentrations (Rice and Smith 1958, Winter

1978). Its production represents a loss of potentially utilizable algal cells and a loss of



organic material in the form of mucous (Rice and Smith 1958, Winter 1978). Excessive
pseudofeces production can, thus, result in inefficient feeding. High rations (like low
rations) present suboptimal conditions for mussels (Mohlenberg and Riisgard 1979),
resulting in nutritive stress and increased mortalities (Thompson and Bayne 1972).
Therefore, the determination of an optimum ration is important in order to rear

nutritionally healthy, unstressed mussels.

Optimum ration, however, is dependent upon diet quality and cannot always be
assumed to occur before pseudofeces are produced. If, for example, mussels receive a
nutritionally deficient diet, i.e., a diet low in protein, they may increase ingestion or
selectively retain high protein particles, releasing protein-poor pseudofeces in an effort to
balance protein demands. Thus, mussels may potentially feed at an optimum ration while
pseudofeces are being produced to balance nutritional demands, i.e., increase protein
intake. Therefore, knowledge of how much material mussels ingest (determined from
filtration rates) and the percentage of material mussels absorb (determined from
absorption efficiencies) are both essential in determining an optimum feed ration. Net
absorption rate accounts for both variables. Therefore, in order to determine an optimum
feed ration for riffleshell mussels, three variables must be considered: (1) filtration rate,

(2) absorption efficiency, and (3) net absorption rate.
Filtration Rate

Filtration rate (FR, mgh™) is dry weight of particles cleared from suspension per
unit time. It is the most common means of measuring filtration activity in bivalves and
may be used to calculate a daily ingested ration, i.e., mg of dry algae consumed (Bayne et

al. 1976).

Repeated studies conducted on marine bivalves have observed a consistent
relationship between filtration rate and concentration of feed. Studies have shown that
filtration rate is lowest at low concentrations, rapidly increases as concentration is
increased up to a maximum, tends to stabilize through a range of middle to high
concentrations, and decreases with further increases in concentration (Foster-Smith 1975,

Winter 1978, Widdows et al. 1979, Bayne et al. 1989, Velasco and Navarro 2005). Once



bivalves are satiated, production of pseudofeces increases and ingestion rates begin to

decline (Winters 1978).
Absorption Efficiency

Absorption efficiency (AE, %) represents the percentage of dry material absorbed
by mussels out of dry material ingested (Conover 1966). Absorption of unlabeled

nutrients (as in this study) is referred to as net absorption (Hawkins and Bayne 1984).

Absorption efficiency depends upon food quality and quantity. Marine mussels are
known to selectively ingest nitrogen-rich organic material (Newell and Jordan 1983) and
reject inorganic material (Bayne et al. 1989, Hawkins et al. 1998, Hatton et al. 2005).
However, the effect of feed ration on absorption efficiency has been inconsistently
demonstrated in prior studies conducted on marine bivalves. Several studies have
observed declining absorption efficiencies with increased ration (Thompson and Bayne
1974, Widdows 1978, Griffiths 1980). However, the extent to which AE declines with
increased ration is inconsistent among studies. For example, some studies observed
absorption efficiencies as low as 0% at high rations (Thompson and Bayne 1974,
Griffiths and King 1979), while others observed AEs near 50% at much higher

concentrations (Navarro and Winter 1982).
Net Absorption Rate

Feeding efficiency is a composite of ingestion rate and absorption efficiencies,
measured as net absorption rate (NAR, mghr™). NAR represents the net dry weight of
material absorbed by mussels per unit time. Marine mussels keep ingestion and
absorption of food in equilibrium with one another in response to feed quantity and
quality. NAR can be used to determine optimal feed rations because it accounts for both
ingestion and absorption. Mussels with the greatest NAR values, consequently, have the
most material available for catabolism and, hence, daily maintenance activities, growth,

and reproduction.

Studies examining optimum feed rations for freshwater mussels are scant.
Gatenby et al. (in review) determined an optimum feed ration for the rainbow mussel

Villosa iris, but no optimum ration for Epioblasma spp. has been defined. Therefore, the



primary objective of this study was to determine an optimum ration specifically for
captive riffleshell mussels, and to contribute to prior research on freshwater mussel ration
requirements (i.e., Gatenby et al. in review). Additional objectives of this study were to
determine whether feed ration should be altered with sex, species, or genus; whether feed
ration should be altered with season; and how these findings compare with mussels held

in the riverine environment.
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Methods:
Mussel Collection and Holding

Epioblasma capsaeformis, E. brevidens, and E triquetra were collected from the
Clinch River, Hancock County, Tennessee; E. torulosa rangiana from the Allegheny
River, Clarion County, Pennsylvania; and rainbow mussel, V. iris, from Copper Creek,
Russell County, Virginia. Up to 50 mussels of each species were collected in September
2005, May 2006, July 2006, and September 2006. When possible, equal numbers of
males and females of each species were collected in a well-distributed size range.
Mussels were transported and held at White Sulphur Springs National Fish Hatchery
(WSSNFH), White Sulphur Springs, West Virginia for captive feeding trials, and The
Nature Conservancy (TNC) laboratory on the Clinch River, Cleveland, Virginia for in-
river feeding trials. Mussels were wiped free of excess water and placed on a scale to

determine whole mussel wet weights.

Mussels at WSSNFH were held in re-circulating bunk-bed troughs containing
spring water with a sand and gravel substrate. Holding temperatures ranged from 11°C in
winter 2006 to 19°C in summer 2006. Mussels were acclimated to laboratory diets for a
minimum of 2 wk prior to feeding trials. Acclimation diets consisted of hatchery pond
water and four laboratory-cultured algal species, including Phaeodactylum tricornutum,
Bracteacoccus grandis, Oocystis polymorpha, and Neochloris oleoabundans. Mussels at
the TNC laboratory in Cleveland were held in 6-1 tubs filled with river substrate. Tubs

were placed in the river, secured, and covered with mesh.
Experimental Design

Feeding trials were conducted at four seasonal periods: fall 2005, spring 2006,
summer 2006, and winter 2006. Trials were conducted on mussels held in captivity at
WSSNFH, and on mussels held within the Clinch River. Captive trials were conducted at
15°C, 19°C, 18°C, and 11°C in spring, summer, fall, and winter, respectively (Table 1.1).
Clinch River trials were conducted at ambient stream temperatures of 24°C, 24°C, and
11°C in spring, summer, and winter, respectively (Table 1.1). A Clinch River trial was
not conducted in the fall. Temperatures for the spring and summer trials at WSSNFH and

Clinch River were not identical due to concerns that a temperature of 24°C would induce
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stress to mussels. Therefore, holding and trial temperatures at WSSNFH were lower than
temperatures recorded in the Clinch River. For this reason, seasonal data from WSSNFH

and the Clinch River were not directly comparable for the spring and summer trials.

Sample sizes differed by season and test ration because E. brevidens, E. triquetra,
and E. t. rangiana were rare or difficult to collect in the Clinch and Allegheny rivers
(Table 1.1). Generally, V. iris and E. capsaeformis were tested at all seasons and at both
locations (WSSNFH and Clinch River), while a suite of Epioblasma species were tested
in fall and summer only at WSSNFH (Table 1.1).

Optimum Ration Determination
Clearance rate and filtration rate measurements

Captive mussels received one of four test rations of Neochloris oleoabundans (2 -
20 um), a readily digestible green algal species (Gatenby et al. 1997), during 2 h
clearance rate trials. Test rations were intended to induce a range of feeding efficiencies,
in order to determine optimal feed rations for Epioblasma spp. and V. iris. Mussels were
fed either a low ration (LR), medium ration (MR), high ration (HR), or very high ration

(VHR) at the following concentrations:
LR: 20,000 cellsml” (0.49 mg dry wt1"),
MR: 40,000 cellsml” (0.72 mg dry wt1"),
HR: 80,000 cellsml” (1.28 mg dry wt1"),
VHR: 120,000 cellsml” (1.73 mg dry wt1™).

Prior to each trial, mussels were wiped free of debris, evenly distributed among
treatments (by wet weight and species), and placed in buckets containing 1 1 of water and
experimental feed. Three buckets, containing water and feed only, were established as
controls to account for settling of particles throughout the experiment (Coughlan 1969).
Once mussel apertures opened (typically after 45 min), 10 ml samples of water and feed
were removed from each bucket at half-hour intervals for 2 h (at 0, 0.5, 1.5, and 2.0 h).
The concentration of cells (2-20 um in size) in each sample was determined with a

Beckman Multisizer Coulter Counter. Clearance rates (ml cleared of particles in

12



suspension’h™) were calculated subsequently for each bucket (or mussel) per Coughlan

(1969):

where

where

and

CR = (Vn™)[((logeCo — log.C)) — a)t]
V = bucket volume (1 1),

n =1 mussel,

Co = concentration at 0 h,

C: = concentration after time t,

t = duration of sampling interval,

a = the rate that particles settle out of suspension;

a = (log.Co — log.Cy)t"
Cy = concentration of controls at 0 h,
C: = concentration of controls after time t,

t = duration of sampling interval.

Clearance rates (ml'h™) were converted to filtration rates (mg dry particle weight

cleared'h™), based on particle dry weight per volume equivalences.

Furthermore, since filtration rates are known to increase with increasing mussel

size (Winter 1978), rates were weight-adjusted. To determine weight-adjusted rates, first,

the relationship of filtration rate and mussel wet weight was determined by least squares

linear regression analyses, according to Kreeger et al. (2001). Four regression equations

were determined for mussels fed equal rations, low, medium, high, and very high rations.

Seasons, species, and sexes were combined for regression analyses in order to minimize

error. Second, average mussel wet weight (13.1 g) was inserted into regression

equations, resulting in weight-adjusted filtration rates for each mussel. Therefore, captive

mussel filtration rates were adjusted to account for change in filtration rate with mussel

body size. Weight-adjusted captive rates were expressed per “average-sized” mussel.
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Likewise, filtration rates of mussels (mgh™) in the Clinch River at Cleveland
were measured. The E. capsaeformis and V. iris held in the Clinch River were placed in
buckets containing 1 1 of river water. All buckets contained one mussel, except for three
controls that contained river water only. Buckets were placed in a bath of river water to
maintain ambient river temperature throughout each experiment. Ten-milliliter samples
were collected from each bucket at half-hour intervals for 2 h. Filtration rates of each
mussel were determined by measuring cell counts, using Coughlan (1969) to determine
clearance rates, and converting clearance rates to filtration rates, as previously described.
Regression analyses were not conducted on in-river filtration rates since in-river ration
varies with season (and prior captive analyses were conducted on mussels fed equal
rations with all seasons combined). Therefore, in-river filtration rates were expressed per

gram of mussel wet weight.
Absorption Efficiency Measurement

Absorption efficiencies were determined for all feeding trials of captive and in-
river mussels. Samples of feed and feces were collected in order to determine absorption
efficiencies. During clearance rate trials, most mussels excreted a trail of feces that was
readibly pipetted, and vacuum-filtered onto pre-ashed and pre-weighed Whatman GF/C
glassfiber filters. In turn, each filter was placed in a furnace, dried (60°C for 24 h),
weighed, ashed (450°C for 24 h), and weighed again, to determine dry weights and ash-
free dry weights of filtered feces samples. Likewise, samples of feed (from each test
ration and from the Clinch River, n = 4 per treatment) were vacuum-filtered , dried,
weighed, ashed, and weighed again. After obtaining dry and ash-free dry weights of
mussel feces and feed during clearance rate trials, absorption efficiency was calculated.
Absorption efficiency, the percentage of absorption of material by mussels, was

calculated per Conover (1966):
AE =[(F-E)/(1 -E)(F)] x 100,

where AE is absorption efficiency, F is the ash-free dry weight : dry weight ratio (the
organic fraction) of the ingested food, and E is the ash-free dry weight : dry weight ration

of feces egested.
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Calculation of Net Absorption Rate

Careful consideration must be given to determine net absorption rates (NAR,
mghr™). Bayne et al. (1989) calculated NAR from ingestion rates and absorption
efficiencies. Note that ingestion rate represents how much material is ingested by
mussels, while filtration rate represents how much material is removed from suspension
by mussels. Consequently, if mussels are producing pseudofeces, filtration rates and
ingestion rates will not be equal since pseudofeces represent material that is cleared from
suspension but not ingested (Foster-Smith 1975). NAR was determined from filtration

rate and absorption efficiency, prior to pseudofeces production, according to the formula
NAR =FR (or IR) x AE,

where NAR = net absorption rate,
FR = filtration rate,
IR = ingestion rate,

and  AE = absorption efficiency.

Statistical Analyses

Filtration rates, net absorption rates, and absorption efficiencies were compared
on three levels (using Statgraphics Plus for Windows, Version 3.3). First, feed ration and
season were compared using two-way ANOVA. Second, FR, NAR, and AE were
compared (1) among rations (with seasons averaged), and (2) among seasons (with feed
rations averaged) using Kruskal-Wallis median rank tests. Third, FR, NAR, and AE were
compared (1) among rations (within season), (2) among seasons (within ration), and (3)
between sexes, among species, and between genera (within ration and season) using

Kruskal-Wallis median rank tests.

Prior to analyses, all data were transformed. Filtration rates and net absorption
rates were log-transformed, and absorption efficiencies were arcsine square root-
transformed (Sokal and Rohlf 1981). Mussels with filtration rates less than 0.007 mg dry
particle wth™"g mussel wet weight” were removed from analyses. This criterion
removed mussels that were not actively feeding, but did not discriminate unequally

against mussels fed either the low ration, or mussels fed at the lowest temperature.
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Results:
Feeding Rates and Variability

Average-sized mussels (13.1 g whole mussel wet weight) of Epioblasma spp. and
Villosa iris, regardless of ration or season, cleared (CR) 338.1 ml'hr”, filtered (FR) 0.41
mg dry particle wth™, and absorbed (NAR) 0.33 mg dry particle wth™ (with an average
absorption efficiency of 80.6%). All captive feeding rates were highly variable, resulting
in a large range of values. Clearance rates (ml'hr') ranged from 43.4 to 1,104.7, filtration
rates (mghr") from 0.07 to 1.99, net absorption rates (mghr™) from 0.06 to 1.62, and
absorption efficiencies from 53.1% to 87.9%. Rates also were highly variable when
examined within ration and seasonal trials. For example, filtration rates (mg‘h’l) of
average-sized mussels fed the same ration within seasonal trials had an average

coefficient of variation of 49% (Table 1.2).

Filtration rates could not be determined for test rations during all trials for various
reasons. Some mussels filtered at conspicuously low rates (< 0.007 mgh™g™) relative to
other seasonal trials, and were thus termed non-feeding mussels and eliminated from
analyses. A high ration was not yet included in the November trial (the first trial to be
conducted), while the low ration in November (measured as 12,200 cellsml ™) was
noticeably lower than the low rations measured in June (28,500 cellsml™) and August
(24,900 cellsml™). Therefore, comparisons of mussels fed a low or high ration in

November were not included in analyses.
Effect of Feed Ration and Season on Mussel Feeding

Filtration rates (mgh™) and net absorption rates (mg dry particle weight
absorbed'h™) for average-sized captive mussels were significantly affected by both feed
ration (two-way ANOVA, p <0.0001 for FR and NAR), and season of trial (two-way
ANOVA, p <0.0001 for FR and NAR). Absorption efficiencies, however, were not
significantly affected by feed ration (two-way ANOVA, p = 0.1013), but were
significantly affected by season of trial (two-way ANOVA, p <0.0001).

Filtration rates (mg filteredh™) and net absorption rates (mg absorbed'h™) for

average-sized mussels increased proportionally with feed ration (mg dry particle weight 1
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" (Fig. 1.1). For all trials, mussels fed very high rations exhibited the greatest filtration
rates and net absorption rates (x FR =0.67 mgh™, and X NAR = 0.60 mgh™), followed
by mussels fed high (x FR=0.45mgh”, x NAR =0.48 mgh™), medium (x FR = 0.24
mgh”, X NAR =0.19 mgh™), and low (x FR=0.14 mgh', x =0.11 mgh™) rations
(Fig. 1.1). Both FR and NAR were not significantly different for mussels fed high and
very high rations (Kruskal Wallis, p > 0.05). However, filtration rates were significantly
different among mussels fed (1) low, (2) medium, and (3) high and very high rations
(Kruskal Wallis, p <0.0001). Net absorption rates were not significantly different among
mussels fed /low and medium rations (Kruskal-Wallis, p > 0.05). NARs of mussels fed
high and very high rations were significantly greater than NARs of mussels fed low and
medium rations (Kruskal-Wallis, p < 0.05). Filtration rates and net absorption rates
compared within seasonal trials (summer, fall, and winter FRs, and summer and fall
NARs) followed the same general pattern: very high > high > medium > low rates (Table
1.3). Differences in spring FRs and NARs were not assessed due to inadequate sample
sizes for very high (n =2, and 2, respectively) and high rations (n = 2, and 1,
respectively) in spring. Filtration rates did not level off with subsequent ration increases;
slopes of FR versus ration oscillated between 0.38 and 0.49 as ration increased.

However, net absorption rates did level off with ration increases; slopes declined from

0.52 to 0.27 when ration increased from high to very high.

Percent absorption efficiency and feed ration were negatively related in captive
mussel feeding trials. The lowest feed ration resulted in the greatest absorption
efficiencies for all median rank comparisons within season. On average, mussels which
received a low feed ration absorbed significantly more (Kruskal-Wallis, p = 0.0003) of
the ash-free dry material from their feed ( x = 81%), while mussels fed the medium, high,
and very high ration absorbed 78%, 78%, and 80%, respectively, of the ash-free dry
material from their feed (Fig. 1.2). Absorption efficiencies (%) (compared across rations
within seasonal trial) were significantly highest for mussels fed the /ow ration during the
summer feeding trial (Table 1.3) (Kruskal-Wallis, p < 0.0001). Differences in absorption
efficiencies among feed rations were not significant in the spring (Kruskal-Wallis, p =

0.9496) (Table 1.3), or fall trials (Kruskal-Wallis, p = 0.7470) (Table 1.3).
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Filtration rates (mgh™) and net absorption rates (mgh™) for average-sized
mussels differed significantly among seasonal trials (one-way ANOVA, p = 0.0004, p =
0.0002, respectively). In general, filtration rates and net absorption rates increased or
decreased directly with seasonal temperatures (Fig 1.3); rates were significantly highest
in summer ( x FR =0.47, and NAR = 0.39) and fall (x FR =0.51, and NAR = 0.34)
(Kruskal-Wallis, p = 0.0006), followed by spring (x FR=0.21, and x NAR =0.12) and
winter (x FR = 0.27, NAR not measured in winter) (Fig. 1.3). When the effect of ration
was taken into consideration, summer FRs and NARs were highest for all comparisons
(Table 1.4). Summer FRs were significantly greater than winter FRs for all comparisons
(Kruskal-Wallis, p < 0.05) (Table 1.4), and summer NARs were significantly greater than
spring NARs for three of four comparisons (Kruskal-Wallis, p < 0.05) (Table 1.4); winter
NARs could not be measured. When compared within ration, differences among fall,
spring, and winter rates were not consistently significant; however, fall rates were
generally greater than spring and winter rates, while differences between spring and

winter rates were ambiguous (Table 1.4).

Absorption efficiencies (%) of captive mussels (for all rations combined) were
significantly different among all seasons (Kruskal-Wallis, p < 0.0001). Mussels were
most efficient at absorbing material in summer ( x = 81.6%), followed by fall (x =
75.8%) and spring ( x = 73.4%). Similar results were observed when seasonal
comparisons were made within ration groups. Summer absorption efficiencies were
significantly greater than spring and fall values, for three of four comparisons within
ration (Kruskal-Wallis, p < 0.05) (Table 1.4). Spring and fall values were not
significantly different from one another (Kruskal-Wallis, p > 0.05) (Table 1.4).

Sex, Species, and Genus Comparisons

Male and female Epioblasma spp. did not exhibit differing filtration rates (mgh
"o mussel wet weight™), net absorption rates (mgh™"g mussel wet weight™'), or
absorption efficiencies (%). Filtration rates of male versus female captive mussels were
not significantly different when compared within season and ration (Kruskal-Wallis,
spring (LR) p = 0.2207, spring (MR) p = 0.5536, summer (LR) p = 0.3252, summer (MR)
p = 0.4561, summer (HR) p = 0.1198, summer (VHR) p = 0.4995, fall (MR) p = 0.1325,
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fall (VHR) p = 0.7870, winter (HR) p = 0.3017); likewise, no significant differences were
observed for in-river mussels (Kruskal-Wallis, spring p = 0.2623, summer p = 0.2002).
Net absorption rates were not significantly different between male and female captive
mussels when compared within season and ration (Kruskal-Wallis, summer (LR) p =
0.3545, summer (MR) p = 0.4561, summer (HR) p = 0.1745, summer (VHR) p = 0.4795,
fall (MR) p = 0.2623); likewise, differences were not significant for in-river mussels
(Kruskal-Wallis, spring p = 1.0000, summer p = 0.6310). Absorption efficiencies of
male and female captive mussels were not significantly different when compared within
season and ration (Kruskal-Wallis, spring (LR) p = 0.5536, spring (MR) p = 0.5637,
spring (HR) p = 0.2482, spring (VHR) p = 0.1213, summer (LR) p = 0.9158, summer
(MR) p =0.3781, summer (HR) p = 0.4772, summer (VHR) p = 0.7770, fall (MR) p =
0.2135); differences were not significant for in-river mussels as well (Kruskal-Wallis,

spring p = 0.2850, summer p = 0.4225, winter p = 0.0814).

In addition, species of Epioblasma mussels (E. capsaeformis, E. brevidens, E. t.
rangiana, and E. triquetra) did not exhibit differing filtration rates (mgh™'g mussel wet
weight™), net absorption rates (mgh™"g mussel wet weight™), or absorption efficiencies
(%). Filtration rates among captive species were not significantly different for two of
three comparisons examined within season and ration: (1) E. brevidens and E.
capsaeformis fed a high ration in summer (Kruskal-Wallis, p = 0.6090), and (2) all
species fed a medium ration in fall (Kruskal-Wallis, p = 0.8359). However, filtration rates
of E. brevidens mussels were significantly lower than rates of E. capsaeformis, E. t.
rangiana, and E. triquetra mussels fed a very high ration in fall (Kruskal-Wallis, p =
0.0080). Net absorption rates among captive species were not significantly different for
all comparisons within season and ration: (1) E. capsaeformis and E. brevidens mussels
fed a high ration in summer (Kruskal-Wallis, p = 0.4250), (2) all species fed a medium
ration in fall (Kruskal-Wallis, p = 0.8470), and (3) all species fed a very high ration in fall
(Kruskal-Wallis, p = 0.2331). Absorption efficiency differences were not significant
among captive species for four of five comparisons within season and ration: (1) E.
capsaeformis, E. brevidens, and E. triquetra mussels fed a medium ration in summer
(Kruskal-Wallis, p = 0.1144), (2) E. capsaeformis and E. brevidens mussels fed a very
high ration in summer (Kruskal-Wallis, p = 0.2328), (3) all species fed a medium ration in
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fall (Kruskal-Wallis, p = 0.1800), and (4) all species fed a very high ration in fall
(Kruskal-Wallis, p = 0.7083). However, efficiencies of E. brevidens mussels were
significantly greater than efficiencies of E. capsaeformis mussels fed a high ration in

summer (Kruskal-Wallis, p = 0.0041).

Furthermore, Epioblasma spp. and Villosa iris did not exhibit differing filtration
rates (mg'h g mussel wet weight™), net absorption rates (mgh™"g mussel wet weight™),
or absorption efficiencies (%). Filtration rates among captive genera were not
significantly different for six of seven comparisons within season and ration (Kruskal-
Wallis, summer (LR) p = 0.8538, summer (MR) p = 0.2328, summer (HR) p = 0.9548,
summer (VHR) p = 0.8815, winter (HR) p = 0.9548, winter (VHR) p = 0.8815); however,
in one comparison, captive Villosa iris exhibited significantly greater filtration rates than
Epioblasma spp. (Kruskal-Wallis, spring (MR) p = 0.0457). Filtration rates for two of
three comparisons between genera were not significant for in-river mussels (Kruskal-
Wallis, summer p = 0.7518, winter p = 0.5688). In-river Epioblasma spp., however,
exhibited significantly greater rates than Villosa iris in spring (Kruskal-Wallis, p =
0.0233). Differences in net absorption rates between captive genera were not significant
for four of five comparisons within season and ration (Kruskal-Wallis, summer (LR) p =
1.0000, summer (MR) p = 0.1742, summer (HR) p = 0.9025, summer (VHR) p = 0.8815).
However, net absorption rates for Villosa iris were significantly greater than Epioblasma
spp. rates in spring (Kruskal-Wallis, spring (MR) p = 0.0339). All comparisons of net
absorption rates between genera of in-river mussels were not significant (Kruskal-Wallis,
spring p = 0.7773, summer p = 0.6733, winter p = 0.9093). Differences in absorption
efficiency were not significant for all comparisons of captive genera compared within
season and ration (Kruskal-Wallis, spring (MR) p = 0.7540, spring (HR) p = 0.7837,
summer (LR) p = 0.4213, summer (MR) p = 0.4213, summer (HR) p = 0.2831, summer
(VHR) p = 0.5549). Two of three in-river comparisons of absorption efficiencies between
genera were not significant (Kruskal-Wallis, spring p = 0.2026, summer p = 0.6727). In-
river Villosa iris exhibited significantly greater efficiencies in winter than Epioblasma

spp. (Kruskal-Wallis, p = 0.0414).

Although some feeding comparisons of sexes, species and genera were

significant, consistent trends were not observed. Neither males nor females were
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consistently higher or lower than one another in FR, NAR, or AE values; Epioblasma
spp. did not consistently rank higher or lower than one another in FR, NAR, or AE
values; and, neither genus was consistently higher or lower than one another in FR, NAR,
or AE values. Therefore, in relation to all other results, significant differences appear
anomalous, and conclusive differences were not apparent between sexes, among species,

and between genera.
Feeding of Captive versus In-river Mussels

In-river and captive mussels exhibited comparable filtration rates (mgh™"g mussel
wet weight ') and net absorption rates (mgh™g mussel wet weight') relative to season.
In-river mussel FRs and NARs were highest in summer, followed by spring, and winter
(Fig. 1.4); all seasonal differences were significant (Kruskal-Wallis, p < 0.0001 for FR
and NAR). However, in-river feeding trials, unlike captive trials, were not conducted at
uniform concentrations throughout seasons. River concentrations of food were highest in
summer (7.65 mg1"), followed by spring (3.70 mg1"), and winter (2.26 mg1™). When
seasonal differences in feeding rates (FR and NAR) were taken into consideration and
expressed per river concentration (mg1™"), differences between spring and summer FRs
and NARs were diminished (Fig. 1.5). Rates (mgh™g ™' mussel wet weight per river
concentration, mg1") were highest in spring (x FR =0.10, X NAR = 0.047), followed
by summer (x FR=0.10, x NAR = 0.043), and winter (x FR =0.03, x NAR =0.001)
(Fig. 1.5). Winter rates (FR and NAR), expressed on a per concentration basis, remained
significantly lower than spring and summer rates, (Kruskal-Wallis, p < 0.0001 FR and
NAR).

Likewise, absorption efficiencies (%) of in-river mussels were significantly
affected by season (spring, summer, and winter) (Kruskal-Wallis, p < 0.0001). In-river
mussels absorbed a greater percentage of ash-free dry material from their feed in spring
(x =52%) and summer ( x = 46%) than in winter (x = 4%) (Fig. 1.6). Seasonal
patterns in absorption efficiencies of captive versus in-river mussels were not directly
comparable. Nonetheless, the differences between in-river and captive mussel absorption
efficiencies were considerable. Spring and summer absorption efficiencies of in-river

mussels (x =51.7%, and x = 45.8% in spring and summer, respectively) were
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noticeably lower than efficiencies of captive mussels in spring and summer (x = 71.7%

—74.1%, and x = 80.1% — 83.7% in spring and summer, respectively).
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Discussion:
Feeding Rates and Variability

In this study, riffleshell mussels and rainbow mussels were fed a range of rations
(0.49 — 1.73 mg1™) of the green alga Neochloris oleoabundans, and resultant filtration
rates, absorption efficiencies, and net absorption rates were determined. Similarly,
Gatenby et al. (in review) measured feeding rates (e.g., clearance rates, ml'h™) of V. iris
fed various rations of N. oleoabundans. Average-sized V. iris in her trials filtered an
average of 42 to 206 ml'h" when fed rations ranging from 0.34 — 3.40 mg1". These rates
were recalculated from stated clearance rates (ml'h™g™") and average V. iris dry weights.
Feeding rates in this study were similar, but higher than those stated in Gatenby et al. (in
review). Average-sized V. iris in this study filtered on average 316 to 432 ml'h™ (when

fed 0.49 — 1.73 mg1") of N. oleoabundans.

The large variability in mussel feeding rates in this study (i.e., 43.4 —1104.7 ml'h’
" is characteristic of bivalves. The magnitude of such variability is comparable to
findings of previous bivalve feeding studies. Rice and Smith (1958) observed clearance
rates (0.1 — 4.0 mI'h™) differing by a factor of 40 for marine hard clams, Venus
mercenaria, and Gatenby et al. (in review) recorded clearance rates (15 — 280 ml'h™)
differing by a factor of 19 for V. iris (during the first hour of feeding). Clearance rates of
Epioblasma spp. and V. iris in this study differed by a comparable factor of 26.

Effect of Ration on Mussel Feeding

Mussels are known to increase filtration rates with increase in ration (i.e., Winter
1978, Widdows et al. 1979, Velasco and Navarro 2005), up to an asymptotic value
(Widdows et al. 1979, Bayne et al. 1989). Thereafter, filtration rates decline once
digestive systems are full and satiated with feed (Winter 1978, Widdows et al. 1979,
Navarro and Winter 1982), and pseudofeces production begins. Bivalves reduce
filtration rates and produce pseudofeces in order to control consumption, and prevent

feeding in excess of digestive capacity (Foster-Smith 1975).

Epioblasma spp. and V. iris in this study increased filtration rates (mg filteredh™)

and net absorption rates (mg absorbed'h™) with increase in ration (Fig. 1.1). Neither FRs
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nor NARs declined with ration increases (up to 1.73 mg1T"). However, NARs did
observably decline in slope when mussels were fed the very high ration versus the high
ration. Since FRs did not decline, maximum ingestion rates were not observed, and
mussels did not produce pseudofeces. Nonetheless, NARs observably began to level off
once ration increased from high to very high, suggesting that mussels were becoming
increasingly satiated with increased ration, and particle concentrations were approaching
a threshold; i.e., a level that would induce a reduction in FRs and the production of

pseudofeces.

Absorption efficiencies also were affected by feed ration. Mussels fed the lowest
feed ration demonstrated the greatest absorption efficiency of 81% (Fig. 1.2). Previous
studies (Widdows 1978, Griffiths and King 1979, Navarro and Winter 1982) similarly
related low feed rations with high absorption efficiencies, and observed AEs within a
comparable range. For example, Widdows (1978) and Navarro and Winter (1982)
observed AEs of 75% for Mytilus edulis, and 50 — 73% for Mytilus chilensis.
Furthermore, Bayne et al. (1989) related high absorption efficiencies to extended gut
passage times for M. edulis fed a low ration. Freshwater Epioblasma spp. and V. iris may
have similarly increased gut passage times when fed a low ration, resulting in greater

absorption efficiencies.

Conversely, high rations resulted in reduced absorption efficiencies for marine
mussels (Thompson and Bayne 1972, Thompson and Bayne 1974, Widdows 1978).
When AEs are reduced at high rations, mussels are unable to digest and assimilate all
feed entering the stomach (Widdows et al. 1979). Mussels in this study did not reduce
AEs when fed the very high ration (i.e., versus the high or medium rations), indicating

that mussels were not satiated or overfed at a ration of 1.73 mg1".

Although some differences in absorption efficiencies were observed among
mussels fed differing rations, greater deviations may have resulted if mussels were
allowed to acclimate to trial rations for a longer period. Mussels in this study were
acclimated to the trial diet species, N. oleoabundans, but were not acclimated to
individual rations due to concerns that mussels fed the /ow ration would experience

prolonged dietary stress.
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Regulation of Feeding Efficiency

Bivalves regulate feeding efficiency by balancing filtration rate and absorption
efficiency. At high filtration rates, absorption efficiencies may be reduced in order to
avoid overloading digestive systems, or, at low filtration rates, mussels may conversely
increase absorption efficiencies to maximize absorption of feed. Therefore, the absorbed
ration (NAR) is a balance of filtration rate and absorption efficiency (Navarro and Winter
1982). This interrelationship between filtration rate and absorption efficiency was
apparent in my study. Significant (or non-significant) differences among groups were
nearly identical for FR and AE comparisons. For example, during the spring trial no
significant differences among rations were detected for either AE or FR. However,
during the summer trial, both FRs and AEs were significantly different among the (1) low

ration, (2) medium ration, and (3) high and very high rations (Table 1.3).
Optimum Ration Determination

The recommended optimum ration for Epioblasma spp. and V. iris was based
upon two primary criteria. First, an optimum ration should not add digestive stress
through fouling at the labial palps, production of pseudofeces, or overloading of the gut.
Second, an optimum ration should provide the greatest absorbed ration (NAR) to
mussels. When fed a range of feed rations (0.49 — 1.73 mg1"), mussels in this study did
not produce pseudofeces, or decline in FR, AE, or NAR (with ration increase), indicating
that they were not digestively stressed by ration, or digestively overloaded. When fed a
low, medium, high, or very high ration, Epioblasma spp. and V. iris absorbed the greatest
amount of food at the very high ration of 1.73 mg1"'. Although mussel NARs did not
decline, implying that still higher rations could result in greater absorption, the rate of
increase in NAR did decline. Such declines imply that NARs were leveling off, and
mussels were approaching the maximum absorbed ration (NAR) and digestive capacity.
These findings suggest that Epioblasma spp. and V. iris should be fed a ration near 1.73
mgT" (120,000 cellsml™).

This recommendation appears reasonable when compared to the results of
Gatenby et al. (in review) for V. iris. She observed declining clearance rates for V. iris

between rations of 1.0 and 3.4 mg1" of N. oleoabundans, and estimated the pseudofeces
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producing threshold to be 150,000 cellsml™. Therefore, my ration recommendations fall
within Gatenby’s 1.0 - 3.4 mg1T" test rations (which induced declining clearance rates),

and under the stated 150,000 cellsml” pseudofeces-producing threshold.
Effect of Season and Temperature on Mussel Feeding

Mussel filtration rates are known to increase with temperature up to an optimum;
thereafter, filtration rates drastically decline (see review in Winter 1978). Temperatures
in this study varied with season, from 11°C to 19°C for captive mussel feeding trials, and
11°C to 24°C for in-river feeding trials (Table 1.1). Mussels altered feeding rates with
temperature (and season). Differences in captive mussel feeding rates were most
pronounced between trials with the greatest temperature differences; i.e., summer and
winter filtration rates (Table 1.4). The greatest feeding rates were observed in summer
and fall, while lower feeding rates were observed in spring and winter (Table 1.4). Rates
generally increased or decreased concomitant with seasonal temperatures (Fig. 1.3).

Such differences among seasonal feeding rates may be attributed (in part) to changes in
metabolism with temperature, and changes in reproductive status with season. Prior
studies (such as Kreeger and Newell 2001) observed that differences in temperature alone
could not explain seasonal changes in feeding rates (i.e., clearance rates). Epioblasma
spp. are known to release gametes between late summer and early fall. Therefore, higher
feeding rates in summer and fall may also relate to greater energetic demands required for

the production of gametes and fertilization.

A secondary objective of this study was to determine whether feed ration should
be altered with season and temperature. As previously discussed, feeding rates depended
upon season and temperature. Therefore, it is reasonable to hypothesize that energetic
demand and feed ration requirements may decline with seasonal temperature declines and
change in reproductive status (i.e., post-spawning). However, due to an inability to
collect AE and NAR data in winter and the presence of non-feeding mussels fed low and
medium rations in winter, this question cannot be conclusively answered. Nonetheless,
the available filtration rate data (in Table 1.3) suggest that the optimum ration required in
summer (at 19°C) may be slightly higher than the optimum ration required in winter (at

11°C). According to FR data in Table 1.3, mussels continued to increase FRs in summer
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up to the very high ration (1.73 mg1"). However, mussels in the winter trial
demonstrated a decline in FR when ration increased from high to very high, suggesting
that an optimum ration in winter may be between 1.28 mg1" and 1.73 mgT". Thus, the
FR data support the hypothesis that Epioblasma spp. and V. iris should receive a smaller
ration in winter (11°C) than in summer (19°C). Further research is needed to confirm this

preliminary assessment.
Sex, Species, and Genus Comparisons

Differences in FR, NAR, and AE among (1) sexes, (2) four Epioblasma species,
and (3) genera (Villosa versus Epioblasma) were examined to determine whether specific
feeding recommendations are required for any one of these groups. Since significant
differences were not observed for sex, species, or genus comparisons, this study
concluded that optimum ration is similar among these groups. Several factors may
account for the lack of significant differences among groups. First, filtration rate and
absorption efficiency are known to be size-dependent (Widdows 1978, Widdows et al.
1979, Hatton et al. 2005). Therefore, since the two genera (Epioblasma and Villosa)
were of similar size, it is reasonable that differences were not observed between them.
Second, mussels exhibited high variability in feeding rates; this variability may mask

more subtle feeding rate differences in sexes, species, or genera.
Feeding of Captive versus In-river Mussels

In-river feeding trials could not be directly compared to captive feeding trials due
to several incongruous factors such as differences in feed content, feed ration, river
temperature, holding conditions, etc. However, in-river feeding trials were used to
provide some relative comparisons of captive versus in-river mussels. In-river trials
provided similar findings as captive trials. First, in-river trials revealed that ration was
largely responsible for differences observed between spring and summer feeding rates
(FR and NAR) (Fig. 1.5). Once ration was taken into consideration, filtration rates and
net absorption rates, which were significantly different (Kruskal-Wallis, p < 0.0001),
became nearly equal for spring and summer trials. Second, differences among seasonal

feeding rates were evident for in-river mussels, and thus agreed with results for captive
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mussels. Third, captive and in-river feeding trial comparisons by sex, species, and genus

agreed with one another; i.e., significant differences were not observed.

Similarly, feeding trials conducted on in-river mussels revealed some distinct
results. In particular, in-river mussels exhibited considerably lower absorption
efficiencies that captive mussels. Differences in absorption efficiencies for marine
mussels tested in natural versus captive conditions were attributed to fewer digestible
components in a natural diet compared to a laboratory diet (Velasco and Navarro 2005).
Therefore, lower absorption efficiencies exhibited by mussels in this study may be
partially attributed to differences in the proportion of digestible dietary components.
Furthermore, in-river mussels exhibited extremely low absorption efficiencies in winter
(x =4%). Low absorption efficiencies may have resulted from a combination of factors
associated with winter, such as decreased temperature and metabolism (Stuart et al.

2000), or decreased food quantity and quality (Hawkins et al. 1998).
Optimum Ration Suggestions

Based upon the findings of this study, Epioblasma species should be fed in

accordance with the following criteria:

(1) Maintain a ration near 1.73 mg dry algal weight1' when holding Epioblasma spp.

at moderate temperatures (i.e., 15— 19°C).

(2) Maintain a ration near 1.28 mg dry algal weight1' when holding Epioblasma spp.

at cool temperatures (i.e., near 11°C).

(3) All Epioblasma species and each sex can be fed equal rations; Epioblasma and

Villosa also may be fed equal rations.

Several considerations should be given in applying the prior suggestions. First,
feeding rates and the ration which induces pseudofeces production (an undesirable
behavior indicating overfeeding) depends upon the type of feed or the algal species fed to
mussels (Rice and Smith 1958, Foster-Smith 1975, Shumway et al. 1985). Second,
feeding rates depend upon whether mussels are fed a uni-algal or mixed-algal feed (Rice
and Smith 1958). Rice and Smith (1958) compared clearance rates of marine bivalves

(Venus mercenaria) fed various uni-algal and mixed-algal feeds and observed variable
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rates depending upon the species included in mixed suspensions. Mussels in this study
were fed a uni-algal diet only. Therefore, FR, NAR, AE, and likely optimum ration may
vary depending upon the algal mix fed to mussels. Third, the algal species used in this
study (N. oleoabundans) is a small-celled alga (2 — 20 um). Therefore, if mussels are fed
a larger-sized algal species on a per cell basis, such as 120,000 cellsml” (corresponding
to 1.73 mg1"), mussels may be overfed. Consequently, algal dry weight determinations
(conversion of cellsml™ to mg1™) should be made in order to feed at the recommended

ration of 1.73 mg dry algal weight1".

The explicit feeding recommendations stated for riffleshell mussels (Epioblasma
spp.) in this study will aid in the progressive knowledge and care of captive endangered
riffleshell mussels. Feeding at an optimum ration would provide the greatest absorbed
ration, increased metabolism (Widdows 1978, Bayne et al. 1989, Roper and Hickey
1995), and increased energy available for growth (Bayne et al. 1989).
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Table 1.1. Experimental design of seasonal feeding trials conducted at White Sulphur Springs National
Fish Hatchery and the Clinch River. N represents number of mussels per treatment that were actively
feeding (FR > .007 mg dry particle wth™'g wet mussel wt™'). Dashed lines represent treatment groups that

were not tested.

Trial White Sulphur Springs National Fish Hatchery Clinch R.
Species ‘C n °C
LR MR HR VHR
Fall 2005
V. iris — 1 — — 18
E. capsaeformis - 6 - 5
E. brevidens — 3 - 6
E. triquetra — 2 — 3
E. t rangiana — 2 — 6
Spring 2006
Viris 0 3 1 0 15 5 24
E. capsaeformis 4 5 1 2 12
Summer 2006
V. iris 5 4 5 3 19 5 24
E. capsaeformis 6 6 8 5 12
E. brevidens - 1 3 -
E. triquetra — 3 — —
Winter 2006
V. iris 0 0 5 2 117 11
E. capsaeformis 0 0 9 3 3

Table 1.2. Percent coefficient of variation (C.V.), or average deviation from mean weight-adjusted
filtration rates (mgh™) for mussels fed a low, medium, high, or very high ration in spring, summer, fall, or
winter. nm = not measured. nf=non-feeding mussels.

Season Feed ration Average C.V. (%)
Low Medium  High Very High
Spring
CV.(%) 35 35 24 104 49
(n) 4) (8) (2) (2)
Summer
CV.(%) 42 43 39 66 48
(n) (10) (12) (16) (8)
Fall
CV. (%) nm 40 nm 52 46
(n) (14) (20)
Winter
CV.(%) nf nf 57 51 54
(n) (14) Q)
49
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Table 1.3. Effect of ration (Low, Medium, High, and Very High) on filtration rates (FR, mg h™' per average-
sized mussel), net absorption rates (NAR, mg h™' per average-sized mussel), and absorption efficiencies (%)
within seasonal trial (summer, spring, fall, and winter). Comparisons were made with Kruskal-Wallis
(KW) median rank analysis. Significant differences (p < 0.05) in FR, NAR, and AE were determined by
median notch comparisons. Significiant groups (within seasonal trial) were indicated with letters (A-C).
nm = not measured.

Season Ration
Low Med High V High
FR Summer Mean (n) 0.15(10) 031(12) 0.63(16) 0.87(8)
SE 0.02 0.04 0.06 0.20
KW (p <0.0001) C B A A
Fall Mean (n) nm 0.21(14) nm 0.72 (20)
SE nm 0.02 nm 0.08
KW (p <0.0001) nm B nm A
Winter  Mean (n) nf nf 0.30 (14) 0.23(5)
SE nf nf 0.05 0.05
KW (p =0.3787) A A
NAR  Summer Mean (n) 0.12(11) 024(12) 05315 0.71(8)
SE 0.02 0.03 0.05 0.17
KW (p <0.0001) C B A A
Fall Mean (n) nm 0.15(12) nm 0.55 (10)
SE nm 0.02 nm 0.11
KW (p <0.0001) B A
AE Spring Mean (n) 73.1 (5) 73.5(10) 74.1(11) T1.7(4)
SE 5.02 2.81 2.49 2.88
KW (p =0.9496) A A A A
Summer Mean (n) 83.7(18) 80.1(27) 81.6(20) 81.7(22)
SE 0.46 0.36 0.42 0.48
KW (p <0.0001) A C B B
Fall Mean (n) nm 76.2(17) nm 74.3 (11)
SE nm 1.74 nm 2.98
KW (p =0.7470) A A
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Table 1.4. Effect of season on filtration rates (FR, mg h™ per average-sized mussel), net absorption rates
(NAR, mg h™' per average-sized mussel), and absorption efficiencies (%) within ration (low, medium, high,
and very high). Values presented are untransformed. Comparisons were made on transformed values with
Kruskal-Wallis (KW) median rank analysis. Significant differences (p < 0.05) in FR, NAR, and AE were
determined by median notch comparisons. Significiant groups (within ration) were indicated with letters
(A-C). nm = not measured.

Ration Season
Winter Spring Fall Summer
FR Low Mean (n) nm 0.12 (4) nm 0.15(11)
SE nm 0.02 nm 0.02
KW (p = 0.2645) A A
Med Mean (n) 0.10 (1) 0.21 (8) 021 (14) 03112
SE 0.00 0.03 0.02 0.04
KW (p=0.0629) B A A A
High Mean (n) 0.30(14) 0.12(2) nm 0.63 (16)
SE 0.05 0.06 nm 0.06
KW (p=0.0009) B C A
V High  Mean (n) 0.23 (5) 0.49 (2) 0.72 (20)  0.87(8)
SE 0.05 0.36 0.08 0.20
KW (»=0.0189) B B A A A
NAR Low Mean (n) nm 0.08 (4) nm 0.12 (11)
SE nm 0.02 nm 0.02
KW (p =0.0676) A A
Med Mean (n) nm 0.15(7) 0.15(12) 0.24(12)
SE nm 0.02 0.02 0.03
KW (p =0.0309) B B A
High Mean (n) nm 0.09 (2) nm 0.53 (1%)
SE nm 0.02 nm 0.05
KW (p =0.0253) B A
V high Mean (n) nm 0.10 (1) 0.55(10) 0.71(17)
SE nm 0.0 0.11 0.17
KW (p =0.1817) B A A
AE Low Mean (n) nm 73.1 (5) 79.7 (6) 83.7 (18)
SE nm 5.02 0.46 4.16
KW (p = 0.0804) B B A
Med Mean (n) nm 73.5(10) 76.2(17) 80.1(27)
SE nm 2.81 0.36 1.74
KW (p =0.0223) A B B A
High Mean (n) nm 74.1 (1) nm 81.6 (20)
SE nm 2.49 nm 0.42
KW (p =0.0124) B A
V High  Mean (n) nm 71.7 (4) 743(11) 81.7(22)
SE nm 2.88 2.98 0.48
KW (p =0.0018) B B A
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Fig. 1.1. Effect of feed ration (mg ") on mean (+ standard error) filtration rates (FR, mgh™) and net
absorption rates (NAR, mg h™') of average-sized captive mussels. Significant differences (Kruskal-Wallis,
p <0.05) in FR and NAR indicated with letters A-C and a-b, respectively.
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Fig. 1.2. Effect of ration on mean (+ standard error) absorption efficiency (%) of captive mussels.
Significant differences in AE (Kruskal-Wallis, p < 0.05) indicated with letters A-B.
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38



Chapter Two: Evaluate the seasonal utilization of dietary protein by adult oyster

mussels

Introduction:
The Importance of Food Quality

Recovery efforts for the endangered oyster mussel (Epioblasma capsaeformis) are
dependent on successful rearing in captivity (USFWS 2004a). However, at present, diet
quality requirements for oyster mussels have never been elucidated. In particular,
seasonal changes in dietary protein utilization are unknown for these mussels. Knowledge
of seasonally changing protein demands is an essential component in the captive care of

oyster mussels.

Prior studies, focused on food quality, have taken typically one of two
approaches. Some studies (Walne 1970, Walne 1974, and Webb and Chu 1982, Enright
et al. 1986a, Gatenby et al. 2003) evaluated diet quality by feeding diets of algal species
differing in biochemical composition. Studies that have followed this “correlation
approach” may be difficult to interpret due to differences in digestibility, cell size, or
toxicity (Webb and Chu 1982). Other studies, beginning with Parsons (1961) and
followed by Castell and Trider (1974), Gallagher and Mann (1982), Enright et al.
(1986b), Utting (1986), Thompson (1992), and Kreeger and Langdon (1993), evaluated
diet quality by feeding mussels mono-specific diets differing in biochemical composition.
Such studies manipulated biochemical composition by altering the conditions for the
cultured algae. Kreeger and Langdon (1993) built on this “diet manipulation” approach
by augmenting nutrient-poor algal diets with biochemically defined, micro-encapsulated
supplements (e.g., protein capsules added to protein-deficient algae) and found that the
nutritional deficiency was alleviated by the supplements, compared to controls fed
protein-rich treatments. This was the first unequivocal, cause-and-effect evidence to
show that mussel performance was due to one specific limiting nutrient rather than the
overall balance of food quality or food quantity per se, and thus confirmed that the “diet
manipulation” method was effective. Therefore, the “diet manipulation” method was

used in this study.
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The Importance of Protein for Adult Mussels

Protein has been selected for examination because it is a key nutritional
component of adult freshwater mussel diets and because protein demands for adult
mussels change seasonally. Furthermore, there is a lack of current information available

on protein requirements for freshwater mussels (specifically, E. capsaeformis).

Protein is vitally important in mussel diets because it is the sole provider of amino-
nitrogen, a prime limiting building block for biosynthetic activities. Thus, protein is
essential for all biosynthesis, because it comprises the primary structural and functional
units of mussel bodies (Hawkins and Bayne 1991) and is responsible for maintenance,
somatic growth, and reproductive needs. For example, protein enables essential
maintenance activities such as metabolism and digestion, and is essential for reproductive
materials sperm and eggs. Furthermore, protein may serve as a secondary energy source,
once carbohydrates become limiting (Gallagher and Mann 1982). Thus, protein diet
testing will provide key nutritional information for E. capsaeformis and other freshwater

mussels.

Protein demands for adult marine mussels change seasonally in relation to
reproductive status. Prior to spawning carbohydrate and lipid reserves become depleted.
Consequently, in order to satisfy energetic demands, mussels increase reliance on protein
and increase efficiency of protein utilization. Marine mussels have adopted means of
increasing efficiency of protein utilization; they may increase assimilation efficiency of
exogenous protein (Kreeger 1993), or increase turnover rates of endogenous protein
(Hawkins and Bayne 1985). Conversely, after spawning, marine mussels begin
rebuilding carbohydrate reserves, necessary for overwintering and subsequent
gametogenesis, and return to a carbohydrate-based metabolism oriented toward protein

conservation (Kreeger et al. 1995).

Adult freshwater mussels can likewise be expected to differ in their protein
requirements depending upon time of year and reproductive status. However, freshwater
mussels have a reproductive cycle distinct from marine mussels. Specifically, oyster
mussels are winter-brooders (bradytictic); they retain their glochidia (mussel larvae)

within their gills throughout winter, display their mantle pads to attract host-fish in
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spring, and subsequently release their glochidia into (or on) the host-fish. The timing of
oyster mussel life cycle events appears to depend on environmental variables, such as
seasonal water temperature (Jones et al. 2005). Nonetheless, a “typical” oyster mussel
life cycle is characterized by spawning and fertilization from late summer to early fall
(August through October), brooding from late fall until spring (October through April),
and displaying of mantle pads accompanied by release of glochidia in spring (April
through June) (Jones et al. 2005) (Fig. 2.1). Therefore, coincident with changes in
reproductive status, oyster mussels, like marine mussels, can be expected to alter
metabolic demands with change in season. However, since marine and freshwater
mussels differ in their seasonal life cycles and the timing of these cycles, seasonal
changes in the metabolism of oyster mussels cannot be inferred from marine mussels, and
are presently unknown. Coincidently, Baker and Hornbach (2001) conducted a study on
bradytictic Actinonaias ligamentina, and observed that tissue protein content changed
more dramatically throughout the year than any other biochemical component.
Consequently, since protein usage by mussels is seasonally dynamic (Kreeger 1993,
Kreeger et al. 1995, Baker and Hornbach 2001), and since the seasonal metabolic
demands of oyster mussels are unknown, a focus on the importance of protein in adult

mussel diets will provide an interesting evaluation of seasonal protein demands.

Presently, no published literature specifically examines protein requirements for
freshwater mussels. Almost exclusively, previous studies examining protein use have
been conducted on marine mussels. These marine mussel studies have focused on growth
of juveniles fed diets of varying protein content (Gallagher and Mann 1982, Enright et al.
1986b, Utting 1986, Kreeger and Langdon 1993), seasonal use of protein (Kreeger 1993,
Kreeger et al. 1995, Brockington 2001), relative use of protein and energy (Hawkins and
Bayne 1991), and utilization of mixed carbohydrate/protein microcapsules (Kreeger and
Langdon 1994, Kreeger et al. 1996). However, there are some freshwater mussel
nutritional studies that have incorporated biochemical analyses of various algal species
used as mussel feed. Gatenby et al. (2003) conducted a study examining the protein,
carbohydrate, and lipid content of algal species proposed as food for freshwater mussels.
Henley (2002) fed mussels different algal diets, measured the biochemical content of

each (including protein, carbohydrate, and lipid content), and assessed physiological,
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somatic, and gametogenic condition of mussels fed the varying diets. Interestingly,
Henley (2002) observed a negative correlation between levels of protein in mussel tissue
and the production of developing and ripe gametes. This study will examine the seasonal
importance of protein in the diets of adult freshwater mussels (E. capsaeformis and
Villosa iris) by feeding diets varying in protein content and examining the respective

nutritional status, by measuring the O:N ratio.
O:N Testing

Previous studies have shown that oxygen:nitrogen ratio (O:N) is a physiologically
relevant means of assessing nutritional status (Bayne and Widdows 1978, Widdows
1978, Kreeger 1993, Baker and Hornbach 1997). The O:N ratios may be determined by
measuring the amount of oxygen consumed and the amount of ammonia-nitrogen
excreted. Such ratios provide important evidence of what an animal is using for
metabolic fuel and, when considered in context, can also yield information on animal

health (or stress).

The O:N ratios indicate the balance between protein catabolism, and carbohydrate
and lipid catabolism. For example, ratios less than 20 for marine mussels indicate that
protein is primarily being catabolized (Bayne et al. 1985). Increasing ratios represent
proportionally less protein utilization and more carbohydrate and lipid utilization, so that
ratios greater than 30 (for marine mussels) indicate that primarily carbohydrates and
lipids are being catabolized while protein is “spared” from catabolism (Bayne et al.

1985).

Use of O:N ratios as an indicator of physiological stress is not straightforward.
Condition of mussels, specifically the energetic reserves available, must be taken into
consideration when interpreting O:N ratios. For example, Bayne (1973) observed that
response of blue mussels (Mytilis edulis) to starvation depended on seasonal energetic
reserves. When carbohydrate reserves were low (i.e., during gametogenesis and
vitellogenesis), M. edulis increased protein catabolism in response to stress, resulting in
low O:N ratios. However, when carbohydrate reserves were high (i.e., during
reproductively quiescent periods), primarily carbohydrates and lipids were catabolized,

resulting in high O:N ratios for stressed mussels (Bayne 1973). Therefore, in response to
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nutritional stress (or starvation), marine mussels utilized carbohydrate reserves first (if
able), yielding unusually high O:N ratios. However, if carbohydrate reserves were
depleted, mussels utilized protein reserves in response to stress, yielding unusually low

O:N ratios (Bayne 1973).

The O:N ratios were used as a tool in this study to evaluate seasonal protein
utilization by E. capsaeformis. Specifically, the objective of this study was to evaluate
the seasonal utilization of dietary protein by comparing metabolic response using O:N
ratios, oxygen consumption rates, and ammonia-nitrogen excretion rates with diets

limited or unlimited in protein.
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Methods:
Mussel Collection and Holding

Oyster mussels (E. capsaeformis) were collected from the Clinch River, Hancock
County, Tennessee, and rainbow mussels (V. iris) were collected from Copper Creek,
Russell County, Virginia, in a well-distributed size range in May, July, and September
2006. Wet weights were obtained for each mussel, and equal numbers of males and

females were collected.

Mussels were transported and held at White Sulphur Springs National Fish
Hatchery (WSSNFH), White Sulphur Springs, West Virginia, for captive feeding trials,
and The Nature Conservancy (TNC) laboratory on the Clinch River, Cleveland, Virginia,
for in-river feeding trials. Mussels at WSSNFH were held in recirculating bunk-bed
troughs containing spring water and a sand and gravel substrate. Holding temperatures
ranged from 11°C in winter to 19°C in summer. Mussels at the TNC laboratory were
held in 6-1tubs filled with river substrate. Tubs were placed in the river, secured, and

covered with mesh.
Mussel Diets

Prior to diet feeding trials, captive mussels were fed laboratory diets consisting of
hatchery pond water and four laboratory-cultured algal species, including Phaeodactylum
tricornutum, Bracteacoccus grandis, Oocystis polymorpha, and Neochloris
oleoabundans. During protein trials, captive E. capsaeformis and V. iris were fed diets
consisting of low or high-protein green alga, Neochloris oleoabundans, for 3 wk. The N.
oleoabundans was selected as feed because it is known to be digestible by freshwater
mussels (Gatenby et al. 1997, Gatenby et al. 2003) and is typically high in protein content
(Gatenby et al. 2003). Mussels were fed low (0.11 mg protein (mg dry algal feed)™) or
high (0.31 mg protein (mg dry algal feed)™) protein diets at equal dry weight rations of
1.50 mg dry algae (liter of feed)™ (corresponding to 80,000 cells ml™ for high-protein N.
oleoabundans). Diet rations were based on optimum ration testing conducted prior to

protein testing (Chapter 1).
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Culture of Algae

Cultures of the green alga N. oleoabundans were aseptically grown at WSSNFH,
West Virginia. Stock cultures of N. oleoabundans and cultures used in diet development

trials were grown in 1-1 flasks, while cultures used to feed mussels were grown in

20-1 carboys. Flask and carboy cultures were inoculated at initial concentrations of 2.21
x 10° cells ml", and grown in an altered Knops nutrient medium (Appendix 1). Cultures
were continuously aerated with 1.5% CO,, and grown under continuous cool white

fluorescent lighting at 19-21 °C.
Formulation of Diets

In order to develop low-protein and high-protein diets, a range of nitrogen (in the
form of NaNO;) was added to the Knops media. Eight levels of nitrogen (n = 3 1-1 flasks
per nitrogen level), ranging from 0.0 pmol I'' N to 2,470 pmol I N, were added to the

media stock.

The effect of nitrogen content on algal growth and cellular protein concentration
was assessed. Average cell counts and cell volumes (Um’) per milliliter were measured
for each flask once per day, for 10 d. Furthermore, since protein content is highest when
cultures are growing exponentially (Gatenby et al. 2003), exponential growth phase was
determined for each treatment differing in nitrogen content. Subsequently, cultures of V.
oleoabundans were harvested in exponential growth phase, and concentration of protein

(mg protein (g dry algal feed)™) was determined for cultures varying in nitrogen content.
Protein Testing

Dietary protein content (mg protein (g dry algal feed)™") of N. oleoabundans
cultures were spectrophotometrically determined using a protein test kit (Pierce, BCA
23225), and methods of Kreeger et al. (1997) and Lowry et al. (1951). Cultures in
exponential growth (in 20-L carboys) were harvested, centrifuged, and freeze-dried prior
to protein testing. Algal samples (15-20 mg dry weight, » = 6 per nitrogen level) were
added to 15-ml polypropylene tubes along with 4 ml of 0.1 M NaOH. Samples were
homogenized (60 s) and sonicated (10 s) in order to disrupt algal cell walls to create a

homogenous slurry. Subsequently, samples were diluted to 8 ml (with 0.1 M NaOH),
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vortexed (10 s), oven dried (60 °C, 45 min), vortexed again (10 s), and bench-top
centrifuged (5 min). Samples were held on ice during sample preparation. Working
reagents and bovine serum albumin (BSA) standards were prepared during sample
preparation according to test kit protocol. Prior to analysis, 50-pl samples plus 1.0 ml of
working reagent were pipetted into 1.5-ml cuvets. In turn, each cuvet was vortexed (10
s), incubated (37 °C, 30 min), and analyzed spectrophotometrically at 562 nm. Protein
content (mg protein (g dry algal feed)™) of low, intermediate, and high nitrogen cultures

was determined from a BSA standards curve.
Evaluation of Protein Utilization

Protein utilization (relative to carbohydrate and lipid utilization) was evaluated by
O:N ratios for E. capsaeformis and V. iris adults, fed for 3-wk on diets differing in
protein content. The O:N testing was conducted on captive mussels fed trial protein diets
(“post-trial” tests) in summer (August) and winter (December and January). The O:N
tests also were conducted on mussels prior to feeding on trial diets (“pre-trial” tests) and
on mussels held in-river, to establish points of reference for post-trial ratios. Pre-trial and
in-river tests were conducted in spring (June), summer (August), and winter (December
and January). Three seasonal testing periods (spring, summer, and winter) were initially
planned for pre-trial, post-trial, and in-river testing. However, spring post-trial testing
was eliminated due to adjustments in trial diet-feeding procedures. Tests in spring,
summer, and winter were conducted when E. capsaeformis females were brooding and
displaying (in June), expected to spawn (in August), and brooding (in December and
January). Captive tests were conducted at 18 °C in spring and summer, and 11 °C in
winter. In-river tests were conducted at 23 °C in spring and summer, and 9 °C in winter.
Captive and in-river temperatures were not equal due to an inability to increase captive
temperatures to 23 °C in spring or summer, and an inability to decrease temperatures to 9

°C in winter.
Respirometry Tests

Rate of oxygen consumption was measured for E. capsaeformis and V. iris held
in closed respirometry chambers (Strathkelvin, RC 400). Mussels were removed from

holding troughs (at WSSNFH) or holding tubs (at the Clinch River), wiped free of debris,
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and placed into chambers containing 730-ml of filtered spring water (at WSSNFH) or
filtered river water (at Clinch River); water was filtered with glass fiber microfilters
(Whatman GF/F). Respirometry runs were conducted with four chambers containing one
mussel each, and two control chambers containing water only. During all trials, 5-8
mussels of each group, including male E. capsaeformis, female E. capsaeformis, and V.
iris from each treatment, were tested. Chambers were immersed in recirculating water
baths to maintain constant temperatures throughout each trial. Oxygen electrodes
(Strathkelvin, 1302 microcathode) were calibrated to zero with a sodium sulphite
(anhydrous) solution and to 100% with an aerator. Oxygen electrodes were inserted into
chambers, and all chambers were sealed so that no oxygen bubbles remained. Oxygen
concentration was measured continuously for 30-90 min while mussels were held in
chambers. Length of respirometry runs (i.e., 30-90 min) was dependent upon mussel
activity (i.e., whether apertures were open or closed) and decline in chamber oxygen.
Although concentration of oxygen was recorded for the entire length of the experimental
run, smaller periods of time (i.e., where electrodes were stable and mussels remained
with open apertures) were selected for determining oxygen consumption rates. Oxygen
consumption rates were determined consequently from the recorded declines in oxygen
concentration per selected time period. Furthermore, rates were control-corrected and

expressed per gram of mussel wet weight (ug-at O, h' g™).
Ammonia-Nitrogen Testing

Rates of ammonia-nitrogen excretion were measured for E. capsaeformis and V.
iris held in 1-L beakers for 3 h. Water samples were collected from the beakers before
mussels were added and after mussels remained for 3 h. Mussels were wiped free of
debris and placed in each beaker. During each trial, 6 male E. capsaeformis, 6 female E.
capsaeformis, and 6 V. iris were tested from each treatment (low or high-protein diets).
Four control beakers containing spring water, and beakers containing NH4Cl standards of
known concentrations (25 - 250 mM) also were included. Prior to placing mussels into
beakers, hatchery spring water was filtered through glass fiber microfilters (Whatman
GF/F). Eight-hundred milliliters of water was poured into each beaker. Beaker contents
were stirred and allowed to settle for 5 min prior to sample removal. Ten-milliliter

samples were removed from each beaker and filtered (0.45-um) through syringes to
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remove particulate matter (such as fecal particles). Samples were frozen immediately to
minimize volatilization of nitrogen. Ammonia-nitrogen content was determined using
methods of Solorzano (1969) and standardized using the NH4Cl solutions. Excretion
rates were control-corrected and expressed per gram of mussel wet weight (pg-at NHy -N
h' g™

Statistical Analysis

Prior to analyses, all data were transformed. Oxygen consumption rates and
ammonia-nitrogen excretion rates were log-transformed, and O:N ratios were arcsine

square root-transformed (Sokal and Rohlf 1981).

Comparisons of O:N ratios, oxygen consumption rates, and ammonia-nitrogen
excretion rates were made for seasonal trials, trial diets (low or high in protein),
reproductive status, reference mussels (captive or in-river), and species using
Statgraphics Plus for Windows, Version 3.3. Paired t-tests or Wilcoxon Mann-Whitney
tests (Wilcoxon) were used when two groups were compared (such as O:N ratios of
mussels fed low-protein versus high-protein diets). T-tests were used when standard
deviations were not significantly different, while Wilcoxon tests were used when
standard deviations were significantly different. Kruskal-Wallis median rank tests were
used when more than two groups were compared, such as O:N ratios of spring versus

summer versus winter.
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Results:
Algae Cultures

Cultures of N. oleoabundans containing 329 pmol I'' N and 16.5 pmol I N
(added to media) were selected as the high and low-protein trial diets, respectively.
Determination of a low or high-protein diet was based on two criteria. First, the level of
nitrogen had to be high enough to enable algal growth. Second, low and high-nitrogen
cultures had to produce cells differing in protein content. A minimum dosage of 16.5
pmol I N in the algal media resulted in reliable growth rates. As well, algae containing
329 umol I N and 16.5 umol I'' N differed largely in concentration of protein, with 0.31
mg protein (mg dry algal feed)”' and 0.11 mg protein (mg dry algal feed)”, respectively.
A dosage larger than 329 pmol I'' N was not used since protein testing with higher

nitrogen cultures (i.e., 2,470 pmol I'' N) resulted in 85% lower protein concentrations.

In addition to differing in protein content, algae containing high nitrogen (329
umol I N) were visibly and measurably distinguishable from algae containing low
nitrogen (16.5 umol I'' N). High-nitrogen algae was dark green in color and visibly
denser, while low-nitrogen algae was yellow-green in color and visibly less dense. Also,
algae containing more nitrogen were measurably faster growing and denser, with heavier
cells and larger cell volumes. High-nitrogen algae reached exponential growth phase
faster (at 4-5 d) than low-nitrogen algae (at 6-7 d). Low-nitrogen algae 6 d old were on
average 67% less dense than high-nitrogen algae (x =3.14 x 10° cells ml”', and x =
4.67 x 10° cells mI" for low and high-nitrogen algae, respectively). Average cell weights
(mg cell™") were 83% lower for low-nitrogen algae (x = 1.63 x 10™) compared to high-
nitrogen algae (x = 1.97 x 10™), and average cell volumes (um’ cell™) were 71% less for

low-nitrogen algae (x = 17.9) compared to high-nitrogen algae ( x = 25.3).
Metabolic Response to Low and High-Protein Diets

Differences between O:N ratios of mussels fed low or high-protein diets were not
significant during either the summer trial (¢-test, p = 0.1804) or the winter trial (¢-test, p =
0.6805; Table 2.1). In winter, O:N ratios were nearly equal for E. capsaeformis ted a low

(x =35.4) or high-protein ( x = 32.2) diet (Table 2.1). In summer O:N ratios were
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lower for mussels fed the low-protein diet (x = 12.8) than for mussels fed the high-

protein ( x = 25.0) diet, although differences were not significant (Table 2.1).

Like O:N ratios, ammonia-nitrogen excretion rates (ug-at NH;"-N h' [g mussel
wet weight]™") and oxygen consumption rates (ug-at O, h™' [g mussel wet weight] ™) were
not significantly different for oyster mussels fed the low or high-protein diet. Differences
between ammonia excretion rates were not significant in summer (#-test, p = 0.0842), or
in winter (¢-test, p = 0.7671; Table 2.1). Likewise, differences between oxygen
consumption rates were not significant in summer (z-test, p = 0.6205) or in winter (#-test,

p =0.8775; Table 2.1).
Effect of Season on Metabolism of E. capsaeformis

Season of trial had the greatest effect on O:N ratios for E. capsaeformis mussels.
The highest O:N ratios were observed in winter for all mussel groups tested. Ratios in
winter were significantly greater than summer ratios for three (of four) comparisons: for
mussels fed the low-protein diet (Wilcoxon, p = 0.0428; Fig. 2.2 and Table 2.2), and for
pre-trial (Kruskal-Wallis, p < 0.0001) and in-river mussels (Kruskal-Wallis, p = 0.0403;
Fig. 2.3 and Table 2.3). Significant differences in O:N ratio were not observed between
summer and winter for mussels fed a high-protein diet (Wilcoxon, p = 0.5159; Table 2.2).
Furthermore, differences in O:N ratio were not significant between spring and winter pre-
trial mussels (Kruskal-Wallis, p > 0.05), spring and summer pre-trial mussels (Kruskal-
Wallis, p > 0.05), and spring and summer in-river mussels (Kruskal-Wallis, p > 0.05; Fig.
2.3 and Table 2.3).

Seasonal differences in O:N ratios were largely attributed to seasonal variability
in ammonia excretion rates (ug-at NH;-N h' [g mussel wet weight]™). Generally,
ammonia excretion rates peaked in summer and dramatically declined (i.e., by more than
two to three times) in winter (Tables 2.2 and 2.3). Most notably, rates were significantly
highest in summer for pre-trial mussels (Kruskal-Wallis, p < 0.0001), and significantly
lowest in winter for in-river mussels (Kruskal-Wallis, p = 0.0403). Significant
differences were not observed between summer and winter for mussels fed a low-protein
(Wilcoxon, p = 0.1039; Table 2.2) or high-protein diet (Wilcoxon, p = 0.1039; Table 2.2).

Again, differences were not significant between spring and winter pre-trial mussels
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(Kruskal-Wallis, p > 0.05), nor between spring and summer in-river mussels (Kruskal-

Wallis, p > 0.05; Fig. 2.3 and Table 2.3).

Significant seasonal differences in oxygen consumption rates (pg-at O, h' [g
mussel wet weight]™) were not observed for E. capsaeformis. Seasonal differences in
consumption rates were not significant for all mussel groups tested, including mussels fed
a low-protein (Wilcoxon, p = 0.1098) or high-protein diet (Wilcoxon, p = 0.1878; Fig.
2.2 and Table 2.2), pre-trial mussels (Kruskal-Wallis, p = 0.2534), and in-river mussels
(Kruskal-Wallis, p = 0.4072; Fig. 2.3 and Table 2.3).

Effect of Mussel Gender on Metabolism

Seasonal O:N ratios were not observably dependent on sex of mussel.
Differences between males and females were not significant when females were brooding
in spring (Wilcoxon, p = 0.6481 for pre-trial mussels, p = 0.0814 for in-river mussels), or
winter (Wilcoxon, p = 0.8600 for pre-trial mussels, p = 0.7728 for in-river mussels, p =
0.6625 for low-protein mussels, and p = 0.5959 for high-protein mussels). Likewise, O:N
ratios of males versus females were not significantly different in summer, when females
were expected to spawn (Fig. 2.1) (Wilcoxon, p = 0.9095 for pre-trial mussels, p =
0.9273 for in-river mussels); male versus female comparisons could not be made for

mussels fed the low or high-protein trial diet in summer due to inadequate sample sizes.

Unlike O:N ratios, seasonal differences in oxygen consumption were observed
between males and brooding females in spring. During the spring pre-trial, males
consumed significantly more oxygen (ug-at O, h” [g mussel wet weight]™) than brooding
females ( x = 43.6 and 25.1 for males and females, respectively) (Wilcoxon, p = 0.0304).
However, differences between male and female oxygen consumption rates were not
significant in winter (Wilcoxon, p = 0.9611 for pre-trial mussels, p = 0.1939 for in-river
mussels, p = 0.5403 for mussels fed low-protein, and p = 0.9611 for mussels fed high-
protein), in summer (Wilcoxon, p = 0.7363 for pre-trial mussels, p = 0.7940 for in-river
mussels, p = 0.1939 for mussels fed low-protein, and p = 0.3153 for mussels fed high-

protein), or in spring for in-river mussels (Wilcoxon, p = 0.6762).

Furthermore, ammonia-excretion rates were not significantly different between

sexes in spring (Wilcoxon, p = 0.3153 for pre-trial mussels, and p = 0.1360 for in-river
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mussels), summer (Wilcoxon, p = 0.2980 for pre-trial mussels, and p = 1.0000 for
mussels fed high-protein), or in winter (Wilcoxom, p = 1.0000 for pre-trial mussels, p =
0.2963 for mussels fed low-protein, p = 0.8345 for mussels fed high-protein, and p =
0.6481 for in-river mussels). Comparisons were not possible for mussels fed a low-
protein diet in summer, due to inadequate sample sizes. Significant differences in
ammonia-excretion between sexes were observed for one comparison; in-river females
(x =3.7) excreted significantly more ammonia than males (x = 2.6) in summer

(Wilcoxon, p = 0.0051).
Comparison of Metabolic Rates of Reference Mussels

Specimens of E. capsaeformis had lower O:N ratios when held in captivity than
when held in-river. The O:N ratios were significantly lower for captive (pre-trial)
mussels than for in-river mussels during all seasonal trials (Wilcoxon, p = 0.0038, p =

0.0002, and p = 0.0149 for spring, summer, and winter comparisons, respectively).

Significantly greater in-river ratios were attributed to higher oxygen consumption
rates and lower ammonia-excretion rates. In spring, oxygen consumption rates were
significantly greater for in-river mussels (Wilcoxon, p = 0.0136), contributing to their
higher O:N ratio. In summer, oxygen consumption rates were significantly greater
(Wilcoxon, p = 0.0156), and ammonia-nitrogen excretion (Wilcoxon, p = 0.0247) rates
were significantly less for in-river mussels, contributing to higher O:N ratios. In winter,
ammonia nitrogen excretion rates (Wilcoxon, p = 0.0002) were significantly less,
contributing to higher O:N for in-river mussels. Differences between captive pre-trial
mussels and in-river mussels were not significant for summer oxygen consumption rates

(Wilcoxon, p = 0.2882), or for spring ammonia excretion rates (Wilcoxon, p = 0.7411).
E. capsaeformis versus V. iris

Summer O:N ratios were not significantly different (p >.05) between oyster
mussels (E. capsaeformis) and rainbow mussels (V. iris) (Student’s #-test, p = 0.6107, p =
0.6569, and p = 0.4101 for pre-trial, post-trial, and in-river mussels, respectively). Winter
O:N ratios were variable and dependent upon the mussel group analyzed. Ratios of pre-
trial species were not significantly different (Student’s #-test, p = 0.6880). However,

significant differences between E. capsaeformis O:N ratios and V. iris O:N ratios were
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observed for mussels fed 3-wk trial diets (Student’s #-test, p = 0.0382). Comparisons

could not be made for in-river mussels due to low sample size (n =1).

An examination of oxygen consumption and ammonia excretion rates between
species provides insight into the resultant O:N ratios. Oxygen consumption rates, relative
to species, were consistent among all mussel groups (including pre-trial mussels, post-
trial mussels, and in-river mussels) within summer and winter. Specimens of V. iris
consumed oxygen at greater rates than those of E. capsaeformis during all summer trials
(Table 2.4); differences were significant for pre-trial (Student’s #-test, p = 0.0646) and in-
river mussels (Student’s #-test, p = 0.0473), but not significant for post-trial mussels
(Student’s t-test, p = 0.7176) (Table 2.4). Conversely, E. capsaeformis consumed oxygen
at greater rates than V. iris during all winter trials; differences were significant for pre-
trial (Student’s #-test, p = 0.0385), and post-trial mussels (Student’s #-test, p = 0.0099),
but not significant for in-river mussels (Student’s #-test, p = 0.2472) (Table 2.4).

Contrary to comparisons of oxygen consumption rates for the two species, no significant
differences (p > 0.05) were observed between ammonia-excretion rates of those species.
Species comparisons were not significant (p > 0.05) for either summer trials (Student’s #-
test, p = 0.6654, p = 0.7716, and p = 0.8755 for pre-trial, post-trial, and in-river mussels
groups, respectively), or winter trials (Student’s ¢-test, p = 0.4537, p =0.7581, and p =

0.2028 for pre-trial, post-trial, and in-river mussels groups, respectively).
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Discussion:

The results of this study indicate that change in season significantly affected the
metabolic demands of E. capsaeformis, more so than dietary protein content. Seasonal
changes in oyster mussel metabolism were most apparent among O:N ratios and rates of

ammonia-excretion (Table 2.5).
Effect of Season on Oyster Mussel Metabolism
O:N ratio

The lowest O:N ratios were observed in spring and summer, while the highest
ratios were observed in winter (Table 2.5). Previous studies conducted on marine
mussels have interpreted O:N ratios less than 20 as indicative of protein-based
metabolism, while ratios greater than 30 indicate energy-based (or carbohydrate and
lipid-based) metabolism and protein conservation (Bayne et al. 1985). Oyster mussels in
this study exhibited differing seasonal metabolisms. In spring and summer, ratios were
less than 20 for nearly all comparisons (Table 2.5), indicating that mussels primarily
catabolized protein in spring and summer. However, in winter, ratios were greater than
30 for nearly all comparisons (Table 2.5), indicating that mussels were energy focused,

primarily catabolizing carbohydrates and lipids, and conserving proteins.

Seasonal shifts in metabolism were used to suggest how protein and energy
reserves in mussel tissues change with season. Two seasonal shifts were observed for E.
capsaeformis: one, between August and December as mussels shifted from protein-based
catabolism toward protein conservation; a second shift was observed between January
and June, from protein conservation toward protein-based catabolism. Such shifts imply
seasonal changes in biochemical stores. Since E. capsaeformis cannot be sacrificed for
tissue analyses, due to its endangered status, prior mussel studies were used to suggest
how reserves changed seasonally. Kreeger (1993) coincidentally observed increasing
tissue protein when mussels were conserving protein, and increasing carbohydrates when
mussels were primarily catabolizing protein. Therefore, Kreeger (1993) lends support
that E. capsaeformis may have increased storage of protein in winter (while conserving
protein), and may have increased storage of carbohydrates while oriented toward protein

catabolism, in spring or summer. Baker and Hornbach (2001) observed that bradytictic
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Actinonaias ligamentina increased protein tissue content from August until April, and
increased carbohydrate reserves from April until June. Thus, seasonal changes in energy
reserves observed for A. ligamentina in Baker and Hornbach (2001) are in accordance
with the seasonal shifts suggested for E. capsaeformis in this study. Therefore, protein
reserves in the tissues of E. capsaeformis appear to have increased from fall until spring,
coincident with protein conservation in winter, while carbohydrate storage increased in

spring and summer, coincident with protein-based catabolism.

In summary, the seasonal metabolism of E. capsaeformis is best understood when
considered in concert with mussel reproductive status. In winter (December and
January), female E. capsaeformis brooded glochidia. Brooding in winter appears to have
coincided with high O:N ratios, an energy-based metabolism, protein conservation, and
increased protein reserves. Thereafter, E. capsaeformis began releasing glochidia in
spring (prior to June), increasingly relied on protein, and increased carbohydrate reserves.
In summer (August), coincident with spawning activity, mussels continued to rely on
protein catabolism, and exhibited the lowest O:N ratios. Thereafter, reliance on protein

catabolism decreased, continuing throughout winter.

Unfortunately, the exact timing and duration of reproductive events, such as
spawning, brooding, and glochidial release, were not determined in this study. Jones et
al. (2005), however, acknowledge that the timing and duration of these reproductive
events varies from year to year. For instance, in June, mussels observably displayed, and
subsequently released glochidia; however, it is not known when glochidial release was
initiated, or terminated. Futhermore, spawning activity could not be observed in August;
therefore, relating metabolism specifically to pre-spawning or spawning was not possible.
As a result, spawning was assumed to occur between August and November, in
accordance with Jones et al. (2005), and pre-spawning and spawning were not

differentiated.

Seasonal changes observed for E. capsaeformis in this study agree what has been
observed for 4. ligamentina, another bradytictic mussel (Baker and Hornbach 2001).
However, the seasonal metabolism of E. capsaeformis did not parallel the seasonal

metabolism of marine mussels. In fact, E. capsaeformis exhibited the reverse seasonal
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metabolism as marine mussels. For instance, E. capsaeformis exhibited low ratios and a
protein-based metabolism near time of spawning, while marine mussels (in Kreeger
1993) exhibited high O:N ratios and protein conservation prior to spawning.
Furthermore, E. capsaeformis O:N ratios were highest after spawning, while low O:N
ratios and protein catabolism were associated with post-spawning for marine mussels

(Kreeger 1993).
Ammonia-nitrogen excretion

Rates of ammonia-excretion were highest in summer, and lowest in winter.
Therefore, high rates of ammonia-excretion in summer coincided with increased protein
catabolism, while low rates in winter coincided with conservation of protein. Similar
seasonal trends in ammonia-nitrogen excretion were exhibited by 4. ligamentina, in
Baker and Hornbach (2001); excretion rates for A. ligamentina were lowest in winter, and

highest in summer.
Dietary Limitation

Extremely low or high O:N ratios may indicate that mussels are energy-limited
(e.g., low O:N) or protein-limited (e.g., high O:N). Ratios of 4.4 in summer (for pre-trial
mussels) and 64.4 in winter (for in-river mussels) represent extreme O:N ratios (Table
2.3). These ratios suggest that pre-trial mussels were energy-limited in summer, while in-

river mussels were protein-limited in winter.

Metabolic response to dietary limitation depends upon whether mussels are
energy-limited or protein-limited. If mussels are energy-limited, they will consume
glycogen until they are forced to catabolize protein for maintenance needs (Bayne and
Newell 1983). Thus, energy-limited mussels increase protein reliance, resulting in low
O:N ratios and elevated rates of ammonia-nitrogen excretion. The lowest O:N ratios and
highest ammonia-excretion rates were observed for pre-trial mussels in summer, mussels
limited in energy (Table 2.3). On the other hand, if mussels are protein-limited, they will
conserve protein from catabolism, resulting in low ammonia-excretion rates and high
O:N ratios. Mussels may also increase efficiency of protein use, by increasing rate of
endogenous protein recycling (Bayne and Newell 1991), or increasing assimilation

efficiency of protein (Kreeger 1993).The highest O:N ratios and lowest ammonia-
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excretion rates were observed for in-river mussels in winter, mussels limited in protein

(Table 2.3).
Metabolic response to low and high-protein diets

The effect of feeding oyster mussels a low or high-protein diet, in summer or
winter, was not significant (p > 0.05). Even when mussels were fed a low-protein diet
when they were likely to be protein-limited (e.g., in winter), dietary protein content
appeared to have no effect on mussel metabolism. The O:N ratios were nearly equal for
mussels fed a low or high-protein diet in winter (Table 2.1). Therefore, since mussels fed
a low-protein diet did not exhibit metabolic stress, mussels appear to have received
sufficient protein, even when fed the low-protein diet consisting of 0.11 mg protein (mg

dry algal feed)™.
Utility of Research and Management Recommendations

Few studies have been conducted to examine seasonal protein utilization of
freshwater mussels, and no studies have been published on the relative metabolism (O:N
ratio) of E. capsaeformis. As a result, this study is useful in contributing fundamental
knowledge on its relative metabolism and O:N ratio, and in providing preliminary

considerations for management.

Although significant metabolic differences were not observed between E.
capsaeformis fed a low or a high-protein diet, significant seasonal differences in relative
metabolism, or O:N ratio, were observed. These differences provided evidence of the
metabolic fuel used by E. capsaeformis in a given season. Oyster mussels primarily
utilized protein in spring (June) and summer (August); some mussels during this period
were limited in energy. In winter (December and January), oyster mussels primarily

utilized carbohydrates; some mussels during winter were limited in protein.

In accordance with these findings, the following feed recommendations are

suggested for the captive care of E. capsaeformis:

(1)  Mussels should be fed a diet high in energy (carbohydrates and lipids) in
spring and summer, since E. capsaeformis is likely to be energy-limited

during this period (i.e., from time of glochidial release until fertilization).
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(2)  Mussels should be fed a diet high in protein during winter, since E.
capsaeformis is likely to be protein-limited in winter (i.e., from fertilization

until glochidial release).

3) Mussels appeared to receive sufficient dietary protein when fed N.
oleoabundans, containing 0.11 or 0.31 mg protein (mg dry algal feed)™).
Therefore, N. oleoabundans appears to be a suitable dietary component for E.
capsaeformis. This result supports the conclusion of Gatenby et al. (2003);
namely, that N. oleoabundans provides sufficient protein in a diet for

freshwater mussels.
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Appendix 1. Protocol for Making Knops Nutrient Medium

Knops Nutrient Concentrations

Compound Stock For Flasks For Carboys

Solution

(g1 (mgl")  (umoll) (mgl') (umoll")

Solution 1
MgSO, 7TH,0 25.0 1,250 10,400 1,030 8,570
NaNO;" (stock cultures) 17.0 850 10,000 700 8,260
(high-N cultures) 3.40 170 2,000 140 1,650
(low-N cultures) 0.17 10 100 7 82
KH,PO4 10.0 500 3,680 410 2,940
CaCl, 2 H,0 2.10 110 714 90 590
H3;BO; (crystals) 2.85 140 2,310 120 1,910
Distilled H,0 Dilute to 1-1
Solution 2
ZnSO4 7H,O 8.82 88 307 80 253
MnCl, 4H,0 1.44 14 73 12 61
NaMoO, 2H,0™ 0.024 0.2 1.1 0.2 0.9
CuSO4 5H;0 1.57 16 63 13 51
CoCl, 6H,0 0.61 6 26 5 22
Distilled H,0 Dilute to 1-1
Solution 3
EDTA 50.0 500 1,710 413 1,410
KOH 31.0 310 5,530 256 4,570
Distilled H,0 Dilute to 1-1
Supplements
FeSO4 7H,0 50 180 50 180
Directions to Make Knops Medium
For flasks For carboys
Combine in 1-1 bottle: Combine in 1-1 bottle:
1. 50-ml Solution 1 1. 800-ml Solution 1
2. 10-ml Solution 2 2. 160-ml Solution 2
3. 10-ml Solution 3 3. 160-ml Solution 3
Dilute to 900-ml with distilled water.  Autoclave media.
Autoclave media. Add media to 16-1 distilled water in 20-1 carboy.
Add 0.05 g ferrous sulphate to bottle. Rinse media bottle with 200-ml distilled water.
Dilute to 1-1 with distilled water. Add 0.86 g ferrous sulphate to carboy.

Add 300-500-ml medium to 1-1 flask  Aerate at least 1-h before inoculation.
or 800-1000-ml medium to 2-1 flask.

Aerate at least 1-h before inoculation.

* Sodium nitrate (NaNO;) was used in place of potassium nitrate (KNO;) due to toxicity concerns.
** Source of molybdate was altered from HyMoO, (85%) to NaMoO, 2H,0 due to purchasing costs.
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Table 2.1. Effect of dietary protein on ammonia excretion (ug-at h™ [g mussel wet weight]™), oxygen consumption
(ng-at h™ [g mussel wet weight]™), and O:N ratio, for E. capsaeformis fed a low protein or high protein diet.
Student’s #-tests were conducted on log-transformed ammonia excretion and oxygen consumption rates, and arcsine
square root-transformed O:N ratios. Data presented are untransformed.

Student’s #-test

Dietary Protein (Mean + SE) P value
Season Parameter Low High (Low vs. High)

Summer NH, -N excretion 42+ 1.7 1.5+04 p =0.0842
(n=4) (n=28)

O, consumption 35,6 £4.6 40.2+6.9 p =0.6205
(n=12) (n=11)

O:N ratio 12.8 £5.6 25.0£6.7 p=0.1804
(n=4) (n=10)

Winter ~ NH;'-N excretion 1.8+ 0.2 2.1+0.5 p=0.7671
(n=10) (n=10)

O, consumption 51.5+7.7 50.1+5.6 p=0.8775
(n=11) (n=17)

O:N ratio 354+6.2 322+5.7 p =0.6805
(n=10) (n=7)

Table 2.2. Effect of season on ammonia excretion (ug-at h™ per g mussel wet weight), oxygen consumption (pg-at
h™ per g mussel wet weight), and O:N ratio, for E. capsaeformis fed a low protein or high protein diet. Mann-
Whitney (Wilcoxon) w-tests were conducted on log-transformed ammonia excretion and oxygen consumption rates,
and arcsine square root-transformed O:N ratios. Data presented are untransformed.

Wilcoxon w-test

Mussel Test Season (Mean + SE) P value
Group Parameter Summer Winter (Summer vs. Winter)

Low protein ~ NH, -N excretion 42+1.7 1.8+£0.2 p=0.1039
(n=4) (n=10)

O, consumption 35.6 4.6 51.5+7.7 p=0.1098
(n=12) (n=19)

O:N ratio 12.8+5.6 354+6.2 p =0.0428
(n=4) (n=106)

High protein ~ NH, -N excretion 1.5+04 2.1+£0.5 p =0.5052
(n=28) (n=10)

O, consumption 31.0£6.9 50.1 £5.6 p=0.1878
(n=11) (n=17)

O:N ratio 25.0£6.7 322+5.7 p=0.5159
(n=3) (n=7)

64



Table 2.3. Effect of season on ammonia excretion (ug-at h™' per g mussel wet weight), oxygen consumption (pg-at

h™ per g mussel wet weight), and O:N ratio, for captive pre-trial, and in-river E. capsaeformis. Kruskal-Wallis
median rank tests were conducted on log-transformed ammonia excretion and oxygen consumption rates, and
arcsine square root-transformed O:N ratios. Significant seasonal differences (0 = 0.05) indicated by letter. Data

presented are untransformed.

Mussel Test Season (Mean + SE) Kruskal-Wallis
Group Parameter Spring Summer Winter P value
Pre-trial NH,; -N 44+0.5 14.0 +0.9 40+1.3 p <0.0001
excretion B A B
(n=11) (n=12) (n=10)
0)) 343 +4.6 46.5+5.3 37.8+5.1 p=0.2534
consumption A A A
(n=28) (n=17) (n=17)
O:N ratio 8.2+0.7 44+0.8 12.0+£3.1 p =0.0068
AB B A
(n=11) (n=9) (n=17)
In-river NH,;"-N 4.0+0.8 3.2+02 0.9+0.1 p =0.0002
excretion A A B
(n=28) (n=12) (n=11)
O, 67.5+8.1 53.0+4.9 60.2 + 7.6 p=0.4072
consumption A A A
(n=28) (n=21) (n=28)
O:N ratio 17.0+2.1 203+35 644+154 p =0.0403
B B A
(n=17) (n=11) (n=Y5)

Table 2.4. Comparisons of oxygen consumption rates (ug-at h™' [g mussel wet weight]™) for E. capsaeformis and V.

iris. Trials were conducted in summer and winter on three groups: pre-trial, post-trial, and in-stream mussels.
Oxygen consumption rates were log-transformed and compared with Student’s #-test. Data presented are

untransformed.
Student’s #-test
Oxygen Consumption Rate (Mean + SE) P value
Trial E. capsaeformis V. iris (E. capsaeformis vs. V. iris)
Summer
Pre-trial 46.5+53 (n=17) 68.0£10.0 (n=18) p =0.0646
Post-trial 37.8 £4.0 (n=123) 40.0£5.1 (n=11) p=0.7179
In-river 53.0+49 (n=21) 757 111.3 (n="17) p=0.0473
Winter
Pre-trial 37.8 €51 (n=17) 23.8+43(n=9) p =0.0385
Post-trial 51.9+£4.5 (n=26) 28. 743 (n=9) p =0.0099
In-river 60.2 + 7.6 (n=8) 433+89(n=17) p=0.2472
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Table 2.5. Summary of seasonal changes in ammonia excretion (ug-at h™' per g mussel wet weight) and O:N ratio,
for all groups of E. capsaeformis tested, including pre-trial, in-river, low-protein, and high-protein groups, in spring,
summer, and winter. Dashed lines (—) represent unavailable data.

Mussel Test Season (Mean & SE)
Parameter Group Spring Summer Winter
NH, -N excretion
Pre-trial 44+0.5 14.0£0.9 40+1.3
In-river 4.0+0.8 32+£0.2 0.9+0.1
Low-protein - 42+1.7 1.8+£0.2
High-protein - 1.5+04 2.1+£0.5
O:N ratio
Pre-trial 82+0.7 44+0.8 12.0+3.1
In-river 17.0£2.1 20.3+3.5 64.4+ 154
Low-protein - 12.8+5.6 354+6.2
High-protein — 25.0+ 6.7 322457
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Fig. 2.1. Reproductive cycle of female E. capsaeformis, according to Jones et al. (2005). Female oyster
mussels typically spawn late summer through early fall (August to October), brood late fall through spring
(October to April), and display and release glochidia in spring (April to June) (Jones et al. 2005).
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Fig. 2.2. Effect of season on mean (+ s.e.) oxygen consumption rates, ammonia excretion rates, and O:N
ratios for E. capsaeformis fed a low-protein (0.11 mg mg™ protein) or high-protein diet (0.31 mg mg™
protein) in summer and winter. Oxygen consumption and ammonia excretion rates are expressed per gram
of mussel wet weight. Significant differences between summer and winter (Kruskal-Wallis, p < 0.05) are
indicated by asterisks.

68



¢ - captive

60.0 A - 800
g -4 - - in-stream
A c
_‘§ 0.0 1 %‘ i + 70.0_2
8 t ? 6008
P 1 S : 5
3 "o 200 | 2 15002 "o
g ‘:c ’ A i O -
S £ 300 ! A 14009 S
S & A 13009 &
e 2200 0% g
2 12008
g 100+ g
8 . + 1008
0.0 | | 0.0
16.0 A 745
A . €
S 140 ¢ il ’ 7402
= e s
S 120 7 " 1358
e~ >| + 3.0 u’j T
w @ 10.0 + A . 4 2
L 25 %~
T s 80+ T %
£ q(:“p I 20 % “:“'
f; g 6.0 + | B +15 € g
2 40 ¢ 110 8
2 L % 1.0 %
(& 20 T ]_I), T 05 _é
0.0 | | 0.0
16 + A T
1 + 80
o | 1%
g 12 P L g0 &
10 + AB f Z
o : Z
Z - ! 7906
o 8-+t 2 2 A + 40 g
S 6+ B 130 8
B4 R % T2 9
2 L B_. B + 10 £
0 | | 0
Spring Summer Winter
Season

Fig. 2.3. Effect of season on mean (+ s.e.) ammonia excretion rates, oxygen consumption rates, and O:N
for captive pre-trial and in-stream E. capsaeformis. Ammonia excretion rates and oxygen consumption
rates are expressed per gram of mussel wet weight. Significant differences (a0 = 0.05) among seasons are
indicated with different letters.
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