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INTRODUCTION

Analysis of Aufwuchs Structure and Function - Perspective

Populations of microscopic organisms attached to but not
penetrating submerged substrates in aquatic ecosystems com-
prise the Aufwuchs community (Ruttner 1953, Odum 1971).
Although periphyton is a commonly employed syncnym (Odum 1971,
Weber 1973a, Clark et al. 1979), the German word Aufwuchs
more precisely connotes the complex taxonomic composition of
this community (Wetzel 1975, Clark et al. 1979). Analyses
of the composition of communities through enumeration of
individuals or species, taxonomic identifications, or quanti-
fication of biomass or cellular constituents are termed
structural analyses (Odum 1962). These types of analyses
form the information base pertaining to our current under-
standing of Aufwuéhs communities (Weitzel 1979a). Functional
analyses, which are investigations concerning the rates of
dynamic processes within or between ecosystem components (Odum
1962, Margalef 1963), integrate the structural characteristics
of communities with responses to abiotic ecosystem parameters
(Odum 1977, Odum et al. 1979). The functional characteristics
of ecosystem components have not been studied to the same
extent as structural characteristics (Cairns 1971, Odum 1977)
and this disparity is even greater with respect to Aufwuchs
communities (Rodgers 1977, Rodgers et al. 1979, Weitzel

1979b). Of particular interest in characterizing ecological



systems is the relationship between structure and function
within and among the ecosystem components (Odum 1962, 1971,
Margalef 1963, Cummins 1974).

Investigations into the utilization of food resources
by consumers and the flow of energy through an ecosystem can
integrate the structural and functional aspects of ecological
analyses (Lindeman 1942, Odum 1971). 1In order to investigate
fully the flow of energy from producers to consumers, the
ecosystem must be divided into its component systems, and
comprehensive analyses of individual relationships must be
performed. The research described herein emphasizes the
interactions between Aufwuchs communities, at the producer
trophic level, and snail grazers, at the consumer trophic
level. Discerning what degree of change in Aufwuchs structure
is necessary in order to alter the flow of energy to the
grazer is important in assessing the sensitivity or response
of aquatic ecosystems to perturbation. Since an ecosystem is
ordered by the flow of energy (Odum 1971), its resistance to
alteration in energy flow is an essential, primary factor in
maintaining ecosystem stability (Cairns 1976, Cairns and
Dickson 1976, Cairns et al. 1977).

This research is part of a program to develop and test
methods for assessing impacts related to electrical power
production. Since interactions between trophic levels are

dynamic and complex (Lindeman 1942, Odum 1971), a series of



artificial streams were used to investigate the effects of
low levels of perturbation on Aufwuchs food quality and
grazer utilization of this food resource. Artificially
simplified ecosystems (i.e. microcosms) can reduce natural
complexity and assist in investigating trophic level inter-
actions (Odum 1971, Warren and Davis 1971). The responses of
Aufwuchs to two stresses, intermittent chlorination and

copper sulfate, were chosen for study because of the routine
use of these chemicals in power plant operations to control or
prevent microfloral growth and biofouling (Becker and
Thatcher 1973, E.P.A. 1976). Aufwuchs response to an organic
enrichment was also studied to further evaluate the food
quality and grazer utilization approach for impact assessment.
Similar investigations were conducted in the receiving waters
around a power plant discharge to verify the results of the

artificial stream experiments.

Role of Aufwuchs in Aquatic Ecosystems
Since Aufwuchs communities are composed of numerous,
complex, taxonomic groups, they enter into various functional
processes within aquatic ecosystems. The algal component
creates living matter or biomass from inorganic carbon through
photosynthetic pathways, taking up other inorganic and organic
nutrients in the process (Wetzel 1973). Autotrophic bacteria

alter the chemical state of inorganic complexes utilizing



solar or chemical energy to increase organic carbon biomass
and to cycle nutrients (Wetzel 1975). Other bacteria and
fungi procure energy to sustain and increase their biomass
through heterotrophic pathways; by decomposing organic matter
they release inorganic nutrients and simple organic molecules
into the surrounding medium (Brock 1974, Rheinheimer 1974).
The remaining taxa within the Aufwuchs community (protozoans,
microcrustaceans, and other microinvertebrates) consume

living or dead organic matter and expel metabolic byproducts
and smaller detrital particles (Odum 1971). Their growth

and reproduction increase Aufwuchs biomass while contributing
to the community functions of decomposition and nutrient
cycling. The transfer of solar energy into photosynthetically
fixed carbon coupled with the recycling of organic carbon

and nutrients by heterotrophs produces a persistent and signi-
ficiant food supply for grazing animals. The maintenance

and growth of Aufwuchs communities and the utilization of

this resource by consumers forms an important base for
classical food chains in aquatic ecosystems (Hynes 1970,

Odum 1971).

Since microflora dominate Aufwuchs communities, the
impact of analyses of Aufwuchs for water quality assessment
rarely will sway public sentiment. This is particularly
true for the common structural parameters of Aufwuchs, such

as diversity indices, algal species lists, or phytopigment



concentrations (Weber 1973a, Weitzel 1979a). Typical assess-
ment or management objectives for determining or maintaining
the health of aquatic systems to provide water resources
suitable for human or industrial consumption, agricultural

or recreational use, and commercial or sport fisheries en-
hancement, appear far removed from the composition of micro-
floral communities. The functional capabilities of Aufwuchs
seem related more directly to water resources management.

The production of oxygen through photosynthesis, the decom-
position of organic wastes, and the cycling of nutrients
sustain aquatic ecosystems and provide the essentials for the
maintenance of higher trophic levels. However, as increasing
pollutional stress is placed on aquatic ecosystems, the trade-
offs between decreasing water quality and industrial or
residential development must be addressed (Cairns 1976,
Cairns et al. 1977). While the effects of perturbations on
Aufwuchs structure and function has been investigated (Dickson
et al. 1978, Rodgers et al. 1979), the ultimate impact of
these effects on higher trophic levels, particularly through
food and energy transfers, will be the important component in
decision making. The research outlined in this dissertation
attempts to relate changes in Aufwuchs communities to the
utilization rates of this resource by grazers and to the

flow of energy through aquatic ecosystems.



Environmental Assessment Using Aufwuchs

The taxonomic complexity of Aufwuchs communities insures
that some community component will persist under nearly
any set of environmental conditions. Ecological studies of
aquatic systems under pollutional stress may rely heavily
on analysis of Aufwuchs. Under severe stress, Aufwuchs may
be one of the few ecosystem components to survive and perhaps
provide the only source of biological information. Qualitative
and quantitative analysis of Aufwuchs species composition
has been the most common approach to using these communities
for assessing water quality and the health of aquatic systems
in general (Patrick 1973a, 1973b, Cattaneo et al. 1975,
Weitzel 1979a). A taxonomic approach is versatile in that
comparisons and assessments can be made as to the diversity,
presence-absence, and abundance of species and individuals
(Cairns and Dickson 1971, 1973, Pielou 1975, Weitzel 1979a).
However, since Aufwuchs communities are compositionally
complex, such analyses are usually restricted to major
divisions within the Aufwuchs (i.e. algae, bacteria, proto-
zoans) and commonly to one or two groups within these
divisions (diatoms, green algae, culturable heterotrophs)
(A.P.H.A. 1976, Weitzel 1979a).

Other analyses of Aufwuchs have utilized the abundance
and distribution of cellular constituents to assess community

structure (Vollenweider 1974, Clark et al. 1979). A non-



taxonomic approach can incorporate a variety of parameters
specific for divisions within a community (i.e. chlorophylls,
carotenoids, or muramic acid for algae, microfauna, or
procaryotic bacteria and algae) (Strickland and Parsons

1972, Weber 1973a, Moriarty 1975). Other parameters can
encompass a community as a whole (ATP, ash-free dry weight)
(Clark et al. 1979, Vollenweider 1974). Investigations into
community function provide nontaxonomic information regarding
the 1ife processes of the organisms in the Aufwuchs (Odum
1977, Rodgers 1977). Previously, measurements of functional
parameters have been restricted to basic ecological studies
due to methodological problems (Dickson et al. 1978, Rodgers
et al. 1979). Rates of primary production, nutrient cycling,
and respiration (functional properties of Aufwuchs communi-
ties) are now of contemporary interest in assessing the
impact of stresses on aquatic communities (Weitzel 1979Db,
Rodgers et al. 1979).

The analyses mentioned above deal with Aufwuchs communi-
ties as discrete entities containing specific functional
processes. Few studies have investigated the functional
interactions occurring between communities of an ecosystem
as a means to assess water quality. The objectives of most
ecosystem studies have been to quantify rates of energy flow
or nutrient cycling in order to gain a better understanding

of the ecosystem (Odum 1957, Teal 1957, 1962). Many eco-



system studies which have assessed perturbation impact, acid
rain (Likens et al. 1977) or clearcutting (Swank and
Douglass 1977), have dealt with ecosystem level inputs and
outputs or turnover times within trophic levels rather than
the interactions of the various component communities. Ana-
lyses of the internal functions of ecosystems are needed to
explain changes at the ecosystem level. 1In identifying the
impacts of pollutants on aquatic ecosystems, we should know
what levels of pollutant will alter the flow of energy through
the component communities to the point where total ecosystem
processes are affected (Cairns 1970, 1976, Monk et al. 1977).
We need to understand the mechanisms of inertia within the
paths of energy flow through the ecosystem to determine
acceptable levels of pollutant discharges into aquatic eco-
systems (Cairns 1976, Cairns and Dickson 1976). Studies of
trophic level interactions are necessary in addition to
community function analyses.
Application of Feeding and Food Quality
Studies to Environmental Assessment

Analysis of Aufwuchs food quality and the utilization of
this food resource by grazers can be used to assess the im-
pact of stresses at the population, community, and ecosystem
level. While physical food quality is essentially a relative
factor depending on the manipulative capabilities of the

grazer consuming the food (Porter 1973, 1977, Patrick 1978),



chemical food quality is a structural parameter of an
Aufwuchs community (Lund and Talling 1957, Odum 1962, Porter
1977). The ability of a grazer to consume and assimilate a
food resource and the adequacy of that food in meeting the
nutritional requirements for maintenance, growth, and re-
production will control the fate of the grazer population in
that habitat. Any change in the Aufwuchs may cause a change
in grazer utilization rates (Patrick 1978) and thus, the
energy flow between producers and consumers in aquatic food
chains. One set of experiments, as outlined in this disserta-
tion, can provide insight at all of these levels of ecosystem
organization. This approach can be used in conjunction with
other measures of structure and function to better determine
tolerable levels of perturbation in aquatic ecosystems.

Low levels of stress can change Aufwuchs species composi-
tion through shifts in competition as a result of toxic re-
sponses (Patrick 1970, 1978). These changes may not cause
significant alterations of community function or affect grazer
populations (Patrick 1970, Cairns 1976); however, the per-
turbation may require the utilization of stored photosynthetic
products by surviving Aufwuchs components in order to cope
physiologically with the stress. This decreases the chemical
food quality of Aufwuchs by altering the caloric, carbohydrate,
or protein content (Parsons et al. 1961, Eppley et al. 1971,
Fogg 1975). 1f the food quality is nutritionally sufficient

to support a grazer population, the food resource also must be
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in a form acceptable to the grazer which manipulates and
consumes it (Porter 1977, Patrick 1978). Any deleterious
effect on Aufwuchs food quality may necessitate that
grazers find alternate food sources or unperturbed habitats.
A change in the Aufwuchs food resource may elicit a
change in food consumption at a constant assimilation effi-
ciency so that grazers obtain sufficient nutrients to main-
tain their population (Grodzinski et al. 1975). Alterna-
tively, a change in the grazers' assimilation efficiency may
be evident after a change occurs in the chemical or physical
food quality of the Aufwuchs (Edmondson and Winberg 1971,
Porter 1973, 1977). Most likely, a change in the food re-
source will elicit changes in both the feeding rate and
assimilation efficiency of the grazer. If a grazer is
utilizing components of the Aufwuchs community selectively
(e.g. diatoms between 50 and 100 um), alterations in the
Aufwuchs composition which reduce the abundance of these
specific food items may affect the grazer feeding characteris-
tics (Patrick 1970, 1978). Under these conditions, sufficient
nutrition might be obtained only by finding a suitable,
alternate food source or by increasing forage activity to
locate the scarcer food item. Although the same general
relationships between food quality and grazer utilization
rates apply to selective feeders, analysis of indiscriminate

grazers is pursued in this research in order to simplify the
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approach.

As part of the research for investigating grazer utiliza-
tion of Aufwuchs from perturbed environments, food samples
were labeled with sulfur-35. 1In aquatic ecosystems, this
isotope has been used to estimate heterotrophic production
(Monheimer 1972, 1974, 1978, Jassby 1975), estimate auto-
trophic production (Rodgers 1977, Campbell and Baker 1978,
Jordan and Peterson 1978, Rodgers et al. 1979), and to
follow components of the sulfur cycle (Howarth and Teal 1979).
Sulfur is an essential, microfloral nutrient and readily
assimilated as sulfate by autotrophic and heterotrophic micro-
flora (Monheimer 1975a, 1975b, Rodgers 1977, Jordan and
Peterson 1978). The sulfur is incorporated into the amino
acids, cystein and methionine (Schiff and Hodson 1973) and
commonly serves to form the tertiary structure of protein
molecules through sulfhydryl bonding (Schiff and Hodson
1973, Lehninger 1975). Although sulfur-35 has been used to
follow specifically labeled substrates in physiological
studies of invertebrates (Grodzinski et al. 1975, Wang et
al. 1975), its utility in estimating grazer consumption and
assimilation of food resources in aquatic systems has not
been tested.

The ultimate effects of changes in food resources due
to low levels of perturbation will be demonstrated by changes

in grazer population characteristics such as mortality and
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survival rates, or fecundity and natality rates (Ricker

1968, McMahon et al. 1974). However, monitoring the health
of aquatic ecosystems by these parameters would record detri-
mental changes only after they had occurred, resulting in a
potential impairment of the grazer population. Analysis of
the quality and utilization of available food resources may
indicate whether the potential for detrimental effects exists
prior to a demonstrable change in the grazer population.

This information can be used to maintain energy flow in
aquatic ecosystems, even at the expense of sensitive species
or community components. Certainly, with societal pressures
to sacrifice costly pollqtion abatement procedures to improve
industrial operations or production, it is necessary to
determine maximally permissable levels of pollutant impact

at the community and ecosystem levels. Analysis of utiliza-
tion of Aufwuchs food resources by grazers can play an im-

portant role in the assessment.



LITERATURE REVIEW
Aufwuchs Food Quality

Food quality concepts can be applied to both the physi-
cal and chemical characteristics of a food resource. In
aquatic ecology, the physical quality of food consumed by
filter feeders has received much attention (Porter 1977).
This research has concentrated on the dimensions and geo-
metry of planktonic food particles retained on an animal's
feeding apparatus (Edmondson and Winberg 1971, Porter 1973,
1977, Nival and Nival 1976). For grazers, physical food
quality also pertains to the size, texture, and configura-
tion of the food particle with respect to the feeding
appendages. Particles or filaments too large or too small
may not be easily manipulated and consumed (Moore 1977a,
1977b). Food resource components with copious extracellular
mucilage (heterotrophic bacteria, some blue-green algae) or
sharp irregular surfaces (desmids, some diatoms) may be left
ungrazed in preference for food items with more acceptable
surfaces (Patrick 1970, 1978). Mucilage also may protect
food items from digestive enzymes, decreasing the assimi-
lation rate (Edmondson and Winberg 1971, Swiss and Johnson
1976). Shifts in taxonomic composition may produce a food
resource which is more resistant to digestive enzymes of a

particular grazer (Moore 1977a).

13
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The role of chemical food quality in the diet of aquatic
consumers has been investigated for a diverse group of fresh-
water invertebrates (Johannes and Satomi 1966, Paine and
Vadas 1969, Arnold 1971, Calow 1975a, 1975b, Mason and
Bryant 1975); however, the available data are not extensive
for any single group of consumers or species. The nutritional
quality of plankton has been reviewed by Corner and Cowey
(1968) and expanded by Haug et al. (1973). Diatoms are
highly digestible (Johannes and Satomi 1966) and high in
carbohydrates (Haug et al. 1973). Many blue-green algae
have high protein content owing to their extracellular
mucilage (Wolk 1973, Stewart 1974), but may be indigestible
or toxic (Arnold 1971, Edmondson and Winberg 1971). While
other taxa seem to have some outstanding features, few
generalizations can be drawn since the chemical food quality
of aquatic microflora differs with taxonomic, culture, and
environmental variables (Corner and Cowey 1968, Eppley et
al. 1971, Haug et al. 1973, Fogg 1975). Detailed analyses
of Aufwuchs food quality in relation to a grazer population
are limited. Low C:N ratios (indicative of high protein
content) have been found in Aufwuchs communities dominated
by diatoms, blue-green algae, and bacteria with their
associated proteinacious extracellular mucilage while
higher C:N ratios were indicative of communities containing

lower protein, such as those dominated by green algae with
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a higher percentage of cellulose (McMahon et al. 1974).
While both communities would seem to satisfy the protein
requirements of aquatic grazers (McMahon et al. 1974), the
lower C:N ratios are generally indicative of better food
quality (Russell-Hunter 1970). Epilithic detritus has been
characterized as an enriched nutrient source for animal
grazers as a result of the associated bacterial component
(Calow 1975a).

Chemical food quality most commonly is studied by
evaluating the caloric content of food items (Paine and
Vadas 1969, Edmondson and Winberg 1971, Grodzinski et al.
1975). Although this approach has allowed many generaliza-
tions on the flow of energy through ecosystems (Odum 1971),
it has provided only limited insight into the relationship
between the nutritional quality of food and consumer utiliza-
tion rates (Paine and Vadas 1969). Other chemical food
quality parameters, such as protein, carbohydrate, and
lipid content, are important in most dietary studies
(Grodzinski et al. 1975). These constituents form the
classical nutrient groups in food utilization studies (Brody
1945), although little is known about the nutritional require-
ments of aquatic invertebrates (Corner and Cowey 1968).
Aufwuchs vitamin or nutritive mineral content has not been
extensively investigated and even less is known regarding

the requirements of aquatic macroinvertebrates for these
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food groups (Corner and Cowey 1968).

Several methods can be applied to evaluate the chemical
quality of food resources. The caloric content can be esti-
mated by conventional bomb calorimetry (Phillipson 1964,
Edmondson and Winberg 1971) or chemical oxidative techniques
(Maciolek 1962, Strickland and Parsons 1972). Although
bomb calorimetry is frequently applied, the time needed to
process individual samples may make chemical analyses more
time effective (Strickland and Parsons 1972). Methods for
protein analysis commonly involve extraction of proteins
in a solute (water, saline, alcohol, alkali) and quantifica-
tion by a staining procedure employing spectrophotometric
analyses (Lowry, Coomassie, Biurette) (Lowry et al. 1951,
Strickland and Parsons 1972, Grodzinski et al. 1975, Sedmak
and Grossberg 1977). Since many proteins contain approxi-
mately 16% nitrogen, crude protein can be estimated by mul-
tiplying nitrogen content analysis (from Kjeldahl or CHN
analysis) by a factor of 6.25 (Grodzinski et al. 1975);
however, determination of carbon to nitrogen ratios only is
often used to reflect the relative protein content of food
samples (Russell-Hunter 1970, Grodzinski et al. 1975).
Carbohydrate analysis commonly involves colorometric re-
actions with anthrone from water extracts of food samples
(Strickland and Parsons 1972, Grodzinski et al. 1975). Lipid
analysis is quite complex and seldom 1s used on plant samples

since relatively few plants store extensive lipid reserves
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(Corner and Cowey 1968, Haug et al. 1973, Fogg 1975,
Grodzinski et al. 1975). 1In any food quality analysis the
efficiency of extraction, combustion, or digestion must be
considered. Some of these problems may be overcome if only
one fraction of the food reserve is considered (i.e. water
soluble portions on specific reactive components).

The food quality of Aufwuchs is dependent on the
taxonomic composition of the sample and the physiological
condition of the community. Various environmental factors
can influence the morphological traits of autotrophic and
heterotrophic microflora (Porter 1977). As these
characteristics change within the assemblage of Aufwuchs
component species, the physical quality of the food resource
changes. The predominance of filamentous algae, mucilagenous
heterotrophs, or colonial diatoms may alter the ability of
a grazer to manipulate and consume the Aufwuchs food resource
(Moore 1977a). Differential content of chemical constituents
between species may also alter the food quality of Aufwuchs
following shifts in taxonomic composition (Paine and Vadas
1969, Cummins and Wuycheck 1971, Mason and Bryant 1975).
Since excess photosynthetic products are stored as food
reserves, analysis for carbohydrates or oils in Aufwuchs
samples may provide information on the physiological condi-
tion of the community (Corner and Cowey 1968, Eppley et al.

1971, Myklestad and Haug 1972, Haug et al. 1973, Fogg 1975).
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Grazer Utilization of Aufwuchs

Many studies of aquatic ecosystems emphasize the
importance of detritus in supporting higher trophic levels
(Cummins et al. 1973, Cummins 1974, Wallace et al. 1977).
This is based on a distinction of animal groups and the
nature of the food resource they utilize (i.e. filter
feeders, scrapers, grazers, etc.) (Cummins 1974). The
importance of Aufwuchs in aquatic food chains often is over-
looked due to the lack of distinction between living parti-
culate organic matter and detritus (Minshall 1978). 1If
Aufwuchs is sloughed from its substrate and consumed
downstream as particulate organic matter, its utilization
forms a link between primary producers and consumers within
the aquatic system. Many researchers include this event in
their definition of a detritus food chain although the
Aufwuchs may remain viable and be capable of reattachment
after sloughing (Minshall 1978). Therefore, either grazers
or filter feeders can utilize Aufwuchs as a food resource.
The relative importance of Aufwuchs as a food resource in
aquatic ecosystems ranges from negligible to a major source
of animal nutrition (Mann 1975, Minshall 1978). In this
research, animals grazing directly on Aufwuchs were chosen
for study.

Grazer utilization of Aufwuchs is a direct, readily

observed transfer of energy in the form of organic matter
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from a producer community to a consumer. Ingestion typically
has been studied by gut analysis (Jones 1950, Chapman and
Demory 1963, Winterbourn 1971, 1974, Shapas and Hilsenhoff
1976, Moore 1977a, 1977b, 1977c). While such studies may
identify the important food sources for grazers, the
assimilation of the food resource is important in the energy
flow through aquatic ecosystems (Sorokin 1968). To
differentiate between real and potential energy flow from
producers to consumers, the processes of ingestion, assimila-
tion, and egestion must be studied collectively (Edmondson
and Winberg 1971). As an assessment tool, grazing and
assimilation might be used to determine the degree of
stress that a grazer can withstand before becoming physiolo-
gically incapable of obtaining or assimilating an adequate
food resource. Analysis of Aufwuchs could determine the
degree of change in the food resource under low levels of
perturbation which may affect the efficiency of grazer
feeding or assimilation. Considerations for this disserta-
tion will be limited to analysis of changes in Aufwuchs
community characteristics and the ability of unstressed
grazers to utilize this food resource.

For any specific grazer, there are several characteris-
tics of Aufwuchs which can influence the grazer's ability to
consume and assimilate the food resource (Moore 1977a). The

availability and suitability of Aufwuchs may have a direct
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influence on consumption and assimilation rates (Paine

and Vadas 1969, Monakov 1972, Calow 1975b, Mason and

Bryant 1975). When food is scarce, the rate of consumption
may decrease since more time is spent foraging. Abundant
food supplies may increase or decrease feeding rates or
assimilation efficiencies depending on an animal's ability
to store excess energy (Paine and Vadas 1969, Monakov 1972,
Calow 1975b, Swiss and Johnson 1976). Changes in the
composition of aquatic food resources may reduce the grazer's
ability to ingest or digest food (Paine and Vadas 1969,
Calow 1975b, Swiss and Johnson 1976), perhaps due to changes
in the physical or chemical characteristics of the food.
Many studies of physical food quality (size, texture) have
been carried out on planktonic filter feeders relative to
their ability to retain and manipulate food items (Edmondson
and Winberg 1971, Porter 1977, Bowers and Grossnickle 1978,
Taghon et al. 1978). Few investigations have applied this
concept to grazing macroinvertebrates (Moore 1977a).
Chemical food quality is more likely to directly affect
feeding rates if toxic or noxious characteristics are
associated with the food resource (Swiss and Johnson 1976).
Assimilation efficiency will be influenced by changes in

the proportions of mucilage, recalcitrant constituents,

or plant storage products in the food (Edmondson and Winberg

1971, Calow 1975b, Moore 1977b).
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Measurements of feeding rates and assimilation
efficiencies of aquatip organisms are inconvenient due to
their small size. Grazing on Aufwuchs is especially diffi-
cult to measure since the food should be offered with the
substrate (Trama 1957, Malone and Nelson 1969, Sedell
1972). The heterogeneous composition of Aufwuchs mandates
that short duration feeding experiments (less than 24 hours)
should be conducted to minimize the effects of rapid or
differential turnover times of the food organisms (Sorokin
1968, Patrick 1978). All experiments must determine rates
of ingestion, assimilation, egestion, and respiration to
completely account for an animal's utilization of the food
resource (Brody 1945, Edmondson and Winberg 1971). Loss of
ingested or assimilated food through respiration or excre-
tion can be minimized by using short duration feeding experi-
ments (Hargrave 1971). This basic pattern of feeding studies
has been incorporated into energy flow analysis for investi-
gating ecological trophic dynamics (Lindeman 1942).

Using foods attached to a substrate, feeding rates can
be measured as loss of weight from the substrate (Edmondson
and Winberg 1971). Assimilation efficiency then can be
computed as the weights ratio of food consumed minus the
fecal material divided by the amount consumed. Changes in
ratios of food constituents in the food and feces can assist

in estimating assimilation efficiencies (Johannes and Satomi
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1967, Edmondson and Winberg 1971, Fogal and Webb 1976);
however, isotopic markers have been employed with greater
success (Sorokin 1968, Edmondson and Winberg 1971). Through

3

the use of radioisotopic nutrients (14C, 2P) or metals

(GOCO, 137Cs, 51Cr), food resources can be followed during
the assimilation process through the digestive system of

the grazer (Trama 1957, Malone and Nelson 1969, Sorokin 1968,
Hargrave 1970, 1971, Wilhm 1970, Sedell 1972, Calow 1975b).
Assimilation efficiency can then be computed as the ratio of
whole body counts (after gut clearance) to the radioactivity
of the food ingested (Sorokin 1968, Edmondson and Winberg
1971). The use of radioisotopes in the previously cited
studies has greatly facilitated research on the feeding and
assimilation of small, aquatic animals (e.g. snails, insects
and amphipods).

The choice of sulfur-35 to label the Aufwuchs samples
in this research was made only after considering several
possible isotopes. Studies of macroinvertebrate grazing
rates and assimilation efficiencies have utilized a gamma
ray or high energy beta particle emitting radioactive tracer
in the food (Trama 1957, Malone and Nelson 1969, Elwood
and Nelson 1972, Sedell 1972, Calow 1975b). Such isotopes
allow the radioactivity of the food and the animal to be
monitored without sample destruction. However, the radio-

active metals commonly used, 60Co, 137Cs, 51Cr, are not
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physiologically incorporated into the food cells; rather
they are absorbed into or adsorbed onto the food particles
(Odum and Golley 1963, Grodzinski et al. 1975). Thus,
digestive enzymes or pH changes in the gut may cause the
radiotracer to be easily separated from the food particle,
not accurately reflecting the digestion and assimilation of
the food resource by the grazer (Grodzinski et al. 1975).

Three isotopes which can be incorported into microfloral
biomass, 32P, 14C, 358, can be very useful in analyzing
grazer utilization of Aufwuchs food resources. Inorganic
phosphorus can be stored in excess quantities by some micro-
floral species or readily and rapidly excreted by others
(Stockner and Armstrong 1971, Lean 1973, Wetzel 1975, Lean
and Nalewajko 1976). In general, phosphorus is an active,
labile nutrient in both plants and animals. The use of
phosphorus-32 in feeding studies may capitalize on its in-
corporation into the plant cell, although many uncertainties
may result as to the location and stability of the label
in the food sample due to the cellular dynamics of phosphorus
(Odum and Golley 1963).

In order to follow the flow of energy through aquatic
food chains, the use of carbon-14 is widely accepted
(Sorokin 1968, Edmondson and Winberg 1971). This tracer can
be presented as inorganic or organic carbon allowing either

autotrophs or heterotrophs to incorporate carbon-14 into



24

their cellular constituents (Grodzinski et al. 1975). From
this approach, a thoroughly labeled food source is available
to follow the flow of organic carbon through food chains.
A major problem with using carbon-14 is continuous respira-
tion of 14CO2 by plants and animals. Accounting for this
respiratory loss can be a difficult but necessary task to
quantify all assimilated and non-assimilated food resources
(Hargrave 1970, 1971).

Sulfur is not excessively taken up or readily excreted
by aquatic microflora (Rodgers 1977, Jordan and Peterson 1978)
which makes it a useful label for grazing studies. 1In
addition, sulfur is incorporated in some proportion to the
organic carbon present in the cells of aquatic microflora
(Monheimer 1978), although carbon to sulfur ratios reported
for aquatic microflora vary from 400 to 100 (Rodgers 1977,
Jordan and Peterson 1978, Monheimer 1978). Perhaps the
most useful aspect of employing sulfur-35 for feeding studies
is that there are no respiratory losses, thus facilitating
experimental computations of feeding parameters. Bacterial
decomposition of fecal material may not result in the loss
of sulfur-35 radioactivity from the sample. While carbon-
14 may be respired rapidly by bacteria as they attach to
and decompose a labeled fecal pellet, the sulfur-35 is more
likely to be retained in the bacterial cells on the fecal

pellet and included in the fecal sample.
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There is an added benefit in using sulfur-35 in that an
experiment need not be conducted in a restricted access,
exteriorly ventilated system to avoid exposing a researcher
to radioactive gases. The decay energy for the sulfur-35
beta particle is 0.167 Mev, and is almost identical in
detection to carbon-14 (0.156 Mev) in liquid scintillation
counting. Because the 87.9 day half-life of sulfur-35 is
much shorter than that of carbon-14 (5730 years), sulfur can
be used in most feeding experiments and greatly lessen human
risk through accidental exposure or spills.

Research into producer-consumer interactions has taken
many directions. In this dissertation, freshwater inverte-
brate grazers which utilize Aufwuchs food resources will be
investigated since the role of this complex community in the
nutrition of aquatic consumers has not been extensively
studied. Previous research has emphasized grazer utilization
of single species food offerings (Monakov 1972, Vivekanandan
et al. 1974, Calow 1975b, Swiss and Johnson 1976) although
in natural habitats a community of food organisms may be
grazed upon. Grazing activities of aquatic insects typically
have been evaluated through gut analyses (Moore 1977a).
Grazing rates and assimilation efficiencies of the limnephilid
caddis fly, Neophylax, were determined by Sedell (1972)
through the use of cobalt-60 labeled Aufwuchs. Trama (1957)

used phosphorus-32 to study the utilization of Aufwuchs food
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resources by the mayfly, Stenonema pulchellum. The ingestion,

egestion, and assimilation of benthic microflora by an

amphipod, Hyalella azteca, has been intensively studied by

Hargrave (1970, 1971).

Snails are particularly adapted to grazing Aufwuchs
from smooth surfaces (Macan and Kitching 1976) and have been
studied more extensively than other freshwater macro-
invertebrates. However, several of these studies have
emphasized the effects of snail grazing on Aufwuchs community
composition or productivity (Castenholtz 1960, Kehde and
Wilhm 1972, Doremus and Harman 1977) rather than the nutri-
tional aspects of the producer-consumer interactions.

Malone and Nelson (1969) used colbalt-60 labeled Aufwuchs
to investigate the rate of gut clearance and daily cycle of

feeding activity of the snail, Goniobasis clavaeformis. The

effects of temperature on the utilization of Aufwuchs by this
snail species has been studied using phosphorus-32 labeled

food samples (Elwood and Goldstein 1975). Information from
these snail feeding studies, when combined with the data
generated in feeding studies using single specie food
offerings, provides a general overview of factors influencing
snail utilization of food resources. However, interactions
between the quality of a complex food resource such as

Aufwuchs and snail ingestion rates or assimilation efficiencies

have not been extensively investigated.



OBJECTIVES

Three objectives associated with developing and testing
structural and functional approaches for assessing the impact
of power production-related perturbations on aquatic
communities were addressed in this research. The first
objective was to quantify cellular constituents of the micro-
flora comprising Aufwuchs communities related to the nutri-
tion of animal grazers in order to assess the impact of
perturbations on Aufwuchs food quality. This objective was
addressed by sampling Aufwuchs communities from artificial
streams receiving low levels of perturbation and Aufwuchs
in the New River below a power plant discharge. In the
second objective, grazer utilization of Aufwuchs food re-
sources from the stressed systems was investigated. The
relationships between Aufwuchs food quality, grazer feeding
rates and assimilation efficiencies were examined to deter-
mine the effects of low level perturbation on energy transfer
between producers and consumers. Since sulfur-35 can be
used to follow the uptake of inorganic sulfur in all com-
ponents of the microflora, a third objective was to evaluate
the use of this isotope in labeling Aufwuchs food sources to

study the feeding and assimilation rates of grazers.
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MATERIALS AND METHODS
Aufwuchs Samples - Artificial Streams and New River

All Aufwuchs samples were obtained from New River water
at the site of a 300 MW coal fired electrical generating
plant located at Glen Lyn, Giles County, Virginia. This
location was selected due to the energy production related
perturbations of the power plant that were previously dis-
cussed. Aufwuchs communities were sampled from a series of
artificial streams constructed at the power plant and from
the New River in areas around the power plant discharges.

The artificial stream system consisted of a parallel
series of six aluminum fish hatchery troughs (4 m x 35 cm x
39 cm) adjacent to the bank of the New River at the power
plant pump house (Figure 1). The streams received untreated
New River water on a once through flow at a rate of 30 1/min

from two 1 hp Gould ™

submersible water pumps. A central,
lengthwise, PlexiglasTM partition formed two distinct and
parallel channels with each stream. One channel of each
stream was dosed with either chlorine, copper or dextrose
while the opposite channel remained untreated. Stock solu-
tions of the dosing chemicals were stored in boxes constructed
over the influent end of the stream and delivered at con-
trolled drip rates from marriotte bottles (Kubitschek 1970)

or a peristaltic pump for chlorine solutions. Further details

on the design and operation of these streams were reported in
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Figure 1. Schematic diagram of the artifical stream system
the Glen Lyn Power Plant.
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Rodgers 1977, Clark et al. 1979, and Clark et al. (in press).
The dosing concentrations of chlorine, copper or dextrose
were at levels known to cause toxicological impacts or
changes in Aufwuchs structure and function (Becker and
Thatcher 1973, Clark 1976, Rodgers 1977). Copper sulfate
(CuSO4-5H20) was added to one stream channel to obtain a
stream concentration of 0.05 ppm total copper. Water samples
from this stream channel, preserved with acid, were analyzed
by atomic absorption spectrophotometry. Another stream
channel received intermittent chlorination (3 dosing periods
per day, each lasting 20 minutes) to reach a stream concen-
tration of 0.2 ppm total residual chlorine. The stock solu-
tion, made up from calcium hypochlorite (65% HTH), was re-
charged after 48 hours. Routine monitoring of stream
chlorine concentrations was carried out by the amperometric

titration procedure as described in Standard Methods (APHA

1976). Dextrose was added to a third stream channel to
elevate the stream organic carbon levels by 1 ppm in experi-
ments 1 and 2 and 2 ppm in experiments 3 through 7. Due to
fluctuations in levels of organic carbon in the river source
water and problems with analytical equipment, organic carbon
levels were not monitored.

Prior to initiating an experiment in the artificial
streams, silt and sediment in the channels were removed.

Diatometers with clean glass microscope slides then were
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placed on the bottom of the channels to be dosed as well as
in the opposite, undosed channels. Each plexiglas diatometer
held eight to ten vertically oriented microscope slides
(Weber 1973b). The stream channels were dosed with their
respective stock solutions and an experiment commenced.

Seven experiments were conducted in the artificial
stream system from January through September, 1979 (Table
1). Mechanical problems as well as a six-week strike by the
power plant personnel precluded any experiments between
March and May 1979. The seven experiments encompassed a
growing season with the expected fluctuations in temperature
and biological communities. The glass slides were colonized
by Aufwuchs until sufficient biomass accumulated to conduct
an experiment (after 10 to 26 days depending on the season).
Supplementary water chemistry (Table 1) characterized some
water quality parameters from the artificial stream system
which may have affected the degree of community response to
the selected perturbations. Temperature and pH readings
were from a calibrated thermister and an Orion pH meter,
respectively. Alkalinity and hardness were analyzed according

to Standard Methods (APHA 1976).

In sampling Aufwuchs from the New River, two types of
diatometers with different glass substrates were used. 1In
1978, concrete slabs, 63.5 cm x 38 cm x 75 cm, with an in-

clined upstream facing plane, a horizontal top plane, and a



Table 1. Physical-chemical water quality of New River source water during Aufwuchs
colonization for the seven artificial stream experiments.

ranges

Experiment Colonization Temperature Alkalinity Hardness
Number Dates (°C) pH (mgCaC0O3 equiv) (mgCaCO3 equiv)
1 1/20/79 to 4.0! 7.21 391 a71
2/15/79 (3.0-4.5)2 (6.8-7.3)2 (37-43)2 (43-51)2
2 6/1/79 to 20.4 6.9 49 56
6/19/79 (18.6-22.8) (6.8-7.3) (42-56) (50-65)
3 6/20/79 to 19.5 7.2 49 60
7/3/79 (15.6-22.2) (6.8-7.4) (41-58) (51-76)
4 7/5/79 to 21.8 6.9 56 62
7/15/79 (20.2-23.7) (6.7-7.0) (50-63) (55-69)
5 7/15/79 to 23.3 7.0 55 65
7/28/79 (21.3-24.8) (6.9-7.2) (48-65) (57-73)
6 8/15/79 to 24.3 7.1 57 66
8/29/79 (22.2-25.8) (7.0-7.4) (46-61) (54-71)
7 9/15/79 to 21.0 7.1 42 53
9/27/79 (19.3-22.2) (6.8-7.3) (36-50) (47-65)
T
means

(4>
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declined downstream facing plane were employed (Figure 2).
Plastic bolts embedded in the concrete held glass plates
(7.5 cm x 7.5 cm, with a hole in the center) to the diato-
meter. The entire unit (29.5 kg) held 24 glass plates in
three rows of eight, one row in each plane of orientation
to the current. The Aufwuchs samplers were placed on the
river bottom inside a wooden sided cage (with open front,
top and back) and covered with a fine mesh (2 mm X 2 mm)
nylon screen to exclude grazers.

In order to compare more adequately the Aufwuchs samples
from the New River with more conventional diatometer sampling
devices, another diatometer design was employed in 1979.

This unit consisted of a 12 em by 7.5 cm plexiglas diato-
meter with eyebolts placed along the sides (Figure 3). The
eyebolts were threaded over three upright reinforcement

rods from a concrete filled cement block which allowed the
diatometers to be incubated above the New River substrate to
reduce grazing. Diatometers were incubated in the New River
for four weeks prior to an experiment.

Three sampling stations were established in the New
River to monitor the potential effects of the power plant dis-
charge on Aufwuchs community food quality and grazer utiliza-
tion of Aufwuchs (Figure 4). A reference station, station 1,
was selected at the upstream end of a riffle across from the

influence of the power plant chlorinated-thermal plume.
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Benthic diatometer used in the New River during 1978 experiments.

Figure 2.
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Figure 3. Diaometer used in the New River during the
1979 experiments.



0

Chlorinated
Thermal
Discharge

Power
Plant

500

L_L_4—4_J_J

Figure 4.

meters

Schematic of the Glen Lyn Power Plant site and discharges into
the New River respective to sample site locations.

9¢€



37

Another sampling station, station 2, was set up within the
effluent from one of the two generating units, 100 m upstream
from the confluence of the New and East Rivers. Due to the
separation of effluent waters, this station received
approximately one-half to two-thirds of the chlorinated-
thermal discharge (depending on plant operations), which
elevated water temperatures 3 to 5°C above ambient New River
temperatures. The third sampling station was located
approximately 500 m downstream from the confluence of the
East River and within the combined plume of all thermal
discharges. Chlorine residuals from the power plant discharge
had been dissipated before effluent waters reached this
sampling station (Cherry et al. 1977). Temperatures recorded
at station 3 were usually 5 to 10°C higher than the reference
station (Stauffer et al. 1976).

Aufwuchs samples were obtained from the New River during
extended periods of constant low flow in July and August of
1978 and 1979. Attempts to obtain samples at other times
were unsuccessful due to vandalism, drastic changes in flow
(flooding or low flow), or restricted access to the sample
sites due to a strike by the power plant personnel. Three
feeding experiments were conducted using Aufwuchs samples
from the New River; two in August 1978 and one in August
1979. Since analytical procedures for food quality analyses

were not perfected until after August 1978, analysis of food
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quality for Aufwuchs from the New River was restricted to

one experiment in August of 1979.

Food Quality Analysis

Aufwuchs samples for food quality analysis were obtained
from glass slides incubated in the artificial stream system
or New River stations previously described. All food quality
and feeding studies were carried out simultaneously. Diato-
meters with colonized glass slides were transported to the
laboratory in water filled buckets along with Aufwuchs
samples for the feeding studies. A razor blade was used to
scrape Aufwuchs from the glass slides into a sample vial.
Slides for the food quality parameters were processed at the
same time as Aufwuchs samples for the feeding studies so that
the data could be interrelated.

For protein analysis, 4 glass slides from each artificial
stream channel or river station were scraped into test tubes
and stored at -15°C for 3 to 10 days. Prior to analysis,
the samples were thawed, augmented with 5 ml of a 2% sodium
chloride (NaCl) solution, and ground 1 to 2 minutes in a
TeflonTM tissue grinder. The ground samples were stored
overnight at 4°C and assayed the next day.

Proteins were assayed using the Coomassie blue staining
procedure of Sedmak and Grossberg (1977), using bovine serum
albumin in 2% NaCl as standards. To a spectrophotometer

cuvette containing 1 ml of the Coomassie blue stain, 1 ml of
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sample extract or standard was added and read at 620 um
absorbance after 1 minute on a Perkin-Elmer Model 55
spectrophotometer. Sample protein concentrations were cal-
culated from a standard curve which had been computed using
the GLM procedure of SAS 76 (Barr et al. 1976). Total
protein estimates were obtained by multiplying the sample
results by any dilution factors (if necessary) and the
original extract volume of 5 ml. These estimates were
restricted to NaCl soluble proteins in the extract. Pro-
teins associated with cell fragments which had settled to
the bottom of the test tube after grinding were not assayed
due to turbidity interferences.

Four Aufwuchs samples from each artificial stream
channel or New River station were scraped into test tubes
and stored at -15°C for carbohydrate analysis. Prior to
analysis, 5 ml of distilled water was added to the frozen
samples, which were then ground 1 to 2 minutes in a Teflon
tissue grinder. The samples were then stored at 4°C until
assayed 1 or 2 days later.

Carbohydrate analyses were conducted following the
general procedures of Strickland and Parsons (1972). An
anthrone reagent was prepared by combining 8 ml of ethyl
alcohol with 30 ml of distilled water and adding 0.2 g of
anthrone, followed by addition of 100 ml of 36 N sulfuric

acid. This reagent was prepared fresh for each assay. A
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series of carbohydrate standards were prepared using glucose
dissolved in distilled water. After vigorous shaking, 1 ml
of sample suspension or standard solution was placed in a
clean test tube followed by the addition of 10 ml of anthrone
reagent and incubation in a 100°C waterbath for 7 minutes.
Upon removal from the waterbath, samples were cooled to 20°c
under running tap water. Samples were read in a Model 55
Perkin-Elmer spectrophotometer at 460 um. Total carbohydrate
from each Aufwuchs sample was calculated from a standard
curve, computed using the GLM procedure (Barr et al. 1976),
and by multiplying by the total extract volume (5 ml).
Caloric estimates were obtained from two slides chosen
randomly from each treatment group. Aufwuchs were scraped
by razor blade from the glass slide into a 5 ml glass beaker
and stored (up to 20 days) in a drying oven at 65°C until
15 to 25 samples had been collected from various experiments.
There is no decrease in caloric estimates for samples stored
in this manner (Maciolek 1962). The samples were assayed
for caloric.value by the dichromate oxidation procedures of
Maciolek (1962). This method measured the oxygen consumed
in oxidizing the sample using 2 N potassium dichromate,
K,Cr,0O and 11 ml of 36 N sulfuric acid. By titration with

27273

3 N ferrous sulfate the reduction of chRZOB during the
oxidation of the organic material was computed. By quanti-

fying the oxygen consumed as the sample was digested and
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employing a conversion factor of 3.4 g-cal per mg oxygen
consumed (Maciolek 1962), a measure of sample caloric con-
tent was derived. Further, known quantities of glucose were
analyzed along with the Aufwuchs to serve as reference
standards to check the caloric calculations.

The organic carbon content of the Aufwuchs colonizing
the glass slides in the artificial streams and the New River
was computed using gravimetric analysis. Four slides from
each group were scraped into tared porcelain crucibles, dried
overnight at 65°C (Vollenweider 1974), then weighed to the
nearest 0.1 mg on a Mettler analytical balance. Thereafter,
the samples were fired at 550°C for 1 hour, rewetted, and
dried 24 hours at 65°C (Vollenweider 1974). A final weighing
of the samples was used to compute weight lost upon ignition,
also known as ash-free dry weight (APHA 1976). This para-
meter is commonly used as a measure of the organic matter
of a sample (Vollenweider 1974, Wetzel 1975).

One slide from each sample group was fixed in an algal
preservative (5% formalin, 1% glycerol) to be examined
microscopically at a later date to determine the relative
composition of the Aufwuchs community. From 5 random fields
of view (40x magnification), algae were counted and identi-
fied to the family or generic level. Bacteria were not
counted but were deemed dominant when a heterotrophic

mucilaginous matrix covered the surface of the colonized
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glass slide.

Snails - Source and Acclimation
Snails used in the feeding studies weré collected from
the New River at stations 1 and 2. Representative individ-
uals were identified as members of the genus Anculosa
(Gastropoda:Pleuroceridae) using the key characteristics of
Pennak (1978). According to Pennak, this genus synonymizes

the genera formerly known as Nitocris, Spirodon, and Mudalia.

Dillon (1977) conducted an extensive study of the distribu-
tion and abundance of gastropods in the New River and its
tributaries above Claytor Lake, Virginia, and identified

the species used in this study as Mudalia dilatata. This

snail was one of the most common molluscs in the New River
(Dillon 1977) and was easily distinguished from other snails
in the New River by shell morphometry and operculate rings.
The shell size of snails used over all the feeding
studies ranged from 6 to 20 mm while visceral dry weights
ranged from 5 to 50 mg. This test population included both
males and females since sex determination is not possible
using external morphological traits (Pennak 1978). Snails
collected in the New River were returned to the laboratory
and held in aquaria at 20°C under a 16- and 8-hour light/
dark photoperiod. Snails were acclimated to laboratory
conditions for at least two weeks prior to use in feeding

experiments. During the holding period, snails were allowed



43

to graze on the aquaria walls with additional food provided
from diatometers taken from the reference channels of the
artificial streams. The snails readily adapted to the
aquaria environment; the population death rate was less than

2% per week from January through September, 1979.

Feeding Studies

Each feeding study utilized Aufwuchs attached to glass
slide substrates as food sources for the snails. Diatometers
with colonized glass slides were collected at Glen Lyn and
returned in river water to the laboratory where the feeding
experiments were conducted. Seven experiments were designed
to evaluate snail utilization of Aufwuchs from dosed artifi-
cial streams (Table 1). Snail utilization of food resources
from natural habitats perturbed by power plant discharges
compared to uninfluenced food resources was investigated
using Aufwuchs communities from the New River sampling
stations. Sulfur-35 was used to label the Aufwuchs samples
for these feeding experiments.

Approximately 300 uCi of sulfur-35 (as H235

804) were
added to 5 1 of dechlorinated tap water in a wash tub equipped
with a magnetic stirrer. Diatometers with colonized glass
slides were placed in predesignated positions in the tub

such that the radiolabeled media flowed freely over all the

glass slides during the mixing process. 1In order to achieve
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a thoroughly radiolabeled food source of high specific
activity, the Aufwuchs samples were incubated overnight (18-

Oc and a 16- and

20 hours) in a controlled environment of 20
8-hour light/dark photoperiod. During incubation the samples
received 4 to 6 hours light, 8 hours dark, and then 6 hours
light thereafter.

Snail guts were allowed to clear overnight prior to a
feeding experiment. Preliminary data had shown that snail
fecal output diminished after 8 hours which coincided with
the clearance of radiolabeled food in starved and feeding
snails (Figures Al and A2, Appendix). Snails were allowed
to graze 4 hours in experiments 1 through 4 and 6 hours in
experiments 5 through 7. Although the 4 hour feeding experi-
ments gave measurable results, the longer feeding time in
the later experiments allowed for greater quantities of
food to be eaten, assimilated, and fecal material formed.

The food source was removed after the feeding time and
snail guts were allowed to clear overnight again, this time
to collect the feces formed from the unassimilated Aufwuchs
consumed.

Plastic, 8 cm diameter petri plates, filled with 20°C
dechlorinated tap water, were used as test chambers. Snails
were held individually in chambers overnight prior to an
experiment to allow for adequate acclimation to test condi-

tions and gut clearance. Immediately prior to commencing
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a feeding experiment, the water was removed, the chamber
rinsed to flush the accumulated snail feces, and fresh,
dechlorinated tap water added. These preparation steps were
accomplished with minor disturbance to the snail.

To initiate a feeding experiment, labeled Aufwuchs
samples were removed from the isotopic media and rinsed in
an aquarium of 0.1 M sodium sulfate (Na2804) in dechlorinated
tap water to remove any adhering isotope solution from the
Aufwuchs. In this manner, further uptake of isotopes and
change in specific activity of the food was minimized (Jordan
et al. 1978). Aufwuchs were then scraped from one side of
the glass slide with a razor blade and deposited in a clean,
numbered scintillation vial for subsequent weighing and
isotopic analysis. This sample constituted a time zero
measure of food dry weight and radioactivity. The slide
was then placed, cleaned side down, into a prepared feeding
chamber with a starved snail. The snail was placed on the
Aufwuchs sample and the feeding time begun, while control
slides were placed into chambers without snails.

During the feeding period, snails were checked each
30 minutes as to their position with respect to the food
source. If the snails' grazing-exploratory movements had
directed them off the glass slide and onto the bottom of
the petri plate, they were lifted back onto the feeding

surface. This maximized the feeding rate for each snail
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since in preliminary experiments some snails grazed to the
edge of the glass slide, then off onto the bottom of the
feeding chamber, and failed to return to the food sample.
Snails placed back onto the glass slide usually resumed
feeding within one minute.

After the 4 or 6 hour feeding time, the Aufwuchs food
sample was removed from the feeding chamber. The unconsumed
Aufwuchs was scraped into a numbered scintillation vial for
weighing and isotopic analysis. Any food particles which had
been dislodged from the glass slide but not ingested were
removed from the feeding chamber and added to the food
samples. Fecal pellets, distinguished by their compact,
regular shape, were left in the feeding chamber. They were
collected, along with additional feces, after the snail guts
had cleared overnight.

The following morning, each snail was removed from its
feeding chamber and rinsed of any attached feces. It was
dropped into a beaker of boiling water for one minute to
facilitate removal of the snail and its shell. The snail
body was then placed in a numbered scintillation vial for
weighing and isotopic analysis.

Fecal samples were trapped on a numbered 0.45 um
MilliporeTM membrane filter as the water from the feeding
chamber was pulled through a 13 mm diameter filtration appa-

ratus. The tared filter with accompanying fecal sample was
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placed on a sheet of aluminum foil for drying. Samples
from the control chambers were filtered in a similar manner.
Finally, aliquots of filtered water were sampled for
isotopic analysis. Liquid scintillation solution (as des-
cribed below) was added directly to the water samples to
prepare them for counting.

All samples, except water samples, were dried 24 hours
at 65°C and weighed to the nearest 0.1 mg on a Mettler
analytical balance. All Aufwuchs and snail samples were
returned to their respective liquid scintillation vials after
weighing while fecal samples were subsequently placed in
numbered vials. The samples were then prepared for liquid
scintillation. Briefly, a small volume of perchloric acid
(0.4 ml) and hydrogen peroxide (0.7 ml) was added directly
to scintillation vials containing a dried sample. The vial
was capped and placed in a 70 - 80°C water bath for 1 hour
to dissolve and bleach the organic matter (Wang et al. 1975).
Upon cooling, 8 ml of ethylene glycol monoethylether and 12
ml of toluene counting solution were added (Bransome 1970).
PPO (2,3 Diphenyloxazole) was added at a rate of 6 g per
liter toluene to prepare the toluene counting solution
(Bransome 1970). The sample was held overnight to reduce
background Iluminescence, then counted on a Beckman model
LS3150T liquid scintillation counter. Samples were corrected

to 100% counting efficiency using a channels ratio quench
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curve (Wang et al. 1975).

The specific activity of each food sample was calcu-
lated as total corrected sulfur-35 counts per minute (cpm)
per milligram Aufwuchs dry weight. Although the isotope was
incorporated into the living organic matter of the Aufwuchs
community, only the dry weight, which included inorganic
sediment, could be measured. Attempts to measure the
specific activity of each sample on an organic matter basis
would require volatilization of the organic matter with sub-
sequent entrapment (Sorokin 1968), leaving the sulfur-35
with the inorganic material as a SO4 salt.

The dry weight of Aufwuchs eaten by each snail was
computed by summing the total corrected sulfur-35 counts per
minute (cpm) from the snail body and the fecal material
divided by the specific activity of the food sample. This

is summarized as:

snail body (cpm) + fecal sample (cpm)

Dry weight consumed =
(mg dry weight) Aufwuchs specific activity
(cpm/mg dry weight)

The feeding rate was calculated as the dry weight eaten
divided by the duration of the feeding time (4 or 6 hours

depending on the experiment):

Feeding rate = dry weight consumed / feeding time
(mg dry wt/hr) (mg dry weight) (hr)

Consumption of organic matter is a more appropriate
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parameter for monitoring the utilization of Aufwuchs by
grazers compared to dry weight consumed since the dry weight
includes inorganic material which is of little or no
nutritional value. Estimates of Aufwuchs consumed by each
snail were corrected for bias due to the inclusion of
inorganic matter by multiplying the estimates of Aufwuchs
dry weight consumed by the percent organic matter in the
Aufwuchs food sample (Malone and Nelson 1969). The percent
organic matter in Aufwuchs samples processed for food quality
analysis was used for this computation. There is only a
small error in this calculation since the percent organic
matter (computed as ash-free dry weight/dry weight) was
closely replicated among samples of the individual Aufwuchs
communities (median coefficient of variation 15%, range

6% to 70%). This computation is summarized as follows:

Aufwuchs organic matter=dry weight consumed x % organic matter
eaten (mg) (mg)

Within each treatment group (i.e. snails feeding on Aufwuchs
from a reference stream, a chlorinated stream, or a copper
dosed stream, etc.), the data will have the same dispersion
as the estimates of dry weight consumed since a mathematical
constant (the appropriate mean percent organic matter for
that food sample) was used to derive the estimate of organic
matter consumed. However, differences between food samples
in their percent organic matter may change the relative

differences between feeding groups compared to data based on
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Aufwuchs dry weight consumed. Division by the appropriate
feeding time allows for a computation of the feeding rate
on an organic matter basis.

Snail assimilation efficiences were calculated as 100%
times the ratio of the snail body isotopic counts to the
sum to the body and fecal counts (Grodzinski et al. 1975).

This is formulated as:

snail body (cpm)
Assimilation efficiency = x 100
snail body (cpm)+fecal sample (cpm)

By utilizing only the sulfur-35 counts, this parameter most
closely represents the efficiency with which the organic
matter in the food sample was assimilated.

The final parameter computed from the feeding study data
was the organic matter assimilated. This variable incorpo-
rates both the amounts of organic matter consumed and the
grazers' ability to assimilate that organic matter from the
various Aufwuchs communities. Milligrams organic matter
assimilated was computed as the estimate of organic matter

eaten multiplied by the measured assimilation efficiency:

Organic matter = organic matter x assimilation
assimilated (mg) consumed (mg) efficiency (%)

Comparison of Feeding Parameters Based on
Sulfur-35 or Carbon-14 Labeled Aufwuchs

Four experiments were conducted to compare estimates of
snail consumption and assimilation of Aufwuchs based on

sulfur-35 or carbon-14 labeled food samples. Aufwuchs samples
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from a reference stream were used as the food source for
these experiments. Diatometers with colonized glass slides
were collected at Glen Lyn and returned in river water to
the laboratory.

Test chambers and snail preparations for these experi-
ments were the same as those previously described. 1In
addition to preparing a sulfur-35 labeling medium, a carbon-
14 labeling solution was prepared by adding 25 uCi of NaH14
CO3 to 5 1 of dechlorinated tap water in a tub equipped with
a magnetic stirrer. Half of the glass slides from within a
diatometer were placed in the sulfur-35 media while the other
half were immersed in the carbon-14 media until a total of 10
slides were obtained for each test group. The solutions were
then mixed overnight (18-20 hours) under the incubation
conditions previously described. The same general experi-
mental procedures were employed throughout these feeding
experiments as has been described for the feeding experiments
comparing snail utilization of Aufwuchs from variously
stressed environments. Sulfur-35 labeled samples were pro-
cessed in the same manner while some procedural changes
were introduced for carbon-14 labeled samples.

In the first two experiments, carbon-14 labeled samples
(food, snails, feces) were processed in a manner similar to

sulfur-35 labeled samples. These samples were placed into

4 cm test tubes, deposited in numbered scintillation vials,
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and placed in a drying oven (GOOC) for subsequent weighing
and isotopic analysis. The role of the 4 cm test tube will
be explained below. In the third and fourth experiments,
time zero Aufwuchs samples were processed in the same manner
as in the first two experiments while the remaining samples
were fixed with 1 ml of basic 3% formalin (pH 8.0) upon
collection. They were then dried and weighed as done with
the other samples in order to determine if carbon-14 was being
lost through respiration as unfixed samples were drying.
Also, three extra carbon-14 labeled samples were included in
these experiments (making n=13 instead of 10). The extra
samples (Aufwuchs, snails and feces) were frozen upon
collection and prepared for liquid scintillation counting
without drying or weighing. The carbon-14 radioactivity of
these samples was compared to fixed and unfixed samples to
determine if either fixing or drying would decrease the
carbon-14 content of the samples.

The carbon-14 samples were prepared for liquid
scintillation counting following the procedures by Rodgers
(1977). After weighing, the sample was placed back into
the 4 cm test tube. Two ml of 0.25 N sodium hydroxide
(NaOH) were added to the scintillation vial (Rodgers 1977).
One ml of cold (4OC) chromic acid was added to the sample
and the test tube dropped into the scintillation vail which

was then tightly capped (Rodgers 1977). This reaction vial
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was placed in a boiling water bath for 3 hours to oxidize

14C02’ and trap

the labeled organic matter, volatilize the
the isotope in the sodium hydroxide medium (Sorokin 1968).
The sample was then cooled 2 to 5 hours at 4°C and the oxida-
tion tube removed. Twelve ml of triton X-100 counting
solution (prepared by adding 333 ml of triton X-100 to 666

ml of toluene and adding 6 g PPO and 0.5 g POPOP [1,4-bis-
2-(5-phenyloxazolyl)-benzene]) was added (Bransome 1970).

The samples were held overnight to reduce chemoluminescence
and radioactivity was determined on the Beckman LS-3150T
liquid scintillation counter. Since all samples were counted
in a clear solution of NaOH and the liquid scintillation
cocktail, the data were corrected to 100% counting efficiency
employing the 63% efficiency factor determined by carbon-14

toluene standards.

Data Analysis

Food quality parameters

To facilitate comparisons with data reported in the
literature, square meter estimates of the food quality para-
meters from glass microscope slide substrates were obtained
by dividing the raw data by 0.00375 (APHA 1976). Test for
normality (Kolmogorov procedure, Helwig 1977) of the sample
data from food quality analyses for each experiment indi-
cated no significant differences from normal dispersion

(0<0.07 for each experimental test group). Differences
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between means (Figures A3 to A9, Appendix) were tested by
the analysis of variance procedure (Barr et al. 1976). If
differences were indicated at a significance level of 0.1 or
less, the Dunnett treatment versus control test (Steel and
Torrie 1960) was employed at designated signficance levels
of 0.1, 0.05, and 0.01 to identify the source and degree of
significance.

Mean estimates of the food quality parameters were
used to compute ratios of nutrient components to produce
indices of food quality. The percent organic matter in the
Aufwuchs samples was computed as mean ash-free dry weight/
mean dry weight. This index decreased as sediment and other
inorganic matter accumulated within or on the colonized
substrate. Protein and carbohydrate data were expressed as
a percent of the organic matter in the Aufwuchs community
by dividing means of these nutritional components by the mean
ash-free dry weight estimate. 1In this manner, increases in
protein or carbohydrate per unit organic matter might more
accurately indicate changes in food quality. Caloric esti-
mates per unit organic matter were computed in a similar

manner.

Feeding experiments
The parameters of the feeding experiments reported and
discussed in this dissertation were measured either directly

from the raw data, (dry weight of Aufwuchs consumed, assimi-
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lation efficiency) or computed from ratios of measured para-
meters (organic matter consumed, organic matter assimilated).
Although other parameters were measured or could have been
computed, the variables chosen for analysis and discussion
represent the most pertinent information to address the
objectives of this research. The means, medians, ranges

and standard deviations of the dry weight and organic

matter consumed, organic matter assimilated, and the assimi-
lation efficiency for each test group of snails over all the
experiments are presented in Figures Al10 through Al6 in the
Appendix. In each experiment, the data were biased by
snails in each test group that either did not eat, did not
produce feces, ate voraciously, produced copious feces, or
died. Since the propensity of a snail to ingest food was

of central interest in this research, all data points
obtained for analysis were included. Tests for normal
distributions (Kolmogorov procedure, Helwig 1977) among the

four parameters for each of the seven artificial stream

experiments indicated only 4 of the 27 data sets were normally

distributed. Median values were used to represent the
central tendencies for each group. The Kruskal-Wallace rank

sum test and the Dunn treatment versus control comparisons

(nonparametric procedures) were employed to discern differences

between groups since these measures are less sensitive to

outlying data points (Hollander and Wolfe 1973).
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Data variance resulted in few significant differences
in all of the feeding study parameters. The variability was
homogeneous between groups for each parameter in an experi-
mental (Figures Al0 to Al6, Appendix). Thus, attempts to
mathematically transform the data to decrease the vari-
ability would not allow any increased statistical sensi-
tivity (Sokal and Rohlf 1969, Greene 1979). With such large
variances due to the individuality of the test animal, the
only way to increase statistical sensitivity would have been
to increase the sample size or artifically reduce the variance.
Considerations of centralizing the data for each experiment
by "throwing out the highs and lows,'" even by some pre-
scribed procedures (Greene 1979) are generally frowned upon
and were not addressed. Since each group had one or two
outliers, the overall trends would probably not be affected
(Figures A10 to Al16, Appendix). Increasing the sample size
was considered in light of the total research effort. Each
snail feeding chamber contributed five separate samples for
gravimetric and isotopic analysis. Thus, with six replicate
feeding chambers for each treatment or reference group, a
total of over 120 samples were weighed and prepared for
liquid scintillation counting. When this volume was added
to the concomittent food quality analyses, it was not
feasible to significantly increase the sample size in the

feeding experiments. Estimates of the necessary sample size
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to demonstrate a 25% change in Aufwuchs consumption due to
a treatment effect ranged from 25 to 40 replicates per
treatment group. Thus, at the end of experiment 2, a re-
evaluation of the experimental design indicated that in-
creasing the sample size to meet the statistical criteria
would not be feasible. The sample size remained at five or
six replicates for each test group. Results of the seven
feeding experiments were examined for consistent trends or
differences between experimental groups, as well as
statistically significant differences, to provide a general
test of the research hypotheses. For the seven artificial
stream experiments, correlations among the mean food quality
estimates from each treated and reference artificial
stream were computed using the Spearman rank sum procedure
(Barr et al. 1976). The food quality estimates were analyzed
for correlations with the median estimates of the
feeding parameters employing the same procedures.
Comparison of feeding parameters based on sulfur-35 or carbon-
14 labeled Aufwuchs

The data from feeding studies comparing estimates of
snail consumption and assimilation efficiency of Aufwuchs
labeled with sulfur-35 or carbon-14 were also highly variable
due to snail individuality. Differences between these two
experimental groups were analyzed by the Kruskal-Wallace two

sample rank sum test (Hollander and Wolfe 1973).




RESULTS AND DISCUSSION
Artificial Stream Experiments

Food quality analysis

The taxonomic characteristics of Aufwuchs community
changed with seasons and dosing treatments over the sequence
of seven experiments conducted (Table 2). Aufwuchs communi-
ties in reference streams were dominated by diatoms in all
but one experiment (experiment 6), when blue-green algae
became more prevalent. Temperature ranges in experiment 1
through 7 increased from 3.0° initially to a maximum of
25.8°¢C during experiment 6 and decreased thereafter. Although
the Aufwuchs communities in the chlorinated stream were simi-
lar to the reference communities in experiments 1 and 2
(3.0—22.8°C), chlorine doses of 0.2 ppm TRC tended to favor
growth and dominance by blue-green algae in subsequent
experiments, especially in experiments 5, 6, and 7 (19.3-
25.8°C). Blue-green algae were most abundant in Aufwuchs
communities developing under the copper treatment (0.05 ppm)
in experiments 3 through 7. There was no copper treatment
for experiment 2 due to mechanical problems. Diatoms domi-
nated the copper treated Aufwuchs community in experiment 1.
Dextrose additions stimulated heterotrophic growth most
effectively in experiments 2 through 7, which were conducted
at water temperatures of 15°C or greater (Table 1). Hetero-

trophs, while stimulated above reference stream community
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Table 2.

Microfloral taxonomic divisions comprising > 25% of the cell counts in Aufwuchs sampled from reference and treated

artificial streams with approximate percent abundance (%) over the seven assessment experiments.

Bacterial

dominance was determined by the relative extent of mucilage in the Aufwuchs sample while the relative frequency
with which algal groups were observed within the mucilage was designated as often (oft), occasionally (occ) or
seldom (sel) in the dextrose treated stream.

Stream Treatment

Experiment Temperature Range (C) Reference Chlorine Copper Dextrosel
1 3 4.5 Diatoms (92%) Diatoms (90%) Diatoms (92%) Bacteria
Diatoms (oft)
2 18. 22.8 Diatoms (80%) Diatoms (76%) Bacteria )
Diatoms (oft) 0
3 15. 22.2 Diatoms (66%) Diatoms (42%) Blue-green Bacteria
Green algae (23%) Blue-green algae (50%)
algae (40%) Diatoms (45%) Diatoms (oft)
4 20. 23.7 Diatoms (60%) Diatoms (46%) Blue-green algae (73%) Bacteria
Green algae (24%) Blue-green Diatoms (25%) Green algae (occ)
algae (42%)
5 21. 24.8 Diatoms (72%) Blue-green Blue-green Bacteria
Blue-green algae (60%) algae (73%) Diatoms (sel)
algae (25%) Diatoms (40%)
6 22, 25.8 Blue-green Blue-green Blue-green Bacteria
algae (50%) algae (74%) algae (82%) Diatoms (sel)
Diatoms (42%) Diatoms (24%)
7 19. 22.2 Diatoms (55%)

Blue-green
algae (35%)

Blue-green
algae (60%)
Diatoms (37%)

Blue-green
algae (72%)

Bacteria
Diatoms (sel)
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abundances, were less abundant in the dextrose treated stream
during experiment 1 compared to other experiments. The
shifts in structure demonstrated by this limited analysis of
community composition were used to evaluate and explain the
results of assessing the impact of perturbations through
analyses of Aufwuchs chemical food quality.

The addition of chlorine caused dramatic changes in the
food quality of the Aufwuchs community. In experiments 1
through 4, which were conducted when water temperatures were
less than 2100, decreases in the accumulated dry weight and
ash-free dry weight (a significant decrease in experiments 1
and 4) of Aufwuchs were recorded relative to reference stream
communities (Figures 5 and 6). In these early experiments,
the Aufwuchs communities developing under the chlorine stress
maintained a composition similar to the reference stream
community (Table 2). However, during experiments 5, 6, and
7 water temperatures exceeded 21°C and blue-green algae
dominated the chlorinated stream community. Under these
conditions, dry weight estimates exceeded the reference
stream values by 7.2 and 3.5 g/m2 for experiments 6 and 7
(significantly different in 6) (Figure 5). The organic matter
on the glass slide substrates was 1.3 g/m2 less than re-
ference stream values in experiment 7 and significantly less,
(0.8 g/mz) in experiment 5 (Figure 6). The percent organic

matter (Figure 7) in the Aufwuchs samples from the chlorinated
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mean dry weight.



64

stream was 1 to 10% less than the reference stream values
in the 4 cooler (<21°C) water experiments (1-4) and 3 to 21%
greater in 2 of the 3 warmer (>210C) water experiments (5,6).
As Aufwuchs accumulated between chlorine doses, then
died from chlorine stress, the empty diatom frustules and
entrapped sediment which remained lowered the percent organic
matter in the Aufwuchs sample. During the later experiments,
the estimates of percent organic matter were increased by
the accumulation of mucilage from sheathed blue-green algae.
This was not expected since the blue-green algae tended to
trap suspended sediment (increasing the dry weight) which
should have decreased the estimate of percent organic matter
for the sample. However, tﬁe Aufwuchs samples from the
chlorinated stream contained 34% and 39% organic matter in
experiments 5 and 6, respectively. These values are higher
than those of the reference stream communities (11% and 36%,
respectively) and higher than the estimates of percent organic
matter for Aufwuchs from the chlorine treated stream in
experiments 1 through 4 (15%, 19%, 21% and 19%), respectively).
Protein analyses of Aufwuchs developing under chlorine
stress (Figure 8) followed the trends of the percent organic
matter and the proliferation of blue-green algae. The esti-
mates of protein as a percent of the organic matter sampled
were approximately 1% above reference stream values in experi-

ments 4, 5, 6, and 7 which correlated with the abundance of
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blue-green algae (Figure 9). Aufwuchs carbohydrate content
decreased by 0.01 to 0.48 g/m2 in the chlorine treated stream
in 6 of 7 experiments (1-6) with four of these decreases
statistically significant (Figure 10). For experiments 6
and 7, in which the blue-green algae dominated the Aufwuchs,
the carbohydrate values were either not significantly diffe-
rent or were greater than the reference stream values. Car-
bohydrate as a percent of the organic matter in the Aufwuchs
sample showed no consistent trends (Figure 11). In experi-
ments 5 and 7, the percent carbohydrate was greater by 8
and 23% compared to reference stream values. This parameter
decreased between 3 and 20% under the chlorine dose in
experiments 2, 4, 5, and 6 and had little change in experiment
1. Caloric estimates of Aufwuchs samples from the chlorine
dosed stream were 4.2 and 2.5 kcal/m2 above reference stream
values in experiments 2 and 3, but were between 2.1 and 5.2
kcal/m2 less than reference community estimates in experiments
4 through 7 (Figure 12). Expressed as kilocalories per gram
ash-free dry weight (Figure 13), only data from experiments
6 and 7 were less than reference stream values, 2.1 and 0.47
kcal/g respectively. Caloric estimates per unit biomass
exceeded reference community estimates from 0.8 to 10.6 kcal/
g in experiments 2, 3, 4, and 5.

As microfloral cells died under the chlorine stress, non-

structural proteins were rapidly lost while the more insoluble
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protein structures which were not included in the protein
assay (eg. those associated with membranes and cell walls)
remained along with diatom frustules and entrapped inorganic
sediment. Protein estimates, therefore, were expected to
fluctuate in the same manner as estimates of percent organic
matter in the Aufwuchs samples. However, protein expressed
as a percent of the organic matter sampled was more repre-
sentative of the chemical composition of the Aufwuchs
community and fluctuated with the abundance of living matter.
Increases in protein content of Aufwuchs dominated by blue-
green algae reflect the high protein content of the extra-
cellular sheath (Wolk 1973). Carbohydrate estimates de-
creased in experiments 1 through 5 as a result of the de-
creases organic matter present. Also, carbohydrates, which
serve as immediate energy reserves for the microflora
(Stewart 1974, Fogg 1975), probably were readily utilized

in physiologically coping with the chlorine stress. This
was seen when carbohydrates were expressed as a percent of
the organic matter in experiments 2, 3, 4, and 6. Increases
in percent carbohydrate in experiments 5 and 7 may reflect
the greater relative abundance of blue-green algae compared
to reference stream communities since the mucilage is high
in carbohydrates as well as proteins (Wolk 1973, Stewart
1974). The higher calories per unit biomass relative to the

reference communities in experiments 2 through 5 and decreases
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in experiments 6 and 7 did not directly correlate with any
observed changes in composition or other food quality para-
meters. The relative dominance of sheathed blue-green algae
was much greater in Aufwuchs from the chlorinated stream in
experiments 3, 4, and 5 while the chlorinated and reference
communities were more alike in composition in experiments

6 and 7 (Table 2). The greater abundance of blue-green algal
mucilage may have increased the caloric estimates, however,
blue-green algae commonly contain less calories per gram
ash-free dry weight compared to diatoms (Cummins and Wuycheck
1971).

Due to toxic interactions with the microflora, copper
treatments were expected to decrease the rate of Aufwuchs
accumulation on the glass slide substrates (Becker and
Thatcher 1973, and Clark et al. 1979). Estimates of dry
weight from Aufwuchs samples collected in the copper treated
stream were 0.25 to 22 g/m2 greater than reference stream
values in experiments 3 through 7 (significantly greater
in experiments 5 and 6) (Figure 5). Ash-free dry weight
was increased by 0.5 g/m2 above reference stream values in
experiment 6 and significantly greater (5 g/mz) in experi-
ment 5. Results from experiments 1, 4, and 7 had decreases
from 0.8 to 1.3 g/mz, significantly lower in experiment 1
(Figure 6). Mean ash-free dry weight estimates were equal

in experiment 3. In computing the percent organic matter
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(Figure 7), only the results of experiment 5 were greater
(7%) than reference stream values for the copper treated
stream.

In experiments 5, 6, and 7, as the 21°C to 24°C water
temperatures favored the proliferation of blue-green algae,
the copper treatment reduced the other Aufwuchs community
components, further stimulating the increase in blue-green
algae (Table 2). Since Aufwuchs from the copper doses
stream were predominantly blue-green algae, lower percent
organic matter estimates were consistent with the observa-
tions that sheathed blue-green algae trap inorganic sedi-
ment. This accumulation of dry weight lowered the estimate
of percent organic matter in the Aufwuchs sample.

The protein content of samples from the copper treated
stream in experiments 5, 6, and 7 was 0.009 to 0.017 g/m2
greater than reference community values with significant
differences in the results of experiments 5 and 6 (Figure 8).
Protein content was reduced by 0.002 to 0.010 g/m2 in
Aufwuchs samples under the copper stress in experiments 1,
3, and 4. Estimates of protein as a percent of the organic
matter (Figure 9) in Aufwuchs samples from the copper treated
stream were about 0.5% less than reference community values
in experiments 3 and 5 and 0.2% to 1.5% greater in experi-
ments 1, 4, 6 and 7. Carbohydrates (Figure 10) in Aufwuchs

communities receiving copper doses were reduced 0.11 g/m2
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in experiment 6 and significantly reduced in experiments 3
and 4 (0.15 and 0.26 g/mz, respectively). Carbohydrates

were increased only 0.002 g/m2 in experiment 1 but were

2

significantly increased 0.76 g/m”~ and 1.34 g/m2 in experiments

5 and 7, respectively. However, as a percent of the organic
matter present, an increase in carbohydrates was found only
in experiments 1 and 7, 1% and 63% respectively (Figure 11).
Caloric estimates from Aufwuchs communities developing under
the copper stress were greater than reference stream values
by 1.2 to 5.9 kcal/m2 in all experiments except experiment
4, where the caloric estimates were 3.8 kcal/m2 less (Figure
12). As calories per unit organic matter (Figure 13), only
the copper dosed stream in experiment 5 yielded data below
reference stream values (0.9 kcal/g lower). All other
estimates from the copper stream were 0.1 to 0.7 kcal/g
greater than reference stream values.

In Aufwuchs samples from the copper dosed stream,
estimates of protein exceeded the reference stream values
when the copper stressed community was dominated by blue-
green algae (Table 2). However, protein as a percent of
the organic matter, was not a consistent indicator. The
increase in carbohydrates relative to the reference community
in experiments 5 and 7 may reflect the greater abundance
of blue-green algae and the high carbohydrate content of

their sheaths (Wolk 1973). When expressed as a percent of
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the organic matter, the carbohydrate data indicate the
Aufwuchs community had a decrease in carbohydrate reserves
in order to meet the stress induced by copper. Both the
caloric estimates and calories per unit ash-free dry weight
were higher when the abundance of sheathed blue-green algae
increased relative to the reference communities. As pre-
viously stated, this is presumably due to the greater organic
content of the blue-green algal sheath.

The addition of 2 mg/l dextrose in an artificial stream
caused a dramatic shift in the Aufwuchs community composition
(Table 2). 1In experiments 2 through 7, heterotrophic bacteria

(especially Sphearotilus natans) dominated the Aufwuchs

community and formed a mucilaginous matrix upon the glass
slide substrate. By visual assessment, the accumulation of
material was greatly stimulated by this treatment. However,
large sections of the community would often break away from
the slide prior to or during sampling. This loss frequently
reduced estimates of dry weight 3 to 6 g/m2 and ash-free dry
weight by 1 to 1.5 g/m2 in the dextrose streams compared to
reference streams (Figures 5 and 6). The 1 to 10% lower
estimates of percent organic matter relative to reference
communities (Figure 7) was a result of the abundance of
inorganic matter trapped in the mucilage of the Aufwuchs
from the dextrose enriched stream.

The loss of matter from the slides would tend to decrease
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the other parameters along with the gravimetric measurements.
However, the Aufwuchs community developing under the dextrose
treatment produced such a copious mucilage that the protein
estimates (Figure 8) were 0.002 to 0.06 g/m2 above reference
stream values in 5 of 7 experiments and were significantly
greater in experiments 1 and 6. The protein estimate as a
percent of the organic matter (Figure 9) was also higher by
0.25 to 4% 5 of 7 times, although not in all of the same
experiments as the protein estimate. The estimates of car-
bohydrate from the dextrose treated stream ranged from equal
to 0.36 g/m2 lower than reference stream values in 5 of 7
experiments (Figure 10), perhaps due to the losses of organic
matter due to sloughing. As a percent of the organic matter
sampled (Figure 11), carbohydrate values were 3% to 20%
greater in the Aufwuchs samples from the dextrose enriched
stream in 6 experiments. This probably reflects the high
carbohydrate content in the bacterial mucilage. Caloric
estimates from the dextrose treated stream were also increased
above reference values due to the development of copious
bacterial mucilage (Figure 12), especially when expressed
as calories per unit organic matter (Figure 13). Except for
experiment 5, kilocalories per gram ash-free dry weight ex-
ceeded reference stream values, by as much as 8.6 kcal/g.

The treatment effects as well as the normal seasonal

successions influenced the species composition and food
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quality of the Aufwuchs community in all experiments. In
addition, the treatment effects and resultant food quality
changes varied with shifts in microfloral species colonizing
the glass slide substrates. Water temperature was the major
environmental change over the seasons and controlled the
growth and competition between the microfloral species in

the Aufwuchs communities of the reference streams. In the
treated streams, the chlorine, copper, or dextrose treatments
resulted in an additional factor that influenced the com-
position and food quality of the Aufwuchs community.

The low concentrations of chlorine, copper, and dextrose
selected for application to the artificial streams were
chosen to elicit a wide variety of responses in the Aufwuchs
communities without causing an overt toxic response in the
microflora. Chlorine, as an antifouling agent, should affect
autotrophic and heterotrophic community components of the
Aufwuchs community. The action of chlorine as a surface
oxidant may stimulate the formation of microfloral extra-
cellular mucilage or membranous sheaths to provide protection.
Species living within the matrix of biomass accumulated on
the substrate may avoid contact with the chlorine dose.
Levels of chlorine reported to cause some adverse impact on
microflora range from 0.18 to 20.0 ppm TRC (Becker and
Thatcher 1973). The 0.2 ppm TRC dose level applied in this

research is at the lower range of these microfloral toxicity
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values. At the low dose level of 0.05 ppm copper used in
this research, blue-green algae proliferated with respect to
other algal groups, especially diatoms. This was expected
since diatoms have been reported to be more sensitive to
copper stress (Becker and Thatcher 1973). Copper is highly
toxic to algae and has long been used as an algicide (McKee
and Wolfe 1963, Becker and Thatcher 1973), since copper ions
cause toxic reactions by interfering with algal enzyme
systems (Bishop 1964, Steeman-Nielson and Brunn-Laursen
1976). The dextrose additions stimulated the growth of
heterotrophs, mimicking the response of an Aufwuchs community
to the addition of organic carbon from sewage outfalls,
except at a more rapid rate. The 1 or 2 ppm of dextrose
added to the stream provided a readily assimilated carbon
source to stimulate the growth of heterotrophic bacteria
and was highly effective except at cold water temperatures
(experiment 1). The changes in the Aufwuchs community due
to the treatment effects and the seasonal changes in com-
position allowed an evaluation of food quality analyses as
structural parameters for assessing water quality.

The chemical constituents of Aufwuchs communities
which relate to the nutritional needs of animal grazers
are varied. Several easily measured and commonly employed
nutritional components were investigated. While the specific

results of the food quality analyses have been previously
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discussed, this section presents a general discussion of
the method employed, their specificities and biases, and
an evaluation of their ability to assess pollutant impact.

The estimates of Aufwuchs dry weight (Figure 5) reflect
the total accumulation of material on the glass slide
substrates. The ash-free dry weight (Figure 6) represents
the organic matter present and is independent of inorganic
sediments or diatom frustules. These data are similar to
those reported by Rodgers (1977) and Clark et al. (1979)
and serve as a baseline for assessment since they are so
commonly employed (APHA 1976, Clark et al. 1979, Weitzel
1979a). The ratio of ash-free dry weight to dry weight
increased with the amount of inorganic matter trapped in an
Aufwuchs sample and is an expression of the percent of
organic matter in the Aufwuchs sample. This ratio ranged from
11 to 39% organic matter (Figure 7), again in agreement
with literature data (Elwood and Nelson 1972, Vollenweider
1974, Clark et al. 1979).

There are several classes of carbohydrates and proteins
which comprise microfloral cells (Stewart 1974) and complete
carbohydrate or protein characterizations of Aufwuchs samples
would require numerous extraction procedures (Strickland
and Parsons 1972, Grodzinski et al. 1975). The carbohydrates
and saline soluble proteins monitored in this research would

be indicative of the most labile components of the total
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carbohydrates and total proteins. These include most of the
cytosol carbohydrate reserves and non-structural proteins
which provide an indication of the general physiological
health of the microflora (Eppley et al. 1971, Fogg 1975).
Investigations into the more recalcitrant (alkaline or acid
soluble) components might offer further insight into the
impacts of perturbation on Aufwuchs community species com-
position (Stewart 1974), although the time involved in pur-
suing these parameters was prohibitive in light of an un-
certain outcome.

The Coomassie staining procedure is commonly employed to
quantify protein and is in general agreement with results
of the Lowry method (Sedmak and Grossberg 1977, Esen 1978).
Advantages of the Coomassie blue procedure include its
rapidity and ability to accommodate a wide range of sample
protein concentrations (Sedmak and Grossberg 1977, Esen
1978). Proteins which remained associated with cell fragments
after the Aufwuchs samples were ground in 2% saline were not
assayed in this research since the suspended particles inter-
fered with spectrophotometric readings. The protein content
of samples was computed from a standard curve using bovine
serum albumin which is widely used and allows for data com-
parisons with other literature data (Grodzinski et al. 1975).
Another choice of reference material may have been more

representative of plant proteins (i.e. wheat flour, yeast
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cells, specific extracts), however, there is no agreement on
which plant protein might be used (Grodzinski et al. 1975,
Esen 1978).

In a preliminary study, a 2% saline solution was used
to extract approximately 15% more protein from Aufwuchs
samples compared to extracts using water alone. The total
protein content of algal cells can range from 70% dry weight
for rapidly growing cells to less than 10% for older,
nutrient deficient cells (Fogg 1975). Expressed as a percent
of the organic matter, the protein values from all Aufwuchs
samples ranged from 0.8% to 7% (Figure 9). These values are
about 1/10th of those reported for the total protein content
of algae (Fogg 1975), indicating the small proportion of the
total protein present which was saline soluble. In addition,
the accumulation of detritus within the community matrix,
either as early colonizing cells which had subsequently died
or from the settling of suspended, non-viable organic matter
onto the substrate, contributed to the low estimate of pro-
tein content in the Aufwuchs sample. The detrital cells have
low levels of non-structural proteins, these components
having been leached from the cells after death.

Analysis of Aufwuchs community protein demonstrated
fluctuations due to various physiological and morphological
characteristics of the attached microflora and fluctuated

widely over the seasons and perturbations. In assessing the
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impact of the stressed applied to the artificial streams,
protein analysis, as conducted in this research, was sensi-
tive to changes in the mucilage content of the microflora
comprising the Aufwuchs communities which developed under the
chlorine, copper, or dextrose treatments. When expressed as
a percent of the organic matter in Aufwuchs developing under
the stresses, protein estimates increased with the greater
abundance of blue-gree algae or bacteria compared to reference
communities. This was attributed to saline soluble proteins
in the sheaths of blue-green algae and bacterial mucilage.
Decreases in the protein content were associated with the
accumulation of detrital matter in Aufwuchs developing under
intermittent chlorination. While saline soluble proteins
only were assayed, their abundance relative to total proteins
in the Aufwuchs may have provided greater insight into the
dynamics of this protein group and the health of Aufwuchs
communities in general.

The procedure used to assay for carbohydrate in Aufwuchs
was rapid and sensitive (Strickland and Parsons 1972). The
anthrone reagent reacts quantitatively with hexose sugars,
mono-, and polysaccharides (Strickland and Parsons 1972,
Grodzinski et al. 1975). Pentose or xylose carbohydrates
are not assayed quantitatively, nor are the hexoseamine
sugars such as chitin (Grodzinski et al. 1975). Since the

assay reagent is dissolved in concentrated acid, grinding
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the samples to facilitate extraction was not specifically
mentioned in the procedural references of Strickland and
Parsons (1972) and Grodzinski et al. (1975). 1In this study,
Aufwuchs samples were ground to provide a more homogeneous
sample and perhaps expose more reactive sites. Glucose
solutions were used to generate standard curves since it is
a highly reactive carbohydrate (Grodzinski et al. 1975) and
a predominant polysaccharide algal constituent (Lewin 1974).
The experimental results, expressed as glucose equivalents,
represent a measure of mucilaginous or cytoplasmic storage
carbohydrates, but do not include cellulose or lignin carbo-
hydrate components (Grodzinski et al. 1975).

Estimates of carbohydrate content from the Aufwuchs
samples, expressed as a percent of the organic matter, ranged
from less than 1 to 78% (Figure 11), falling at the extremes
of the percent carbohydrates reported by Fogg (1975). How-
ever, 90% of the estimates of percent carbohydrates were
between 2 and 40%, precisely in the range of values reported
by Parsons et al. (1961) and Fogg (1975). These fluctuations
indicated changes in the physiological state of the micro-
flora and changes in nutrient abundances attributed to the
dosing and seasonal effects since algal groups are similar in
their composition (Parsons et al. 1961, Eppley et al. 1971,
Haug et al. 1973, Fogg 1975). Protein to carbohydrate ratios

were about one order of magnitude lower than those reported
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by Fogg (1975), a result of the low protein estimates (about
10% total protein). This ratio fluctuated widely since the
carbohydrate cellular component responds more rapidly to
stress (Myklestad and Baug 1972, Haug et al. 1973, Fogg 1975).
Analysis of carbohydrates was included in this research
because of its potential for characterizing the physiological
status of microfloral communities. Carbohydrates were fre-
quently decreased in Aufwuchs communities sampled from
chlorine or copper treated streams compared to reference
stream communities. This was true for both total carbohydrate
estimates and carbohydrates expressed as a percent of the
organic matter, indicating a utilization of food reserves
within the Aufwuchs community in coping with the environment-
al stressed used. However, when sheathed blue-green algae
dominated Aufuchs community biomass (>70% cell counts),
carbohydrate values for the copper and chlorine treated stream
communities exceeded reference community values due to the
high carbohydrate content in the extracellular mucilage.
Heterotrophically dominated Aufwuchs communities, which
developed under dextrose enrichments, also contained more
carbohydrate per unit organic matter due to bacterial
mucilage production. Thus, in assessing the impact of
stresses on Aufwuchs structure through carbohydrate analysis,
physiological stress as well as morphological and taxonomic

characteristics must be considered.
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The caloric estimates of Aufwuchs food samples are based
on indirect, approximate calculations from dichromate oxida-
tion procedures (Maciolek 1962, Grodzinski et al. 1975).
This approach is subject to procedural errors if not care-
fully executed as well as underestimation due to incomplete
oxidation of the sample (Maciolek 1962). However, it was
necessary to use this procedure in order to expedite the
analyses of numerous small sampies (Strickland and Parsons
1972).

Estimates of the caloric content of glucose standards,
based on the oxygen consumed during chemical oxidation, ranged
from 14 to 1% below the complete oxidative caloric content
of 3.6 kcal/g with a mean underestimate of 6%. All sample
estimates of caloric content were then corrected for this
6% underestimation. The range of caloric values calculated
for all Aufwuchs samples spanned almost 16 kcal/g ash-free
dry weight (gAFDW) and ranged from 0.82 to 17.11 kcal/gAFDW
(Figure 13). Mean caloric values for cultures of algae of
4.63 kcal/gAFDW and 4.52 for periphyton communities were
reported by Cummins and Wuycheck (1971). Of the 23 caloric
estimates computed for this research, 7 were within 25% of
the Cummins and Wuycheck (1971) mean values while 14 were
within a 50% interval of the mean caloric values reported by
Cummins and Wuycheck (1971).

Caloric analysis of Aufwuchs communities provided
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information on the energy content of the Aufwuchs community
and the potential for energy flow through the ecosystem
trophic structure. Total calories in an Aufwuchs sample did
not produce consistent trends for interpreting perturbation
impacts. Calories per unit ash-free dry weight (kcal/gAFDW)
were higher than reference values in Aufwuchs from the dex-
trose treated stream, reflecting the production of mucilage.
Although Aufwuchs developing under the copper treatment
yielded higher kcal/gAFDW than reference communities, this
parameter demonstrated considerable fluctuation over the
seven artificial stream experiments for Aufwuchs from the
chlorinated stream. As with the carbohydrate analyses,
production of blue-green algal sheaths and bacterial mucilage
increased caloric values of the organic matter. Although
measurements of kcal/gAFDW were consistent in distinguishing
copper and dextrose treated communities from reference
communities, variability in the results from the chlorine
stream decreased its reliability as an assessment method.
Correlation analysis of the mean estimates of the food
quality parameters demonstrated several significant correla-
tions over the seven experiments conducted in the artificial
streams (Table 3). Both protein and carbohydrate were signi-
ficantly correlated with dry weight (r=0.520, P<0.01; r=0.548,
P<0.01) and ash-free dry weight (r=0.538, P<0.01; r=0.621,

P<0.01). When expressed as a percent of the organic matter



Table 3. Spearman rank correlation coefficients,

artificial stream experiments.

for mean Aufwuchs food quality estimates from the seven
is given in parenthesis for each

The significance level, P,

correlation. (N=27 for each correlation except for caloric data where N=23).
Ash-Free Dry Percent Protein Carbohydrate
Dry Weight Weight (AFDW) Organic Matter Protein Carbohydrate Calories AFDW AFDW
Ash-Free 0.8457 .
Dry Weight (<0.01)
Percent Organic -0.200 0.270 .
Matter (0.32) (0.17)
Protein 0.520 0.538 0.134 . .
(<0.01) (<0.01) (0.51)
Carbohydrate 0.548 0.621 0.274 0.588
(<0.01) (<0.01) (0.17) (<0.01)
Calories 0.234 0.234 0.008 0.210 0.396 .
(0.28) (0.26) (0.97) (0.34) (0.06)
Protein -0.395 -0.524 -0.151 0.374 -0.125 -0.068 e e
AFDW (0.04) (<0.01) (0.45) (0.05) (0.53) (0.76)
Carbohydrate -0.059 -0.076 -0.199 0.189 0.651 0.128 0.222
AFPDW (0.77) (0.71) (0.32) (0.35) (<0.01) (0.56) (0.27)
Calorie -0.475 ~0.640 -0.176 -0.257 -0.248 0.548 0.345 0.407
AFDW (0.02) (<0.01) (0.42) (0.24) (0.25) (<0.01) (0.11) (0.05)

88
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sampled, protein values were significantly and negatively
correlated with dry weight (r=-0.395, P=0.04) and ash-free
dry weight (r=-0.524, P<0.01), while carbohydrate estimates
were not significantly related, although a negative
correlation coefficient was calculated. Only when expressed
as calories per gAFDW were mean caloric data significantly
correlated with dry weight (r=-0.475, P=0.02) and ash-free
dry weight (r=-0.640, P<0.01). There were no significant
correlations between percent organic matter in the Aufwuchs

samples and other chemical food quality parameters. Protein

estimates were correlated with carbohydrate estimates,
r=0.558, P<0.01. Since they were used in formulating the
food quality per unit ash-free dry weight, mean protein,
carbohydrate, and caloric data were positively correlated
to their respective estimates as a percent of the organic
matter sampled. Carbohydrate estimates were positively
correlated with calorie estimates (r=0.396, P=0.06) as was
carbohydrate as a percent of organic matter sampled corre-
lated with calories per gram AFDW (r=0.407, P=0.05).

As colonized matter was the source of protein and
carbohydrate, it was expected that as more Aufwuchs was
sampled from the glass slide substrates, estimates of protein,
carbohydrates, and calories would increase. This supports
the correlations of proteins and carbohydrates with dry weight

and ash-free dry weight data. The lack of correlation
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between caloric estimates and the gravimetric parameters

must be related to the greater importance of the overall
chemical composition of the material sampled rather than its
mass as well as the variability in the caloric estimates.

The negative correlation coefficients between protein/AFDW,
carbohydrate/AFDW, and calorie/gAFDW with Aufwuchs dry weight
and ash-free dry weight reflect the accumulation of detrital
material on the glass slide substrates which, while directly
increasing organic matter, contained none, or limited amounts,
of these food quality constituents. The fluctuations in
percent organic matter for the Aufwuchs communities sampled
over the seven experiments were related to natural and im-
posed environmental conditions (temperature, suspended sedi-
ment in the river water, treatment effects) causing changes
independent of the chemical composition of the microfloral
community and yielding no significant correlations. Positive
correlations among caloric and carbohydrate parameters may

be related to the proliferation of mucilage in the blue-green

algae or bacterial dominated Aufwuchs communities.

Feeding studies

As reported in the methods section, results of the
feeding studies will be examined according to trends in the
median estimates for test parameters. A comparison of the

means for each parameter may be obtained by referring to the
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dissertation Appendix, Figures Al0 to Al6. Median estimates
of dry weight consumed by snails feeding on Aufwuchs from
the chlorine treated stream were 0.12 to 0.80 mg less than
reference stream values in experiments 1, 3, 4, 5, and 6
(Figure 14). Organic matter consumed (Aufwuchs ash-free dry
weight) was less than reference stream estimates by 0.04 to
0.18 mg in 5 of 7 experiments (1, 3, 4, 6, and 7) (Figure
15). The assimilation efficiency of snails feeding on
Aufwuchs from the chlorinated stream was 5 to 26% greater
than reference stream values in experiments 1, 2, 4, and

7 and 3 to 20% less in experiments 3, 5, and 6 (Figure 16).
Computation of the median organic matter assimilated by
snails during the feeding experiments (Figure 17) ranged
from 0.05 to 0.15 mg less than assimilation of reference
communities in four experiments (1, 3, 4, and 6) and 0.02

to 0.36 mg higher in experiments 2, 5, and 7.

The decrease in consumption of Aufwuchs from the
chlorine dosed stream in experiments 1, 3, and 4 may reflect
the decrease in biomass present on the glass slide substrates
from this stream (Figures 5 and 6). The Aufwuchs community
developing under the chlorine treatments in these experi-
ments may have been attached more firmly to the substrate.

Patrick (1978) reported that the snail, Physa heterostropha,

selects against diatoms more firmly attached to the substrate.

Due to the sparse food supply, the snails may have had to
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cover a greater area to consume an amount of food equivalent
to the snails feeding on Aufwuchs from the reference stream.
Alternative explanations may involve the fact that the
percent organic matter in the Aufwuchs was less than re-
ference stream communities (Figure 7) and therefore serve as
an inadequate food resource. In experiments 1, 2, and 4,
increases in snail assimilation efficiencies for Aufwuchs
from the chlorine treated streams relative to the reference
communities may have resulted from the decreased amounts

of food consumed, allowing for a greater percent of the

food to be digested and absorbed (Brody 1945, Monakov 1972,
Calow 1975b). The assimilation efficiencies in experiments
5 and 6 were 3% and 12% lower than the reference stream
values and may be related to the increased predominance of
blue-green algae in Aufwuchs from the chlorine stream com-
pared to reference communities (Table 2). Low macroinverte-
brate assimilation efficiency of blue-green algae has been
reported by Swiss and Johnson (1976) and Edmondson and
Winberg (1971).

Snail consumption of Aufwuchs from the copper dosed
stream ranged 0.17 to 1.53 mg greater than reference stream
values for dry weight consumed in 4 of 6 experiments (1, 4,
5, and 7)(Figure 14). However, when corrected for the
inorganic content, median estimates of snail consumption of

Aufwuchs were 0.04 to 0.24 mg less for food from the copper
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dosed stream in 4 of 6 experiments (3, 4, 6, and 7)(Figure
15). The assimilation efficiency (Figure 16) was lower by

2 to 6% for snails feeding on the copper dosed Aufwuchs

in experiments 3, 4, 5, and 6 while assimilation efficiencies
were increased 30% in experiment 1 and 21% in experiment 7.
Organic matter assimilated was 0.05, 0.07, 0.19 mg lower in
experiments 3, 4, and 6 and 0.17, 0.19, and 0.09 mg higher

in experiments 1, 5, and 7 relative to the amount or organic
matter assimilated by snails feeding on Aufwuchs from the
reference stream (Figure 17).

Blue-green algae dominated the Aufwuchs community
developing under the copper treatments in all experiments
except 1 (Table 2). The mucilaginous sheaths of these algae
are generally sticky and entrap suspended sediment as it is
carried by the current past the cells. The sheaths may
also enable blue-green algae to persist in spite of the
copper doses and are suspected as a reason for the lower
digestibility of this algal group (Edmondson and Winberg
1971). This possibility is supported by the lower assimila-
tion efficiencies of snails feeding on Aufwuchs from the
copper dosed streams in experiments 3, 4, 5, and 6. The
increase in organic matter assimilated by snails feeding on
these Aufwuchs communities in experiments 5 and 7 may reflect
the retention of blue-green algal mucilage or cell fragments.

The dextrose enrichment produced an Aufwuchs community
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dominated by heterotrophic bacteria (Table 2). Estimates

of snail consumption of Aufwuchs from the dextrose dosed
stream were higher (0.22 to 1.48 mg) than reference stream
values during 4 of 7 experiments based on Aufwuchs dry
weight (experiments 2, 3, 4, and 6)(Figure 14). Snail con-
sumption of Aufwuchs ash-free dry weight (Figure 15) was
greater than reference community values in experiments 4,

5, and 6 (by 0.25, 0.02, and 0.04 mg, respectively). Median
estimates of organic matter consumed in experiments 2 and 3
were less than 0.02 mg below reference stream values while
there was a 0.17 and 0.07 mg decrease in experiments 1 and
7. The snails were able to assimilate communities from the
dextrose treated stream with 1 to 25% greater efficiency in
5 of the 7 experiments (2, 3, 4, 6, and 7)(Figure 16).
Overall, with these small differences in ash-free dry weight
consumed and slightly increased assimilation efficiencies,
the snail's ability to assimilate organic matter from this
heterotrophically dominated community was within 0.04 mg of
reference stream values 5 of 7 times (experiments 3, 4, 5,
6, and 7)(Figure 17).

The heterotrophic Aufwuchs community that developed
under the dextrose enrichment also entrapped sediment.
However, snails consumed the bacterially dominated communities
to a greater measure (or only slightly less than) and

assimilated them more readily than reference stream communi-
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ties. These results are consistent with literature data
reporting greater assimilation efficiencies for bacteria
compared to algae or other plant material (Sorokin 1968,
Hargrave 1970, Calow 1975b, Baker and Bradnam 1976), which
demonstrate that bacteria can be an important food source
for snails.

The amount of Aufwuchs consumed during the feeding
experiment was a parameter of central interest in the feeding
studies. This is reported and discussed on both a dry
weight and ash-free dry weight (organic matter) basis. The
dry weight of Aufwuchs consumed is reported since it was
measured directly. However, this variable includes, by
necessity, inorganic matter which did not incorporate the
isotopic label and is not of utmost concern in snail feeding
and ecological trophic dynamics. Since the sediment entrapped
in the Aufwuchs community contributes to the texture and
physical composition of the food resource, grazer utilization
of Aufwuchs on a dry weight basis can provide important
information. 1In five comparisons of snail consumption of
Aufwuchs from treated streams and reference communities, the
estimates based on dry weight indicated more Aufwuchs from
the stressed streams was consumed while the organic matter
based values indicated less Aufwuchs was consumed. These
differences in impact assessment were attributed to the

greater amount of inorganic sediment present in the Aufwuchs
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from the treated streams.

The milligrams of Aufwuchs organic matter consumed,
that is, consumption on an ash-free dry weight basis, was
computed from the feeding data based on dry weight estimates
and the ash-free dry weight/dry weight ratio from Aufwuchs
samples taken for food quality analyses. This parameter is
ecologically important and pertains to the actual flow of
organic matter and energy from producer to consumer. The
organic matter consumed should be emphasized in analyzing
the results since the organic matter contained the isotopic
label. 1In addition, the organic matter consumed is com-
parable to data reported in the literature for other feeding
studies (Trama 1957, Malone and Nelson 1969, Sedell 1972,
Calow 1975a, 1975b). On an hourly basis, the median feeding
rates of Anculosa used in this study ranged from 0.11 to 0.02
mg Aufwuchs organic matter consumed per hour (Figure 18).
These values are greater than the 0.018 mg/hr feeding rates

reported for Goniobasis claeviformis by Malone and Nelson

(1969) and similar to the feeding rates reported for Planorbis
contorus by Calow (1975b). Snails consumed less Aufwuchs
organic matter in eight of ten samples from copper and
chlorine dosed streams where blue-green algae were dominant

in the community (experiments 3-7) compared to reference
stream communities. These results agree with literature

data suggesting blue-green algae are less preferred food
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Figure 18. Rate of Aufwuchs organic matter consumed by snails during the
artificial stream experiments. Median values for each stream
are plotted.
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types for grazing macroinvertebrates (Edmondson and Winberg
1971, Swiss and Johnson 1976, Moore 1977a). There were no
consistent trends in snail consumption of Aufwuchs from
the dextrose enriched stream relative to reference communi-
ties and the values were usually within 0i05 mg .

Bioenergetic studies commonly report animal food con-
sumption on a weight specific basis (i.e. mg food consumed/
mg animal body weight) to reduce the variability in animal
metabolism as a function of size (Brody 1945, Prosser 1973).
Weight specific feeding rates have been reported from studies
of the caloric or nutrient requirements of aquatic inverte-
brates and the utilization of single species food resources
(Carefoot 1970, Vivekananden et al. 1974, Swiss and Johnson
1976). Ecological investigations into grazer consumption of
available food resources and the environmental factors
influencing the utilization of food resources have reported
feeding rates for individual animals without corrections for
size (Malone and Nelson 1969, Hargrave 1970, 1971, Calow
1975b, Elwood and Goldstein 1975). The data reported in
this dissertation were computed without corrections for snail
size since the information was evaluated in an ecological
context and similarly sized snails were used for each test
group in an experiment.

There were no consistent correlations between snail

body weight and Aufwuchs organic matter consumed over the
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seven experiments (Table Al, Appendix). An evaluation of
the feeding data on a weight specific basis (computed

in spite of the lack of association) produced results
generally in agreement with the previous conclusions regarding
snail consumption of Aufwuchs from the dextrose enriched
stream. However, similar estimates of snail consumption

of organic matter for Aufwuchs from the chlorine and copper
treated streams exceeded reference values in 7 of 8 com-
parisons for experiments 4 through 7. These apparent rela-
tive increases in consumption during the later experiments
are inconsistent with the results presented in Figure 15 and
inconsistent with literature reports of decreased grazer
consumption of blue-green algal dominated food resources

(as was present in the chlorine and copper treated communi-
ties for experiments 4 through 7). For these reasons, snail
consumption of Aufwuchs on an individual basis was used to
evaluate the effects of pollutants on grazer utilization of
Aufwuchs.

The amount of Aufwuchs organic matter assimilated during
the feeding study was computed from the organic matter con-
sumed and the estimate of assimilation efficiency for each
snail. This variable encompasses all the physical and
chemical characteristics of the Aufwuchs community as well
as the snail's ability to consume and retain the organic

matter. A median value was computed for each experimental



104

group and the data ranged from 0.02 to 0.60 mg Aufwuchs
organic matter assimilated (Figure 17). While this informa-
tion is rarely reported in the literature, it represents

the actual flow of organic matter and energy up the trophic
chain. Out of 20 total comparisons between snail utiliza-
tion of Aufwuchs from treated and reference communities,
estimates of organic matter assimilated provided 5 conclusions
that were opposite of ash-free dry weight eaten, 3 of these
from snail feeding activity on Aufwuchs from dextrose treated
streams. Disagreement of this sort suggests that consumption
data alone may not reflect all trophic dynamic or energy

flow interactions, especially regarding the importance of
heterotrophic microflora in the diet of snails. However,
estimates for this parameter were computed by indirect methods
using two conversion factors and a previously calculated
consumption rate. The results are biased by the variability
of these measurements and decrease its reliability in
assessing perturbation impacts.

Assimilation efficiency was a directly measured para-
meter, computed as the ratio of isotopic counts retained in
the snail body to the isotope in both the body and fecal
sample, which is independent of gravimetric units (Edmondson
and Winberg 1971). This parameter is frequently reported in
the literature and serves as an index of the ability of the

consumer to digest and absorb the food resource. Median
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assimilation efficiencies in the seven experiments ranged
from 7 to 61% (Figure 16). These are within the range of
values reported for grazing macroinvertebrates (Carefoot
1967, 1970, Hargrave 1970, 1971, Vivekanandan et al. 1974,
Calow 1975b). Assimilation efficiencies were less for
Aufwuchs with a greater abundance of blue-green algae com-
pared to reference communities (in 7 of 10 comparisons).
Aufwuchs dominated by bacteria from the dextrose enriched
stream were assimilated with greater efficiency 5 of 7 times
compared to reference communities.

Feeding chambers without snails were used as controls
to account for Aufwuchs sloughed or dislodged from glass
slides during handling and to monitor any change in the
specific activity of the food supply during the feeding
experiment. - Sloughing of Aufwuchs was less than 2% of the
Aufwuchs biomass or radioactivity. By comparing the specific
activity of the food sample at time zero with the ungrazed
food left at the end of the experiment, the consistency of
the food sample radioactivity and the thoroughness of the
sulfur-35 label in the food could be evaluated. If the
Aufwuchs food sample was not uniformly labeled, its specific
activity would be expected to change during the duration of
the feeding experiment (4 or 6 hours) as any unassimilated
isotope was transferred between species prior to arriving

at some equilibrium in the community (Sorokin 1968). Since



106

there were no significant differences between the specific
activity of the food at time zero and at the end of the
feeding experiment, it was assumed that the Aufwuchs
community was thoroughly saturated with sulfur-35.

The isotopic methods and computations used in estimating
snail assimialtion efficiencies assumed the sulfur-35 was
uniformly incorporated into the Aufwuchs community biomass
and assimilated into the snail tissues in the same manner
as the Aufwuchs organic matter. Isotopic labels which are
absorbed or adsorbed to food samples provide an estimate
of food absorption efficiency (Calow 1975b, Elwood and
Goldstein 1975) however true assimilation efficiencies are
best estimated by isotopes which are incorporated into the
structure of the food tissues (Trama 1957, Odum and Golley
1963, Hargrave 1970, 1971, Grodzinski et al. 1975). The
expression '"assimilation efficiency'" was employed in this
dissertation based on such a distinction of terms. Sulfur-
35 is incorporated into the protein components of living
microfloral tissues through assimilatory sulfate reduction
(Schiff and Hodson 1973, Monheimer 1974, Rodgers 1977,
Campbell and Baker 1978). Aufwuchs which had been incubated
in sulfur-35 enriched media were rinsed in a 0.1 M sodium
sulfate solution to remove as much adsorbed sulfur-35 as
possible (Jordan et al. 1978). Since the entire Aufwuchs

sample was digested for liquid scintillation counting, inclu-
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sion of sulfur-35 which had adsorbed to clay or other in-
organic materials cannot be ruled out. No attempt was made
to determine the precise size fraction or material in the
Aufwuchs sample which contained the sulfur-35 isotope.
However, passive absorption of sulfate is negligible compared
to active microfloral assimilation (Rodgers 1977). Thus the
assumption that at least the bulk of the label was incorpo-
rated into the viable microbial tissues would appear sound.

A question remains concerning the uniformity of the
label within the various species composing the Aufwuchs
community sample. There was no way to test whether one
component, such as bacteria, had accumulated more or less
radioactivity per unit biomass. Since the radioactive counts
in the snail bodies and feces were used to represent quanti-
ties of food ingested, assimilated, and egested, variations
in the distribution of these counts could lead to misinter-
pretations regarding feeding and assimilation rates. It is
expected that the differential metabolic rates between groups
within the microflora may contribute to heterogeneous levels
of specific activity within the Aufwuchs sample. This pro-
blem has rarely been addressed in the literature.

In this research, the food samples were allowed to in-
corporate inorganic sulfur-35 for 20 hours prior to the
experiment. This incubation process insured a thoroughly

labeled food sample of high specific activity to follow
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small amounts of organic matter transferred between pro-
ducers and consumers (down to 0.005 mg). Further, inorganic
sulfur is assimilated by both autotrophic and heterotrophic
microflora (Monheimer 1972, 1974, Jassby 1975, Rodgers 1977,
Campbell and Baker 1978) which will insure that both of these
components in the Aufwuchs community will be labeled. Since
sulfur is found in fairly constant ratios to organic carbon
in Aufwuchs communities (Rodgers 1977) or microfloral samples
(Jordan and Peterson 1978, Monheimer 1978), excessive concen-
trations of the sulfur isotope within any community component
is not expected. It was then assumed that the Aufwuchs food
samples were uniformly labeled, at least as well as food
samples used in previously published feeding studies using

isotopes.

Correlations among feeding and food quality results
Correlation coefficients between the median estimates

for the snail feeding studies and the mean food quality

estimates for Aufwuchs from the artifical streams encompass

a variety of seasonal and treatment effects over the seven

experiments (Table 4). None of the food quality parameters

were significantly correlated with estimates of Aufwuchs

dry weight consumed by snails. Ash-free dry weight eaten

and organic matter assimilated by snails were significantly

correlated with the estimates of dry weight consumed (r=0.791,

P<0.01; r=0.626, P<0.01), although this trend was expected



Table 4. Spearman rank correlation coefficients, r, for median snail feeding parameters with mean foc_)d quality
measurements for Aufwuchs sampled from the seven artificial stream experiments. The significance level,
P, is given in parenthesis for each correlation. (N=27 except for caloric data where N=23).

Aufwuchs Dry Weight Aufwuchs Organic Matter Aufwuchs Organic Matter Snail Assimilation

Consumed per hour Consumed per hour Assimilated per hour Efficiency
Aufwuchs Organic r
Matter Consumed 0.791 P
per hour (<0.01)
Aufwuchs Organic
Matter Assimilated 0.626 0.766
per hour (<0.01) (<0.01)
Snail Assimilation 0.334 0.331 0.140
Efficiency (0.09) (0.09) (0.48)
Aufwuchs Dry -0.148 -0.223 -0.344 -0.405
Weight (0.46) (0.26) (0.08) - (0.04)
Aufwuchs Ash-Free -0.201 -0.013 0.156 -0.446
Dry Weight (AFDW) (0.32) (0.95) (0.44) (0.02)
Aufwuchs Percent -0.200 0.338 0.323 ~0.068
Organic Matter (0.32) (0.95) (0.10) (0.73)
Aufwuchs -0.019 0.122 -0.156 -0.173
Protein (0.93) (0.54) (0.44) (0.39)
Aufwuchs -0.269 -0.010 -0.217 0.037
Carbohydrate (0.18) (0.95) (0.28) (0.85)
Aufwuchs -0.055 -0.051 -0.219 0.409
Calories (0.35) (0.82) (0.32) (0.05)
Aufwuchs 0.029 -0.001 -0.100 -0.230
Protein/AFDW (0.88) (0.99) (0.62) (0.25)
Aufwuchs -0.210 -0.045 -0.186 0.379
Carbohydrate/AFDW (0.29) (0.82) (0.35) (0.05)
Aufwuchs -0.146 -0.175 -0.195 0.590

Calories/AFDW (0.51) (0.42) (0.37) (<0.01)

601
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since they were derived from these estimates. Snail consump-
tion of Aufwuchs organic matter was significantly correlated
(r=0.338,P=0.08) with the percent organic matter in the
Aufwuchs community; however, this ratio (ash-free dry weight/
dry weight) was used to calculate the ash-free dry weight
eaten. The correlation between the median estimates of snail
assimilation efficiencies and snail consumption of Aufwuchs
(dry weight, r=0.334,P=0.09; organic matter, r=0.331,P=0.09)
demonstrates some positive interaction between the snails'
inclination to consume a food resource and the ability to
digest and adsorb it. Negative correlation coefficients
were calculated between snail assimilation efficiency and
Aufwuchs dry weight (r=-0.405,P=0.04) and Aufwuchs ash-free
dry weight (r=-0.446,P=0.02). Median assimilation efficiency
estimates were also correlated with carbohydrate expressed
as a percent of the food organic matter (r=0.379,P=0.05)
and caloric estimates of the food samples, both as total
calories available in the food resource (r=0.409,P=0.05) as
well as calories per gram organic matter (r=0.590,P<0.01).
Correlations between the various measures of Aufwuchs
consumption by snails were expected since the same raw data
were used to compute these parameters through various con-
version factors. The lack of consistent correlations between
estimates of snail consumption and measures of food quality

agrees with previous studies of marine snails grazing on
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algae. Carefoot (1967, 1970) reported no trends associating
snail feeding rates or growth rates with algal food quality.
Paine and Vadas (1969), working with another species of
marine snail, found that neither caloric, carbohydrate, pro-
tein nor lipid content alone could account for the preference
in food species recorded by gut analyses for marine benthic
grazers. They concluded that the availability of the food
types and the generally opportunistic feeding habits of the
grazers contributed to this lack of association. Freshwater
snails have bheen classified as opportunistic feeders (Malone
and Nelson 1969, Cummins 1973) and the results of this re-
search support that generalization. However, Pip and Stewart
(1976) reported the grazing rate of the freshwater snail
Physa was highest when the carbohydrate content of the aquatic
macrophyte food resources peaked, during the early and mid-
summer. Snail growth rates and reproductive activity were
also maximal at this time (Pip and Stewart 1976), placing
additional energy demands on the snails which necessitated
increased consumption. Thus, a true cause and effect
relationship may not be present.

Estimates of snail assimilation efficiency rarely have
been directly correlated with various chemical constituents
of the food resource. In this research, assimilation effi-
ciency was correlated with the measure of calories and carbo-

hydrates per unit organic matter in the food sample (r=0.590
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and 0.379 respectively, Table 4). Carefoot (1967, 1970)
found that foods of high caloric content were usually
assimilated with great efficiency, further facilitating

the growth rate of marine snails. Most investigators chose
to monitor growth rates and assimilation efficiency, re-
porting positive correlations above maintenance feeding
levels (Carefoot 1967, 1970, Welch 1968, Vivekananden et
al. 1974, Grodzinski et al. 1975, Swiss and Johnson 1976).
McMahon et al. (1974) reported higher growth and fecundity
rates for freshwater snails feeding on Aufwuchs communities

of lower C:N ratios (higher protein content).



New River Experiments
Food quality analysis

Food quality constituents demonstrated changes in
Aufwuchs communities which developed on glass slides at
sample stations in the New River near the Glen Lyn Power
Plant (Table 5). At station 2, a station intermediately
influenced by chlorinated-thermal discharge (AT=3—5OC)

(Figure 4), dry weight and ash-free dry weight estimates of
accumulated Aufwuchs were more than twice the reference
station values while the percent organic matter was 8% higher.
Protein estimates were also more than twice reference communi-
ty values. When expressed as a percent of the organic matter
present, the protein content of the Aufwuchs community was
nearly equal to that of the reference community. Carbohydrate
estimates were only 0.2 g/m2 less than the reference communi-
ty, however, when expressed as a percent of the organic
matter, the carbohydrate content was reduced by 3.2%.

From station 3, which was located within all the power
plant discharges (AT=5—1OOC) (Figure 4), estimates of dry
weight and ash-free dry weight for Aufwuchs samples were
about equal to reference community values; percent organic
matter was only 5% less. Protein estimates from station 3
were approximately 5 times below reference community values
while carbohydrates were 3 times greater. This converted

to a decrease in percent protein as organic matter of 2.2%
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Table 5. Mean food quality estimates for Aufwuchs communi-
ties from New River sampling stations above and
within the chlorinated-thermal discharge of the

Glen Lyn Power Plant on 8/10/79.

(Refer to Figure

4).
Sample Site

Food Quality Station 1 Statiog 2 StationOB
Parameters (reference) (AT=3-5"C) (AT=5-10"C)
Dry ngght 6.37 13.01 7.41
(mg/m<)
Ash-free Dry 2.13 5.33 2.11
Weight (AFDW)
(mg/m2)
Percent Organic 33% 41% 28%
Matter
Protsin 0.061 0.144 0.013
(g/m=)
Protein/AFDW 2.8% 2.7% 0.6%
Carbohydrate 0.101 0.083 0.301
(g/m?)
Carbohydrate/AFDW 4.8% 1.6% 14.3%
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and an increase of 9.5% in the percent carbohydrate.

The habitat in the area of station 2 supported an algal
population similar to the uninfluenced area relative to the
dominance of diatoms (90%), green algae, and blue-green
algae; however, shifts occurred in the component species
(Cairns et al. 1978). The Aufwuchs community at station 3
had a relatively larger blue-green algal component (45%),
with reductions in diatom (40%) and green algae abundances
(person observations, Cairns et al. 1978). The increased
biomass at station 2 was a result of increased growth due to
thermal enrichment while at station 3 the additional thermal
load caused a shift in the community composition, as better
adapted microfloral species probably outcompeted other
Aufwuchs components. Decreases in carbohydrate per unit ash-
free dry weight at station 2 relative to reference communities
while maintaining similar protein to ash-free dry weight
ratios indicated that this community was utilizing a larger
fraction of stored carbohydrates to cope with power plant
effluents. At station 3, the higher carbohydrates and lower
protein per unit organic matter reflect an Aufwuchs community
with copious mucilage and senescence or low metabolic
activity (Fogg 1975). Due to the limited sampling, a more
comprehensive discussion of the impacts of the power plant
discharges on New River Aufwuchs communities should be

reserved.
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Feeding studies

In August, 1978, and August, 1979, Aufwuchs samples
were obtained from sample sites in the New River to conduct
three snail grazing experiments (Table 6, Figure 4). In the
1979 experiment, snails feeding on Aufwuchs samples from
station 2 (AT=3—50C) consumed more than twice the Aufwuchs
dry weight and organic matter compared to those grazing the
reference community. Aufwuchs samples from station 3
(AT=5—1OOC) were grazed only slightly less (0.02 mg dry weight
and 0.015 mg organic matter) than the reference station
samples. In 1978, snails consumed 0.174 mg less Aufwuchs
from station 2 in one experiment and 0.123 mg more in the
other compared to dry weight consumed by snails feeding on
Aufwuchs from the reference station. Median estimates of
assimilation efficiency were consistently higher for snails
feeding on Aufwuchs from the reference station compared to
Aufwuchs from station 2 (25% in 1979, 5% in both 1978 experi-
ments) and station 3 (16% in 1979). The estimate of organic
matter assimilated by the snails feeding on Aufwuchs from
station 2 was approximately double that of the reference
station in 1979, even though the assimilation efficiency
was lower by 25%. For station 3, the lower amounts of organic
matter eaten and lower assimilation efficiency combined to
decrease the estimate of organic matter assimilated by 0.023

mg below the reference station values. There were no esti-



Table 6. Snail consumption, assimilation, and assimilation efficiency for Aufwuchs
communities from sampling stations above and within the chlorinated-thermal
discharge of the Glen Lyn Power Plant in the New River. (Refer to Figure

4)
Date of Median Dry Median Organic Median Organic Median Assimil-
Experiment Weight Matter Matter ation
: Consumed Consumed Assimilated Efficiency
Sample Site
P (mg) (mg) (mg) (%)
8-10-79
Station 1 0.200 0.066 0.048 73
(reference)
Station 2 0.434 0.173 0.099 48
(AT=5 C)
Station 3 0.180 0.051 0.025 57
(AT=10 C)
8-20-78
Station 1 1.858 .. .o 61
(reference)
Station 2 1.684 cen e 56
(AT=5 C)
8-5-78
Station 1 0.357 cen ce 75
(reference)
Station 2 0.480 e “on 70

(AT=5 C)

L1T



118

mates of percent organic matter in the Aufwuchs sampled in
1978 so calculations of organic matter consumed or organic
matter assimilated were not possible.

The experiments conducted in 1978 were intended as pre-
liminary studies, but are included since Aufwuchs sampling
from the New River was restricted to a single successful
effort in 1979 and these preliminary findings support the
results of the later study. The abundance of sheathed blue-
green algae at station 3 (45% cell counts) may be responsible
for the lower estimates of snail consumption of Aufwuchs
and assimilation efficiencies compared to the reference
station community (which contained over 90% diatoms). Reasons
for the lower assimilation efficiencies and higher consump-
tion rates of snails feeding on Aufwuchs from station 2 com-
pared to reference station Aufwuchs communities are unclear.
Although both communities were dominated by diatoms,
differences in the diatom species may be responsible. This
may have lead to decreased feeding rates if snails had more
difficulty in scraping the diatoms from the substrate.
Differences in the species composition between Aufwuchs from
station 2 and the reference station may also have accounted
for the 5% decreases in assimilation efficiency recorded in
the 1978 experiments. However, as diatoms are generally
easily digested (Edmondson and Winberg 1971), other factors

are probably responsible for the 25% decrease in assimila-
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tion efficiency recorded in the 1979 experiment. Perhaps,

as was reported by Vivekanandan et al. (1974), the greater
organic matter present in the Aufwuchs samples from station

2 (Table 5) stimulated snail feeding activity but assimilation
occurred less efficiently. As recorded in Table 6, the

snails still managed to assimilate twice as much organic
matter as those feeding on Aufwuchs from the reference

station.
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Comparison of Feeding Parameters Based on
Sulfur-35 or Carbon-14 Labeled Aufwuchs

Using Aufwuchs samples from untreated artificial streams,
estimates of snail consumption of Aufwuchs were 5 to 42 times
grater for carbon-14 labeled Aufwuchs compared to sulfur-35
labeled food samples (Table 7) with all of these increases
significantly different (0=0.01). Estimates of snail assimi-
lation efficiency for food samples labeled with carbon-14
were 5, 22, and 6% greater than sulfur-35 labeled Aufwuchs
in experiments 1, 2, and 4 and 1% less in experiment 3. Only
in experiment 2 was the difference between estimates of
snail assimilation efficiencies (22%) significantly different
(a=0.05). Aufwuchs samples within an experiment were from
the same source although changes in the composition of
Aufwuchs communities between experiments may have led to
fluctuations in the feeding parameters for each labeled food
type between experiments. Since all Aufwuchs samples used
in an experiment contained the same percent organic matter,
employing a single constant to compute estimates of organic
matter consumed or assimilated for each experiment would not
change the magnitude of differences between snail utiliza-

tion of sulfur-35 or carbon-14 labeled Aufwuchs.

The assimilation efficiency was computed as the ratio
of snail body isotopic counts to the sum of the body and
fecal sample counts. Since this ratio was about the same
for both carbon and sulfur labeled samples, it was assumed

that no differential loss of the isotopes occurred in ex-



Table 7. Median estimates of snail feeding parameters using Aufwuchs labeled with
sulfur-35 or carbon-14 with results of the Kruskal-Wallace Rank Sum
test (a<0.01***;5<0.05%%)

Median Aufwuchs Median Median Food
Dry Weight Assimilation Specific Activity
Experiment Isotope Consumed (mg) Efficiency (%) (cpm/mg dry weight)
1 sulfur-35 0.20 L.y 30 887 ux
carbon-14 8.50 35 112
2 sulfur-35 0.58 4% 45 ., 235 L4
carbon-14 9.34 67 104
3 sulfur-35 0.27 Lux 19 674 4 xx
carbon-14 10.80 18 97
4 sulfur-35 0.27 26 1297
carbon-14 1.51 *** 32 123 ***

13T



122

tracting snails from their shells, in collecting fecal samples,
or preparing for liquid scintillation counting. Furthermore,
various subsets of samples were fixed with basic (pH>7.5)
formalin prior to processing in order to decrease any res-
piratory losses of carbon-14. The results of these proce-
dures demonstrated no significant difference in the carbon-
14 content between fixed and non-fixed samples. Thus the
reason for higher estimates of consumption for the carbon-
14 labeled Aufwuchs samples may be related to problems in
obtaining an accurate estimate of the carbon-14 content in
the food sample or to the distribution of the isotope in

the food sample.

All carbon-14 samples (food, snails, feces) were pre-
pared for liquid scintillation counting in the same manner.
This method has been successfully employed in Aufwuchs pri-
mary productivity studies (Rodgers 1977, Clark unpublished).
When the carbon-14 counts obtained for the Aufwuchs food
samples used in this research were compared to primary
productivity data, computed specific activity levels were
similar for both groups. This negated the potential bias
from improper sample preparation.

The objective of using carbon-14 in primary productivity
studies was to add small amounts of labeled bicarbonate
to the inorganic carbon pool so that the reservoir of in-

organic carbon remained essentially unchanged. Under these
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conditions, the isotopic uptake of carbon-14 represented the
rate of inorganic carbon fixation. Algal photosynthesis
usually accounts for over 90% of the fixed carbon while
heterotrophic fixation of inorganic carbon-14 bicarbonate is
commonly 10% or less of Aufwuchs photosynthetic fixation
(Wetzel 1975, Rodgers 1977). The specific activity of the
food sample (carbon-14 cpm/mg Aufwuchs dry weight) is based
mostly on the algal component of the Aufwuchs community when
inorganic carbon-14 is used. Inorganic sulfate on the other
hand, is assimilated by both autotrophs and heterotrophs
(Monheimer 1974, Jassby 1975, Rodgers 1977), leading to

a more thoroughly labeled Aufwuchs food sample when sulfur-
35 sulfate is used.

This information alone may not account for the large
differences between the estimates of snail consumption of
Aufwuchs, since the Aufwuchs communities were dominated by
autotrophs, largely diatoms, in each of the experiments.
Therefore, the only other apparent difference between the
raw data in these experiments is the greater specific activity
of the sulfur labeled food (Table 7).

The difference in the amount of isotope used to label
Aufwuchs (60 uCi/1 sulfur-35 and 5 uCi/1 carbon-14) was
considered incidental when designing the experiments since
the photosynthetic uptake of carbon-14 was sufficient to

provide food samples with enough isotope incorporated into

their biomass to follow the path of the food through and into



124

the snail body. However, the specific activity of the carbon-
14 labeled food was well below that of the sulfur-35 labeled
food (Table 7). When the specific activity of the carbon-14
labeled food increased from 97 to 123 cpm/mg (apparently

due to greater metabolic activity in the Aufwuchs communi-
ties sampled), estimates of food consumed by the snails
decreased from 10.80 to 1.51 mg. As the specific activity

of the sulfur-35 labeled food doubled from 674 to 1297 cpm/mg
in experiments 1, 3, and 4 (again due to increased metabolic
activity), no dramatic changes in the feeding rate was ob-
served. The higher estimate of Aufwuchs consumed in experi-
ment 2 may be related to the lower specific activity in the
sulfur-35 labeled food sample.

Since the estimates of snail feeding rates from the
artificial stream experiments based on sulfur-35 labeled
Aufwuchs are close to values reported in the literature for
other snail feeding studies, the carbon-14 based feeding
data are suspect. The 18 to 20 hour labeling time was
thought to encompass a sufficient time span to insure complete
labeling by either isotope. Although the inorganic carbon
may have been incorporated into simple algal carbohydrates
and the sulfate assimilated into microfloral proteins, the
similar estimates of snail assimilation efficiency negated
the possibility that differential component labeling led to

the differences in snail feeding rates. The sulfur-35 isotope
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was apparently more thoroughly incorporated into the
Aufwuchs biomass than carbon-14 in all four experiments and
provided a more reliable estimate of snail consumption of

Aufwuchs in these experiments.



SUMMARY AND CONCLUSIONS

1. A series of artificial streams was used to evaluate the
impact of intermittent chlorination (0.2 ppm TRC) and con-
tinuous exposures to copper (0.05 ppm) and dextrose (1 or 2
ppm) on Aufwuchs food quality and utilization by grazers
(snails). Seven experiments were conducted from January
through September, 1979. The chemical food quality of Aufwuchs
communities was determined through quantification of the
organic matter, protein, carbohydrate, and caloric contents.
Sulfur-35 was used to monitor snail consumption and assimi-
lation of Aufwuchs from the variously dosed and reference
artificial streams to assess the impact of altered food re-
sources on the energy transfer from producer to consumer
trophic levels.

2. Aufwuchs communities developing under the copper,
chlorine, and dextrose treatments contained a lower percent
organic matter than reference stream communities in 5 of the
7 experiments. Percent organic matter decreased under the
chlorine treatment as microflora, which had accumulated
between applications, died during chlorine dosing. Sheathed
blue-green algae dominated the Aufwuchs community under
copper stress. As the blue-green algae proliferated, sus-
pended inorganic sediment was entrapped in the sheath,
decreasing the organic carbon content of the Aufwuchs samples

when compared to reference communities. Less organic matter
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in Aufwuchs samples from the dextrose enriched stream, which
were composed predominantly of bacteria, resulted from a
similar accumulation of inorganic sediment.

3. In experiments 1 through 4, less protein was obtained
from Aufwuchs samples that were treated with chlorine and
copper relative to the reference stream since Aufwuchs biomass
was decreased. In experiments 4 through 7, protein content
(expressed as a percent of the organic matter sampled) in-
creased in Aufwuchs from the chlorine and copper streams as
blue-green algae proliferated. The sheaths of these algae
contained more protein compared to reference community bio-
mass. The bacterial mucilage in Aufwuchs from the dextrose
treated stream also had increased protein content. As a
nontaxonomic parameter for evaluating environmental perturba-
tion, the protein content of Aufwuchs communities was most
affected when the microfloral groups comprising the Aufwuchs
community changed.

4, Carbohydrate analyses also were closely associated with
the extent of biomass accumulated and the microfloral com-
position in the Aufwuchs. Reductions in the carbohydrate
content of Aufwuchs from the chlorinated and copper treated
streams were attributed to the reduced biomass present as
well as the utilization of algal food reserves in physiologi-
cally adapting to stress. Increases in Aufwuchs carbo-

hydrate content in the dextrose enriched stream were caused
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by the high carbohydrate content in the bacterial mucilage.
Since blue-green algal sheaths are also high in carbohydrate,
the increased carbohydrate content of Aufwuchs from the
chlorine or copper treated streams in experiments 5 to 7 may
be related to the abundance of blue-green algae. Although
carbohydrate analysis was selected for inclusion as a
measure of Aufwuchs structure, the results demonstrated both
physiological and morphological characteristics of the micro-
flora. As these factors may counteract each other, carbo-
hydrate analyses may be less reliable in assessing perturba-
tion impacts compared to more traditional methods.

5. Calories per unit organic matter were higher in the
chlorinated stream when compared to reference communities

in experiments 2 through 5 with a decrease in experiments 6
and 7. When sheathed blue-green algae dominated the Aufwuchs
community under the copper stress (experiments 3-7), caloric
analyses were consistent in distinguishing these communities
from reference communities, presumably a result of the
higher organic matter in the mucilaginous sheath. Caloric
analyses best assessed the impact of the dextrose enrichments
with the resulting copious bacterial mucilage, especially
when expressed as calories per unit organic matter, compared
to the protein and carbohydrate methods. Caloric analyses
provided useful information on the changes in the chemical

constituents in Aufwuchs communities developing under copper



129

and dextrose treatments but the results were variable in
assessing the impact of chlorine on Aufwuchs community
structure.

6. Snails consumed less organic matter in 8 of 10 Aufwuchs
samples from chlorine and copper dosed streams when blue-
green algae dominated the community (experiments 3-7). Re-
sults of these experiments agree with literature data that
suggest blue-green algae are less preferred food types for
grazing macroinvertebrates. Slightly less Aufwuchs from
the dextrose enriched stream was consumed by snails in 4 of
the 7 experiments compared to reference communities. Hetero-
trophically dominated Aufwuchs were shown to be possible
food resources for grazers. Snail feeding studies demonstra-
ted that low levels of stress may not alter grazer consump-
tion of Aufwuchs until substantial changes in algal composi-
tion occur.

7. Snail assimilation efficiencies for Aufwuchs communi-
ties from the chlorine and copper dosed streams, where
blue-green algae predominated, were generally 3 to 5% less
than reference values. Heterotrophically dominated Aufwuchs
from the dextrose enriched stream were assimilated with 1
to 15% greater efficiency compared to snail assimilation
efficiencies for reference communities. These data were
consistent with published literature. Snail assimilation

efficiency was generally a sensitive parameter in assessing
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trophic level effects of changes in Aufwuchs communities
resulting from pollutant impacts.

8. The lack of significant correlations between Aufwuchs
protein, carbohydrate, or caloric content and the estimates
of snail consumption of Aufwuchs was attributed to the
opportunistic feeding strategy of the snails. 1In laboratory
feeding experiments, the grazer consumed any available food
resource. Snail assimilation efficiencies were correlated
with higher caloric content (r=0.590, 0<0.01) and with in-
creased carbohydrate content (r=0.379, a=0.05) in the
Aufwuchs samples. These associations represented a greater
assimilation efficiency of bacterially dominated Aufwuchs
from the dextrose treated stream and high caloric and car-
bohydrate content associated with bacterial mucilage.

9. Compared to Aufwuchs from a New River reference station,
the biomass and protein content of Aufwuchs was stimulated
under a chlorinated-thermal (AT=3—5°C stress) power plant
effluent. The lower carbohydrate content of this community
was presumably a result of adaptations to cope with the
chlorinated-thermal stress. Although Aufwuchs communities
from this habitat were consumed by snails to a greater extent
than reference communities, snail assimilation efficiencies
were 5 to 25% less. Aufwuchs developing under a thermal
effluent at 5 to 10°C temperature increases exhibited a

decrease in protein content and an increase in carbohydrates.
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Changes due to this higher temperature stress reflected a
shift toward blue-green algal predominance and presumably
altered metabolic activity. Snail consumption and assimila-
tion efficiency for this community were lower than reference
communities. Analysis of Aufwuchs food quality and associated
grazer utilization distinguished the New River habitats
receiving power plant discharges from reference communities
and allowed an evaluation of the impact on producer-consumer
interactions.

10. Snail consumption estimates for Aufwuchs labeled with
sulfur-35 were similar to other literature data for snail
grazing rates while carbon-14 labeled Aufwuchs produced snail
feeding estimates 5 to 42 times greater. Estimates of snail
assimilation efficiency of Aufwuchs labeled with sulfur-35
or carbon-14 were similar. The extent of isotope labeling
per unit biomass in the Aufwuchs food sample influenced the
estimates of snail consumption, apparently due to a hetero-
genous distribution of the label among the Aufwuchs biomass.
Since inorganic sulfur-35 is directly incorporated into both
autotrophs and heterotrophs, its use may be more appropriate
than inorganic carbon-14 in labeling Aufwuchs communities

for feeding studies.
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Table Al. Spearman rank correlation coefficients, r, for
snail body dry weights and Aufwuchs organic
matter consumed with the significance level,

P.
Experiment Correlation Coefficient Significance Level
# N r p
1 19 0.618 0.005
2 18 0.042 0.868
3 24 0.574 0.004
4 20 -0.358 0.140
5 20 0.226 0.337
6 24 0.079 0.713
7 24 0.284 0.178
all data 149 0.228 0.005
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Figure Al. Accumulation of snail fecal material during a feeding experiment.

Feeding occurred during hours 1 through 4, snails starved thereafter.
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Figure A2. Accumulation of sulfur-35 in fecal samples of snails fed sulfur-35

labeled Aufwuchs. Feeding occurred during hours 1 through 4, snails
starved thereafter.
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Figure A4. Food quality parameters measured from Aufwuchs for experiment 2 with
means (-), medians (0), ranges (|), and standard deviations (+[]).
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where n=2. There was no copper treatment during this experiment.
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Food quality parameters measured from Aufwuchs for experiment 3 with
means (-), medians (0O), ranges (|), and standard deviations .
Each group was composed of four replicates except caloric samples
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Effects of Selected Pollutants on
Grazer Utilization of Aufwuchs

by
James R. Clark
(ABSTRACT)

The trophic level impact of structural changes in
Aufwuchs communities resulting from low levels of stress can
be assessed through analyses of the nutritive value of the
microfloral community in conjunction with measurements of
grazer consumption rates and assimilation efficiencies.
Artificial streams dosed with either intermittent chlorina-
tion (20 minute doses 3 times per day) or continuous treat-
ments of copper (0.05 ppm) or dextrose (1 or 2 ppm) were
used to obtain Aufwuchs communities from stressed environ-
ments. Aufwuchs communities were also sampled from the New
River within and around a chlorinated-thermal, power plant
discharge. Food quality analyses included quantification of
organic carbon, protein, carbohydrate, and caloric content
through gravimetric, Coomassie blue staining, anthrone
staining, and wet chemical oxidation procedures, respectively.
Snail (Pleuroceridae:Anculosa) utilization of Aufwuchs
from the variously perturbed environments was assessed
through laboratory feeding studies employing radiolabeled
(sulfur-35) Aufwuchs to determine snail feeding rates and
assimilation efficiencies.

The heterotrophically dominated Aufwuchs communities



developing under the dextrose enrichment contained more
protein, carbohydrate, and calories compared to reference
communities. These increases were attributed to the copious
extracellular mucilage associated with the bacteria. There
was no significant change in snail consumption of Aufwuchs
from the dextrose enriched streams, although this community
was consistently assimilated with greater efficiency rela-
tive to reference communities. When Aufwuchs developing
under the chlorine or copper treatments became dominated by
blue-green algae, the protein content of these communities
increased as a result of the algal proteinatious sheath.
Carbohydrate content was generally less than reference values
for Aufwuchs developing under chlorine or copper stress.
Aufwuchs from these treated streams were consumed to a less
extent than reference communities and assimilated with 2 to
12% less efficiency. These results agree with literature
reports that blue-green algae are a less preferred food for
aquatic grazers and are assimilated with less efficiency.
Aufwuchs sampled from habitats influenced by the power plant
discharge were of less nutritive value compared to samples
from uninfluenced stations. Snails consumed more of the
reference communities and assimilated them with greater
efficiency compared to Aufwuchs influenced by the power
plant discharge.

Both the autotrophic and heterotrophic components of



the Aufwuchs community were labeled with sulfur-35, allowing
sensitive measurements of the feeding parameters. Snail
feeding studies demonstrated that low levels of stress may
not alter grazer consumption of Aufwuchs until substantial
changes in algal composition occur. Snail assimilation
efficiency was generally a sensitive parameter in assessing
trophic level effects of changes in Aufwuchs communities
resulting from pollutant impacts. Food quality analyses
provided useful information regarding changes in Aufwuchs
community structure. A lack of correlation among Aufwuchs
food quality parameters and snail utilization measurements

reflected the opportunistic feeding strategy of the grazer.
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