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(ABSTRACT)

The purpose of this research was to determine the influence
of extended dosing of zinc on the carbon cycling and biomass
characteristics of freshwater epilithon. Experiments were
conducted in artificial streams continuously dosed with 0.00,
0.05, or 1.00 mg 2n liter ! for 20 to 30 days during summer
and fall, 1984 and 1985. Repeated measurement of epilithon
structure and function included estimates of !*C-glucose
respiration, !*C-glutamate respiration, O, and CO, flux
rates, ash-free dry weight (AFDW), protein, carbohydrate, and
algal pigment concentrations, and total and zinc-tolerant
colony forming units. An increase in epilithic glucose res-
piration per unit biomass consistently occurred 5 to 10 days
after dosing with 1.0 mg 2Zn liter-! was started. At the same
time significantly lower epilithon biomass occurred in the
high dosed streams relative to controls in 3 out of 4
studies. Although algal pigment concentrations were lowest

in the high dose streams at the midpoint of the studies, the



chlorophyll a-to-pheophytin a ratio remained high, indicating
that the minimal algal population was not senescing in situ.
After 30 days, the epilithon dosed with 1.0 mg 2n liter~?! had
higher AFDW, protein, and carbohydrate concentrations than
the other treatments. By 20 days, the high zinc treatment
showed evidence of more total and zinc-tolerant colony form-
ing units and lower rates of O, and CO, flux than epilithon
from control streams. The high rates of glucose respiration
were characteristic of epilithic communities stressed by 1.0
mg Zn liter~!, and this response was not apparently due to
in situ senescence of zinc-sensitive cells; the results sug-
gested that epilithic biomass was washed out of the systems,
not being degraded jin situ. The development of unique
epilithon communities that are acclimated to prolonged zinc
exposure is evident in the eventual recolonization of the
artificial surfaces, glucose respiration rates that are com-

parable to controls, and presence of zinc-tolerant

heterotrophs.
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GENERAL INTRODUCT]ON

Heavy metal pollution in freshwaters due to industrial waste,
mine drainage, and combustion of coal is a major factor in-
fluencing the viability of aquatic ecosystems. Unlike most
organic wastes, metals are not degraded and accumulate in
biotic and abiotic components of the environment in signif-
icant quantities (Forstner and Wittmann, 1981). Although
many metals are required in trace amounts by all organisms,
toxic concentrations in waters and sediments can affect cells

primarily by denaturing proteins (Gadd and Griffiths, 1978).

Most studies of the effects of heavy metals on bacteria and
algae have involved pure cultures and lethal metal concen-
trations (Gadd and Griffiths, 1978; Babich and Stotzky,
1980). The goal of many of these studies has been to deter-
mine the various mechanisms of microbial resistance to metal
ions or to obtain information regarding lethal metal concen-
trations for a particular organism. This type of research
increases the understanding of microbial physiology and in-
dustrial processes, yet it is important to consider the po-
tentially complex response of natural microbial communities

undergoing stress from pollutants.

GENERAL INTRODUCTION 1



Heavy metals significantly affect aquatic microbial communi-
ties by determining which species are present and the activ-
ities of the microflora. Singleton and Guthrie (1977)
observed increases in total colony forming units and a de-
crease in the diversity of mixed bacterial populations in the
presence of 2.0 mg Cu liter~! or 0.04 mg Hg liter-!. Hornor
and Hilt (1985) showed that zinc tolerance in heterotrophs
is correlated with zinc concentrations in stream sediments,
thus suggesting the role that metals play in determining the
nature of a microbial population. The effect of heavy metals
on microbial activity in aquatic systems has been determined
primarily in planktonic and sediment systems. These studies
have demonstrated decreases in glucose assimilation and res-
piration (Albright and Wilson, 1974), biological oxygen de-
mand (Berkuen, 1982), and photosynthesis and nitrification
(Mills and Colwell, 1977) associated with elevated heavy

metal concentrations. Most of these have been short-term

studies (<3 days).

Zinc is a common heavy metal in aquatic systems due to na-
tural and anthropogenic sources such as discharge at mine
sites and smelters, municipal, residential, and industrial
effluents, soil erosion, road surface runoff, and corrosion
of zinc alloys and galvanized surfaces (Spear, 1981l). In
addition, 2zinc 1is a required trace element for many

organisms. It is essential for the function of enzymes such
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as carbonic anhydrase and DNA and RNA polymerases (Lehninger,
1982). Although it is required in biological systems, zinc
is toxic at higher concentrations. The U.S. EPA (1980) has
set 0.180 mg liter-! total recoverable zinc as a limit in

water, yet in some areas concentrations may exceed these

guidelines (Weatherley et al., 1980).

Despite its abundance and potential toxicity, the effect of
zinc on epilithon has received limited attention. A study
by Williams and Mount (1965) in outdoor streams dosed with
zinc indicated that in zinc enriched systems the periphyton
community changed from one composed mainly of autotrophs to
a heterotrophic community. At high concentrations of the
metal (9.0 mg liter !) fungi and slime-producing bacteria
were dominant. Whitton (1980) cited several studies that
indicated a predominance of mucilaginous algae in zinc en-
riched streams. This was recently corroborated in studies
by Foster (1982a, b) dealing with algal species that colonize
historically metal contaminated streams. These studies dealt
with changes in epilithic species caused by zinc or metals
but have largely ignored the long-term effect of zinc on
nontaxonomic structure and function of the epilithon. There
is little information regarding how zinc affects important
epilithon processes such as the cycling of essential and
sometimes limiting nutrients (e.g. carbon) in situ. The im-

pact of this metal on indicators of biomass quality and
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quantity in epilithic microbial communities has not been de-
termined. Therefore, the purpose of this study was to meas-
ure the effect of continuous, long-term dosing of 0.00
(control), 0.05, and 1.0 mg 2n liter~! on carbon cycling and

ash-free dry weight, protein, and carbohydrate concentrations

in epilithon.

Using artificial streams to implement continuous dosing of
zinc, the objectives of this study were to determine on a

periodic sampling basis:

1) the rate of !'*C-glucose respiration in epilithon during
summer and fall seasons, and

2) the quality and quantity of epilithic biomass using
ash-free dry weight, protein, and carbohydrate during

the summer and fall seasons.

The term 'epilithon' was selected to describe the complex
community of algae, bacteria, fungi, protozoans, and
invertebrates that colonize submerged surfaces. Unlike more
common terms (e.g. periphyton), 'epilithon' is nonspecific
regarding the biota present. Artificial streams were chosen
for this study since they offer greater experimental control
than actual jin situ studies and have many of the character-
istics of the systems that they have been designed to model

(Shriner and Gregory, 1984). 1Initially, horizontally placed
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porcelain tiles were used as surfaces for colonization, but
vertically situated glass rods were ultimately used since
they allowed &epilithic <colonization without excessive
sedimentation. Farris (1986) described the artificial stream
design (Fig. 1). Each stream has an approximate volume of
27 liters. When a 1.2 liter per min influent water flow rate
is used (as in these studies) the water in each stream is
renewed approximately every 23 min. The estimated submerged
surface area, including glass rods, equals 0.64 m?. Prelim-
inary studies suggested that sampling O, 2, 5, 10, 20, and
30 days after initiation of zinc dosing was suitable for re-
cognizing early changes in community activity. Later sample

days were widely spaced to assess habituation to zinc.

Use of radiolabelled organic substrates is an important
method for determining the rate of microbial activity in
aquatic systems (Wright and Hobbie, 1966; Wright, 1978;
Gocke, 1977). The procedure has been applied in studies
measuring heterotrophic activity under conditions of envi-
ronmental stress. Sayler et al., (1979) noted that glucose
uptake by freshwater microbial communities was unaffected by
polychlorinated biphenyls and phenanthrene. Albright and
Wilson (1974) found that heterotrophic activity (glucose up-
take and mineralization) decreased during microbial exposure
to sublethal concentrations of metals (Cu and 2Zn). These

studies represent short term, acute dosing assays. Little
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is known regarding the effect of chronic stress on

heterotrophic activity in relatively realistic assay condi-

tions.

The method applied in the current research measured glucose
respiration (!*CO, release) wusing the tracer approach
(Williams and Askew, 1968). Glucose is highly labile and
used by a variety of organisms and, since it has been used
in many similar studies, it was chosen for this study for
comparative purposes. Unlike the kinetic approach which uses
several substrate concentrations, the tracer method cannot
determine Vmax or the natural substrate concentration
(Wright, 1978). The tracer method does provide the turnover
time of the chosen substrate and it is considered accurate
in deriving this single parameter (Gocke, 1977). Since this
study involved so many samples on a given day (236), the use
of the kinetic approach with multiple substrate concen-

trations was deemed logistically impractical.

Gross measurements of epilithic biomass provide information

regarding structural changes in the quality of epilithic

communities and also may be used for consideration of rate
functions on a per unit biomass basis. Ideally, one would
use plate counts or epifluorescent counts as indicators of
heterotrophic biomass. Again, the number of treatments and

replicates used in this study made this approach impractical.
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The determination of ash-free dry weight was chosen as an
accepted estimate of total organic material in the epilithon

(American Public Health Association, 1985).

More information may be derived from assessments of epilithon
biochemical composition. The relative proportion of protein
and carbohydrate in the epilithon may effect the health of
higher trophic level organisms that subsist on the epilithon
(McMahon et al., 1974). Analysis of total protein has been
used as an indicator of microbial biomass in several studies
(Rausch, 1981; Brock and Brock, 1967; Bott and Brock, 1970;
Clark et al., 1982). The study by Rausch (1981) offers an
extensive review of protein extraction and quantification
methods. He recommends the micro-biuret method of protein
measurement (Itzhaki and Gill, 1964), and this method was
selected for the present studies since it is similar to that

commonly used for bacterial protein analysis (Herbert et

al., 1971).

Carbohydrate has previously been used as a measurement of
bacterial and/or algal biomass (Hitchcock, 1982; Clark et
al., 1982; Haug et al., 1973). Clark et al., (1982) found
that the carbohydrate concentration of the epilithon in-
creased when the population was dominated by heterotrophs and
cyanobacteria, the community composition shifting as a result

of copper or chlorine treatment or the approach of maximal
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seasonal temperatures. The anthrone method has been used to
measure hexose carbohydrates in environmental samples (Clark
et al., 1982; Cuhel et al., 1983) and was used in the present

study.

Chapter I of this manuscript deals with two, 30-day studies
carried out during 1984 to address the previously stated ob-
jectives. Among the most significant results common to both
studies was evidence of higher glucose respiration rates per
unit area or biomass five days after beginning metal amend-
ments in epilithon dosed with 1.0 mg 2n liter-!. Although
other effects of zinc dosing were evident during the two
studies, I wished to determine the cause of this increase in

glucose respiration during the next phase of studies in these

systems.

The response of marine bacterial populations to elevated
copper concentrations has been examined by Vaccaro et al.,
(1977). Copper-tolerant heterotrophs exhibited increased
activity (glycine utilization) apparently due to decreased
biomass and extracellular release of organic compounds by
copper-sensitive phytoplankton. The 1985 artificial stream
experiment (Chapter I1I) represented the first opportunity to

test a similar response of epilithic microorganisms to zinc

stress.
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The objectives of the second phase of this study were to de-

termine the effect of chronic zinc dosing on:

1) the glucose-to-glutamate respiration ratio in the epi-
lithon as an indicator of algal health,

2) the rates of flux of O, and CO, in the epilithon to
measure the overall respiratory capacity not associa-
ted with specific organic compounds,

3) the chlorophyll a-to-pheophytin a pigment ratio in the
epilithon as a direct measure of algal senescence
in situ, and

4) the presence of zinc-tolerant heterotrophs in the epi-

lithon.

AFDW and protein concentrations were again determined as the
basic biomass structural measurements. This information was

important for comparative purposes between the 1984 and 1985

studies.

The artificial streams and glass rod substrates were used as
previously described with the following changes. Studies
were shorter (only 20 days) since the critical time to test
the immediate response of the epilithon to zinc was early in
the dosing period. Also, the number of sampling days was

reduced to 0, 5, 10, and 20 and the 0.05 mg 2n liter~!
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treatment was not performed. These changes were necessary

to accomodate more analyses.

Measurement of the glucose-to-glutamate utilization ratio was
used in studies by Griffiths et al., (1982) and Gillespie et
al., (1976) as an indicator of the physiological health of
an algal community. The concept is based on the assumption
that carbohydrates (e.g. glucose) are secreted by healthy
algal populations whereas free amino acids (e.g. glutamate)
are released in greater quantities by senescing organisms.
The studies cited suggested that in marine systems, algal
die-off due to seasonal changes led to a decrease in the
glucose~to-glutamate utilization ratio as the associated
heterotrophs fine-tuned their metabolism to take advantage
of the available organics. This method had not been applied
in toxicological work, but it was anticipated that 1.0 mg Zn
liter ! would induce an effect analogous to that of the sea-
sonal influence noted in the work of others (i.e. a decrease
in the glucose-to-glutamate respiration ratio). Analysis of
respiration of trace quantities (<1.0 ug liter-!) of
l4C-glucose and !*C-glutamate were carried out as previously

described for experiments with glucose alone.

The rates of O, and CO, flux provided information regarding

the overall epilithic respiratory capacity in the different

treatments. Gas chromatography has previously been used to
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measure respiratory gas flux in sewage sludge (Hornor and
Mitchell, 1981) and sediments (Stringfellow, 1984). This
method was chosen due to the ease of handling as many as 18
samples per day and because measurements determining differ-
ences in gas concentrations may be made over incubation pe-
riods as short as 5 h. Determination of AFDW directly in the
analysis vessel provided final values of ug O, consumed (or

CO, evolved) per h per mg AFDW.

Chlorophyll a, along with other pigments, has been used as a
structural indicator of algal populations (Strickland and
Parsons, 1968; Holm-Hansen and Riemann, 1978). Pheophytin a
is the primary degradation product of chlorophyll a and is
present in relatively higher concentrations in stressed rel-
ative to healthy algal populations. A decrease in the
chlorophyll a-to-pheophytin a ratio early in the dosing
scheme would give evidence of decline of algae in general.
This data would complement information derived from the

glucose~-to~-glutamate respiration ratios.

Hornor and Hilt (1985) determined the presence of zinc-
tolerant bacteria in sediments using 1/4 strength Nutrient
Agar amended with =zinc. Increasing concentrations of zinc
allowed a relative estimate of zinc tolerance in bacteria

obtained from sites differing in the degree of metal expo-

sure. A similar method was used in the present study to
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derive the number of total and zinc-tolerant colony forming
units at the beginning and end of a 20-day study. The ex-
pectation was that zinc-tolerant bacteria would become more

prevalent in epilithon exposed to continuous dosing with

zinc.

This work represented the first study of the effect of mod-
erate zinc concentrations on biomass quality and quantity and
organic carbon cycling of freshwater epilithon. Its value
lies in assessing the effect of a common and important heavy
metal on processes and characteristics of the epilithic
biomass that help determine the health of the entire river.
Since this study was replicated and designed to run contin-
uously, it offered an opportunity to note significant trends
in these important communities and test hypotheses derived

from studies in marine systems.
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Figure 1. Diagram of artificial stream design. Individual streams (AS)
receive river water through valves (V) delivered from a
common headbox (H). Circulating water eventually leaves the
stream through a standpipe (S). Paddlewheels (P) driven by
a motor (M) maintain a continuous current in each stream.
Peristaltic pumps (PP) delivers concentrated dissolved metal
solutions from carboys (C) to selected streams.
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CHAPTER 1

EPILITHON EXPOSURE TO ZINC:

1. ORGANIC CARBON AND BIOMASS DYNAMICS

Artificial streams were used to study the effect of chronic
zinc dosing on organic carbon cycling and biomass of
epilithic microbial communities during June-July and
September-October, 1984. The streams, containing glass rods
colonized with epilithon, were dosed with 0.00, 0.05, and
1.00 mg 2n liter~!. Glucose respiration, ash-free dry weight
(AFDW), protein, and carbohydrate concentrations were meas-
ured 0, 2, 5, 10, 20, and 30 days after initiating zinc dos-
ing. Maximum glucose respiration rates per cm? and per mg
protein occurred on the 5th day in streams dosed with 1.0 mg
Zn liter-!. By the 30th day, greater biomass, noted by ele-
vated AFDW, protein, and carbohydrate measurements, developed
in epilithon dosed with 1.0 mg 2n liter ! compared to other
treatments. By the 30th day, epilithon dosed with 1.0 mg 2Zn
liter-! had relatively more carbohydrate than protein,
whereas the opposite was true in undosed epilithon. High

rates of glucose respiration in streams dosed with 1.0 mg 2Zn
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liter-? suggested a transient stimulation of activity in
zinc-resistant heterotrophs, possibly at the expense of
zinc-sensitive epilithic organisms. By the end of the study,
high biomass values and shifts in the relative concentration
of protein and carbohydrate in the epilithon dosed with 1.0

mg 2n liter~! indicated important structural changes in the

community due to the addition of metal.
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INTRODUCT ION

The epilithon or periphyton in streams consists of a diverse
assemblage of microorganisms including algae, bacteria,
fungi, and protozoans. The biomass of these communities is
usually much greater than that of the plankton in streams
(Hynes, 1970), and the quality of the epilithon can determine
the physiological health of higher organisms dependent on
this community as a source of food (McMahon et al., 1974).
These structural and functional properties as well as nutri-
ent cycling capabilities define the critical role of the

epilithon within the stream ecosystem.

Williams and Mount (1965) studied the effect of 2zinc on
epilithic communities and determined that 9.0 mg 2Zn liter~!
causes a shift from predominately autotrophic to
heterotrophic communities. This represents the only obser-
vation of the effects of zinc on epilithon and did not de-
termine the subtle influence of extended zinc dosing on
nontaxonomic structure and function in these systems. Zinc
represents a model toxicant because it is abundantly dis-
tributed in aquatic systems due to both natural and
anthropogenic sources (Spear, 1981). In addition to its role
as a metal pollutant, zinc is required as a trace element by
many organisms (Lehninger, 1982). Although levels of dis-

solved zinc are estimated to be relatively low (<10°°* M or
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0.07 mg liter-!) even in industrialized rivers (Shiller and
Boyle, 1985), in some cases the concentration of this metal
may exceed the U.S.EPA limit of 0.180 mg liter~! total re-
coverable zinc at hardnesses of 50 mg CaCOz; liter-! (U.S.EPA,

1980; Weatherley et al., 1980).

Albright and Wilson (1974) noted an increase in glucose
turnover time in natural microbial assemblages treated with
0.05 mg 2Zn liter~! during short-term (3-day) studies sug-
gesting that low zinc concentrations may cause lethal and
sublethal changes in aguatic microorganisms. Additionally,
the anionic, polysaccharide matrix produced by the epilithon
chelates heavy metals (Foster, 1982; Lock et al., 1984) and
thus removes metals from surface waters or effluents (Filip
et al., 1979; Sterritt and Lester, 1979). In this way, toxic

elements may enter the base of the food chain (Patrick and

Loutit, 1976).

The objectives of the present study were to determine the
effect of 0.05 and 1.0 mg 2n liter~! (0.77 and 15.30 uM) on
organic carbon cycling and ash-free dry weight (AFDW), pro-
tein, and carbohydrate concentrations of the epilithic
microbial community in outdoor artificial streams during

summer and fall seasons.
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MATERIALS AND METHODS

Study site and stream design. Glass rods (5.4 cm? surface

area) separated by 2 2.2 cm were incubated in an attached,
vertical position in river-fed artificial streams along the
New River at Glen Lyn, Virginia, U.S.A. Design of the arti-
ficial streams was presented by Farris (1986). Nine artifi-
cial streams were used, representing three replicates of each
of the three zinc treatments (0.00, 0.05, and 1.00 mg 2n
liter-! additionms). The rods were colonized with epilithon
in the streams two weeks before starting metal dosing. One
day before dosing with zinc, snails from the New River were
placed in the streams (approximately 80-110 snails per m?)
as part of an additional experiment (Farris, 1986). The
30-day dosing periods were started on June 23, 1984 (June-
July study) and again on September 7, 1984 (September-October
study) with functional (glucose respiration) and structural
(AFDW, protein, and carbohydrate) characteristics of the
epilithon measured O, 2, 5, 10, 20, and 30 days after start-
ing 2zinc dosing. The streams were cleaned, painted, and

recolonized between studies.

Glucose respiration. Rods with intact epilithon were removed
randomly from three zones in each stream and placed into

250-ml1 jars containing 60 ml water from the corresponding
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stream. Respiratory rates for glucose were determined using
a modification of the method of Williams and Askew (1968).
A trace amount of [U-!*C] glucose (specific activity: 345 uCi
per mmole; 0.44 ug glucose liter-! final concentration) was
added to the jars containing the glass rods. The contents
were mixed and the jars were sealed and incubated in the dark
at stream temperature with gentle shaking. Killed controls
were used to correct for abiotic production of '*CO,. A 5-15
min incubation was used so that <10% of the labeled substrate
would be respired. Biological activity was stopped by the
injection of 2-ml of 6N H,SO,. A dry filter paper in each
jar was saturated with 0.15-ml of phenylethylamine allowing
absorption of '*CO,. !*CO, absorption occurred during 1.5 h
of gentle shaking after which filter papers were placed into
10-ml cocktail (4 g PPO and 0.1 g POPOP liter-! toluene) and
counted by liquid scintillation. The sample channels ratio

method was used to correct for quench.

Ash-free dry weight, protein, and carbohydrate
determinations. Epilithon from each stream was scraped from
2-5 glass rods and homogenized in a Waring blendor. The re-
sulting slurry was stored at -20° C for later measurement of
AFDW, protein, and carbohydrate. AFDW was determined by
subtracting the combusted weight (1 h at 500° C) from the dry

weight (dried to constant weight at 105° C) for samples of
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the replicated zinc treatments (American Public Health Asso-
ciation, 1980). Protein was extracted from the slurries at
80° C in 0.5N NaOH for 10 min and the procedure repeated three
times per sample (Rausch, 1981). Protein was analyzed using
the micro-biuret method with bovine serum albumin as a
standard (Itzhaki and Gill, 1964). Recovery of bovine serum
albumin was 90% after extraction. Carbohydrate was deter-

mined by the phenol-sulfuric acid method (Herbert et al.,

1971).
Water chemistry., Temperature, pH, alkalinity, hardness,

conductivity, and ammonia were measured in each stream during
the studies by standard methods (American Public Health As-
sociation, 1980). Total zinc was measured by flame atomic
absorption. At the beginning, middle, and end of each study,
nitrate, sulfate, and phosphate were measured using ion

chromatography (Dionex) (Tabatabai and Dick, 1983).

Statistical methods. A repeated measures or split plot design
(without replication or blocking) was used to analyze the
experiment (Milliken and Johnson, 1984). Zinc was the be-
tween subject (whole plot) factor and time was the within
subject (subplot) factor. All epilithon structural and

functional characteristics and water chemistry measurements
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were compared by treatment on a given study day using analy-
sis of variance (ANOVA) (Sokal and Rohlf, 1981). Duncan's
multiple range tests were performed after noting significance
using ANOVA to determine significance among treatments on a

given study day. The a=0.05 level was used for all statis-

tical tests.

RESULTS

Temperatures in the streams increased from 24° C during the
first two days to 29-30° C by the end of the June-July study
(Table 1). During September-October, temperatures at the
beginning (27° C) were higher than at the end of the study
(17-18° C). Additionally, during the late summer study, the
streams were subjected to decreasing daylight. During each
study, pH was significantly lower in streams receiving the
high zinc dose. Total zinc levels in control streams ranged
from below detectable limits (<0.025 mg liter-!) to 0.05 mg
liter-?. Although the means for total 2zinc in control
streams and streams dosed with 0.05 mg 2n liter~}! were not
significantly different during either study, they were con-
sistently different than values obtained from streams dosed

with 1.0 mg 2n liter-!. Phosphate concentrations were always
below detectable limits (<30 ug PO,”? liter~!) using ion

chromatography.
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During the June-July study, AFDW of the epilithon ranged from
0.21 to 2.63 mg per cm?, lower than the 1.84 to 4.98 mg per
cm? observed during the September-October study (Fig. 1).
At the end of both studies AFDW was highest in streams dosed
with 1.0 mg 2n liter~!. This was true during the June-July
study even though AFDW by the 5th day in the high zinc streams
was significantly lower than other treatments. This change
in AFDW in the high zinc streams represented a 10-fold in-

crease in biomass over a 25-day period.

Protein and carbohydrate concentrations during the June-July
study (Fig. 2A and 2B) correlated well with AFDW (Fig. 1A).
The similarity of these figures suggested the merit of pro-
tein and carbohydrate as additional indicators of biomass.
The lowest mean protein and carbohydrate concentrations were
observed on the 5th day of the June-July study, coincident
with the lowest mean AFDW. By the 30th day, when AFDW was
highest in streams dosed with 1.0 mg 2n liter-!, protein and
carbohydrate concentrations also peaked. Again, by the end
of the September-October study, these three measurements in-
dicated higher epilithic biomass concentrations in the
streams dosed with 1.0 mg 2Zn liter~! (Fig. 1B, 2C, and 2D);
however, higher variability was noted in these measurements

during most of the second study.
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Although both epilithic protein and carbohydrate ultimately
increased in the high dosed streams, the relative rates of
increase for these variables differed. For example, in the
epilithon dosed with 1.0 mg Z2n liter-! from the 5th to the
30th day during the June-July study, the carbohydrate con-
centration increased a total of 0.86 mg per cm? while the
protein concentration only increased by 0.54 mg per cm?.
Thus, during this period of biomass accrual, the epilithon
in these streams maintained a lower protein-to-carbohydrate
ratio than the epilithon in the control streams (Fig. 4A).
By the 10th day of the summer study, the protein-to-
carbohydrate ratio in epilithon from unamended streams was
greater than 1.0 and significantly higher than the ratios
obtained for the epilithon in the dosed systems. Although
the control and 0.05 mg 2n liter~! treatments were different
only on the 30th day of the fall study (Fig. 4B), differences
between the control and 1.0 mg 2Zn liter~! dosed epilithon was
evident from the 2nd day to the end of the study. A rapid
decrease of the ratio (by the 2nd day) in the epilithon dosed
with 1.0 mg 2n liter-! occurred primarily due to the great
increase in carbohydrate at that time. By the 30th day, all

treatments were significantly different from each other.

The respiratory rate for glucose per cm? was similar for all

treatments throughout the June-July study except on the first

day when streams dosed with 0.05 mg 2n liter~! had higher
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rates than other streams (Fig. 3A). During September-
October, epilithon from streams dosed with 1.0 mg 2Zn liter-!
showed elevated glucose respiration rates per cm? from the
2nd day to the end of the study with the highest rates oc-
curring on the 5th day (Fig. 3B). These high rates of res-
pifation during the late summer study correspond to periods
when treatments were indistinguishable on the basis of

biomass measurements.

The respiratory rate for glucose per unit protein on the 5th
day of both studies was approximately three times greater in
streams dosed with 1.0 mg Zn liter~! than in other treatments
(Fig. 5). Similar results were obtained for glucose respi-

ration per unit AFDW.

A protected ANOVA, used to determine the effect of zinc on a
variable during the entire study (except the initial day),
found that the amount of protein per cm? (Fig. 2A and C) was
not affected by zinc. A similar response was observed for
AFDW (Fig. 1A) and glucose respiration per unit area (Fig.
4A) both during the June-July study. Although these vari-

ables do not appear to differ when the entire study is con-
sidered, the figures illustrate significant differences on
isolated days. All of the other variables considered exhib-
ited a significant effect due to zinc over the entire study

during both studies.
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DISCUSSION

Although calculations for zinc addition and adjustment of
river water dilution rates were repeated periodically during
the studies, the measured total zinc concentrations in the
water were frequently below the desired levels. The expla-
nation for this inability to maintain the target concen-
trations of zinc lies in the ability of the epilithon to
bioconcentrate zinc. After two days of dosing, significant
differences for zinc concentration in epilithon samples was
evident among all three treatments (Genter, 1986). During
the summer study the maximum concentration of zinc (ug 2n g-!
dry weight) in the epilithon dosed with 0.00, 0.05, and 1.00
mg 2n liter~! was 830, 3600, and 42000, respectively. During
the fall study the maximum concentration of =zinc in the
epilithon dosed with 0.00, 0.05, and 1.00 mg 2n liter-! was
530, 4600, and 61000, respectively. The capacity of the
epilithon for sequestering this metal continued through each

study, representing a major way in which zinc was removed

from the water column.

Possibly, the addition of zinc and the corresponding decrease
in pH caused the observed changes in the epilithon. However,
studies of the biological effect of decreases in pH with and
without added zinc determined that at the concentrations used

in the artificial streams, the metal is more important in
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determining the growth rates of selected aquatic bacteria (S.

Hornor, personal communication).

Visual comparison of the streams and nontaxonomic, structural
measurements such as AFDW, protein, and carbohydrate indi-
cated that zinc treated streams quickly developed distinct
epilithon communities. Although all streams appeared indis-
tinguishable during the predosing colonization period, visual
differences between the low dose treatment and streams dosed
with 1.0 mg 2n liter-! were evident as early as the 2nd day
in both studies, the high dose streams having lost the brown
coloration characteristic of the communities before dosing.
By the end of both studies the three treatments were easily
distinguishable from each other. Control streams were
colonized by a brown floc typical of diatoms. This was in
contrast to the streams dosed with 0.05 mg 2n liter~! which
appeared greenish-brown, and those dosed with 1.0 mg 2Zn
liter-?!, which contained dark green, loosely attached mate-
rial. By the 5th day in each study, snails present in the
high zinc streams had stopped grazing. Inactive snails were
not removed and by the 10th day these snails had died

(Farris, 1986).

Changes in the appearance of the streams and epilithic

structural measurements were confirmed by analysis of algal

species composition (Genter, 1986). The accrual of more
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AFDW, protein, and carbohydrate in streams dosed with 1.0 mg
Zn liter~! compared to controls may be due to an increase in
total numbers of organisms or may reflect algal taxonomic
differences; green algae or cyanobacteria were most abundant
in the high zinc streams and diatoms dominated the undosed
systems (Genter, 1986). Williams and Mount (1965) observed
similar changes in algal community composition as a result
of zinc dosing. The cell walls of the green algae and
cyanobacteria found in the epilithon receiving 1.0 mg 2Zn
liter-! were organic and might have caused the observed in-
crease in AFDW without an increase in cell numbers or
biovolume. The inorganic silicaceous cell walls of diatoms
which dominated the control streams would not cause an in-

crease in biomass estimates.

The inhibitory effect of the metal on snails in the high zinc
streams might have contributed to the surplus of biomass in
this treatment by reducing grazing activity. A previous
study designed to distinguish the effect of snails and zinc
(Appendix 1) consisted of four treatments: 1) no zinc added,
snails absent; 2) no zinc added, snails present; 3) 0.50 mg
Zn liter~!, snails absent; and &) 0.5 mg 2n liter~!, snails
present. A significant effect of snails on epilithic AFDW
was evident in these experiments. Both snails and zinc
caused decreases in epilithic biomass during the first 10

days of the study. Due to an acute high dose of zinc on the
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13th day, the experiment was unable to determine whether
snail death due to zinc was crucial to the ultimate accrual
of biomass in the dosed systems. Although an increase in
epilithic AFDW occurred by the 30th day in the control
streams with snails, the lower temperatures after the 10th
day probably decreased grazing activity and allowed accrual
of epilithic material even during late November. Alimov
(1975) indicates that lower temperatures directly contribute

to lower metabolic rates in freshwater mollusks.

An early increase in glucose respiratory rates per unit
biomass in epilithon dosed with 1.0 mg 2n liter-! was noted
during both of the studies. During the September-October
study, the peak in respiratory activity was evident on an
areal basis. Although this response was not evident during
the June-July period, respiratory rates (on an areal basis)
in the streams treated with 1.0 mg Zn liter-! were comparable
to other treatments despite significantly lower biomass in
the high zinc streams early in the study. During both
studies, the heterotrophs remaining active in the epilithon
dosed with 1.0 mg 2Zn liter~! exhibited a transient (5th day)
increase in capacity to cycle organic carbon (as measured by
glucose respiration). This is different from the decrease
in heterotrophic activity noted in planktonic microflora af-
ter 3 days in the presence of 0.05 mg 2n liter-! (Albright

and Wilson, 1974).
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If the epilithon was zinc-limited, then the addition of zinc
may have caused the rapid stimulation of activity. 2Zinc may
be limiting in some aquatic environments (Martin et al.,
1980), but this is thought to occur in oceanic waters where
trace element concentrations may be extremely low. Limita-~
tion of growth of a marine diatom was shown at concentrations
of 0.65 ng 2n liter-! (10°!! M) (Anderson et al., 1978).
These concentrations are considerably below the most recent
estimates of 0.65 to 65.00 ug dissolved Zn liter~! (10-* to
10°¢ M) in industrialized freshwaters (Shiller and Boyle,
1985). Thus, it is unlikely that even low concentrations of

zinc in the undosed streams would be limiting to epilithon

activity or growth.

It is perhaps more likely that 1.0 mg 2n liter~! indirectly
caused greater respiratory activity in zinc-tolerant
heterotrophs due to the loss of zinc-sensitive species. A
zinc-induced decrease in diversity would release zinc-
tolerant heterotrophs from competition with organisms intol-
erant to the higher metal concentration. Also, the
zinc-sensitive epilithon may release cellular material as
senescence occurs, thereby providing a source of organic en-
ergy to support the activity of surviving heterotrophs. This
response of metal-tolerant heterotrophs to the decline of
metal-sensitive species was suggested by studies of copper-

dosed marine mesocosms (Thomas et al., 1977; Vaccaro et al.,
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1977). Observation of bacterioplankton and phytoplankton
activities and biomass indicated that heterotrophic activ-
ities peak following metal addition and this coincides with
a general decrease in chlorophyll a concentrations and pri-
mary productivity. Simultaneously, more !*C organic matter
is released into the system during primary productivity ex-

periments suggesting a loss of cell contents from metal-

sensitive species.

It is improbable that the decaying snail biomass contributed
to the observed peak in glucose respiration in the epilithon
receiving the high zinc dosing. Snail death did not occur
until the 10th day (Farris, 1986); 5 days after the apparent
peak in glucose respiration. Also, the total mean snail
biomass during these studies was approximately 0.23 g AFDW
per stream; <509 of the lowest mean biomass estimates for
epilithon on the glass rods alone (20.51 g AFDW per stream).
Thus, the decaying epilithon communities would provide
greater quantities of available carbon to the zinc-tolerant

heterotrophs than the snail population.

The protein-to-carbohydrate ratio has been used as a deter-
minant of the physiological health of phytoplankton popu-
lations (Haug et al., 1973), but it may also be considered
as a relative gauge of the carbon-to-nitrogen ratio. Tenore

et al. (1979) observed that supplementing a labile organic
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carbon source with organic nitrogen significantly increases
the secondary production of a detritivore. Higher fecundity
and growth rates occur in freshwater snails feeding on
epilithon composed of 1lower carbon-to-nitrogen ratios
(McMahon et al., 1974). These studies infer that the
nutritive value of the epilithon for grazers or detritivores
is directly related to the relative concentration of protein.
Although epilithon dosed with 1.0 mg 2Zn liter-! had higher
total protein and carbohydrate concentrations than control
epilithon, grazers depending on this source of food would
‘have to consume more total biomass to acquire the protein
necessary for survival. Bioconcentrated =zinc in the
epilithon would, therefore, be consumed in greater quantities

by grazing organisms as a result of higher feeding rates.

The accrual of biomass after 30 days of dosing with 1.0 mg
Zn liter~! complements the results of a parallel study of
algal community taxonomy (Genter, 1986) indicating an adap-
tation of the epilithic systems to zinc stress. The loss of
grazers due to dosing with zinc may contribute to the high
epilithic biomass values in these streams. The protein-to-
carbohydrate ratios during these two studies indicated sig-
nificantly lower fractions of protein relative to
carbohydrate in the epilithon receiving 1.0 mg 2n liter-!
compared to the controls and thus suggests a lower nutritive

value of the dosed epilithon. The transient peak in glucose
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respiration exhibited by epilithon exposed to 1.0 mg 2n
liter~! is a significant factor in the processing of organic
carbon. This may be a response of zinc-tolerant organisms
to the loss and senescence of zinc-sensitive cells which is
consistent with a hypothesis developed from copper studies
in marine systems that are fundamentally different than our
artificial streams (Thomas et al., 1977; Vaccaro et al.,

1977).
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Figure 1. Ash-free dry weight (mg/cmz) for the June-July (A) and
September-October, 1984 (B) study periods. Points repre-
sent the mean of three replicates + standard error. The
results of Duncan's multiple range tests among treatments
coincide with days when significant differences (Q=0.05)

were determined. Symbols that represent the different
treatments are not significantly different when connected

by a vertical bar.
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Day

Day

Epilithic protein-to-carbohydrate ratios for June-July (A)
and September-October (B), 1984 studies. Points represent
the mean of three replicates + standard error. The results
of Duncan's multiple range tests among treatments coincide
with days when significant differences ((x=0.05) were de-
termined. Symbols that represent the different treatments
are not significantly different when connected by a vertical

bar.
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Glucose respiration rate (% 14C—glucose respired/h/cmz) of

epilithon for the June-July (A) and September-October (B),
1984 studies. Points represent the mean of three replicates
+ standard error. The results of Duncan's multiple range
tests among treatments coincide with days when significant
differences ((x=0.05) were determined. Symbols that repre-
sent the different treatments are not significantly differ-

ent when connected by a vertical bar.
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DAY

Glucose respiration rate per mg protein (7 14C—glucose re-
spired/h/mg protein) for the June-July (A) and September~
October (B), 1984 studies. Points represent the mean of
three replicates t standard error. The results of Duncan's
multiple range tests among treatments coincide with days
when significant differences ((=0.05) were determined.
Symbols that represent the different treatments are not
significantly different when connected by a vertical bar.
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CHAPTER 11

EPILITHON EXPOSURE TO ZINC:

2. EVIDENCE OF STRUCTURAL AND FUNCTIONAL ADAPTATION

STRAC

During summer and fall, 1984, dosing artificial streams with
1.0 mg 2n liter ! caused a peak in glucose respiration and
changes in epilithic total organic matter, protein, and car-
bohydrate concentrations (Chapter I). Additional experiments
were conducted during summer and fall, 1985, to more com-
pletely characterize the respiratory response and structural
changes in dosed communities. Artificial streams were con-
tinuously dosed with 0.0 and 1.0 mg 2Zn liter~'! and the fol-
lowing analyses were performed O, 5, 10, and 20 days after
starting =zinc additions: 1) rates of respiration of
l4c-glucose and !*“C-glutamate by epilithon, 2) rates of O,
and CO, flux, 3) ash-free dry weight (AFDW), protein, and
photosynthetic pigment concentrations. Glucose respiration
in dosed epilithon was greatest on the 10th day and coincided
with decreases in the structural measurements of AFDW, pro-
tein, and algal pigment concentrations. Respiration of

glutamate did not show a significant response to dosing
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(«=0.05). By the 20th day, structural measurements and
glucose respiration rates in dosed systems were indistin-
guishable from control values. Plate counts of epilithon
using zinc amended and unamended media demonstrated more
total and zinc-tolerant colony forming units in dosed than
in control epilithon after 20 days of dosing. Dosed epilithon
exhibited lower rates of O, and CO, flux at the end of the
study. High glucose respiration rates and low biomass after
10 days of dosing complement previous observations and sug-
gest the presence of zinc-tolerant heterotrophs that selec-
tively respire glucose. After 20 days of <dosing,
zinc-tolerant heterotrophic communities were present with
lower rates of respiratory gas flux than undosed epilithon,
thus providing evidence for epilithic colonization with

organisms capable of existence in these metal stressed con-

ditions.
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Epilithic communities in rivers facilitate nutrient cycling,
energy flow, biodegradative capacities, and provide the basis
for secondary production in aquatic systems. Due to the
fundamental activities and the increasing prevalence of toxic
materials in freshwater, the influence of heavy metals and
organic compounds on the epilithon has been considered in
various studies (Clark et al., 1982; Leland and Carter, 1984;
Yount and Richter, 1986). In a previous study (Chapter 1),
glucose respiration rates peaked in epilithon from artificial
streams after 5 days of dosing with 1.0 mg 2n liter-!. After
30 days of zinc dosing, glucose respiration rates resembled
values in undosed epilithon; however, ash-free dry weight
(AFDW), protein, and carbohydrate reflected changes in the
total organic matter and macromolecular composition of the
dosed communities. The changes in epilithon glucose respi-
ration may be <caused by a response of =zinc-tolerant
heterotrophs to the inactivity and senescence of zinc-
sensitive species, followed by habituation to the metal and
recolonization of the substratum by a zinc-tolerant commu-
nity. A similar hypothesis was suggested by Thomas et al.,
(1977) to explain the effects of copper on marine planktonic

systenms.
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Haack and McFeters (1982) noted that the activity of attached
heterotrophs in epilithic mat communities appeared to be af-
fected by the breakdown of the associated algal populations.
More specifically, estimates of glucose-to-glutamate utili-
zation ratios in marine plankton decrease with increasing
depth (Gillespie et al., 1976) and transition of seasons
(Griffiths et al., 1982). These authors suggested that
healthy phototrophic communities release proportionately
more glucose than aminoc acids, but when these communities
decline due to decreasing light they release relatively more
amino acids (e.g. glutamate). An abrupt decrease in the
glucose-to-glutamate utilization ratio coinciding with a de-
cline in primary productivity suggests that planktonic
heterotrophs respond rapidly to changes in the quality of
available dissolved organic carbon. Thus, the glucose-to-
glutamate utilization ratio may be used to indicate the

"health" of an algal community.

Another indicator of the physiological condition of algal
communities is the chlorophyll a-to-pheophytin a pigment ra-
tio (American Public Health Association, 1985). Stressed
algae exhibit lower ratios than healthy algal populations.
Both the chlorophyll a-to-pheophytin a ratio and the
glucose~to-glutamate utilization ratio were selected to test

the effect of zinc on the epilithic community in artificial

streams.
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The goal of this study was to measure epilithic respiration,
and specifically the mineralization of glucose and glutamate,
to understand community changes due to extended dosing with
1.0 mg 2n liter~?!. Further, I wished to determine whether
zinc-tolerant microorganisms become established in these ar-
tificial streams during the study period and whether specific
structural indicators of the algal community (i.e.
photosynthetic pigment concentrations and ratios) respond to

continuous zinc additions.

MATERIALS AND METHODS

Study site and treatment desian. Glass rods (5.4 cm? surface

area) separated by 22.2 cm were incubated in an attached,
vertical position in river-fed artificial streams along the
New River at Glen Lyn, Virginia, U.S.A. Design of the arti-
ficial streams was presented by Farris (1986). Six artifi-
cial streams were used, representing three replicates of each
of two zinc treatments (0.0 and 1.0 mg 2n liter~! additions
as zinc sulfate). The rods were colonized with epilithon in
the streams for two weeks before starting zinc dosing. One
day before dosing with zinc, snails from the New River were
placed in the streams (approximately 80-110 snails per m?)
to maintain conditions similar to the 1984 studies (Chapter

I). One 20-day dosing period was started on August 22, 1985
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(August-September study). After cleaning and recolonization,
on September 29, 1985 (September-October study), a second
20-day study was started. Shorter (20 day) dosing periods
were used during the present study since the critical effect
of zinc on the epilithon was noted soon after starting dos-
ing. Rods colonized by epilithon were measured for respir-
atory capacities and biochemical composition 0, 5, 10, and

20 days after starting zinc dosing.

Glucose and glutamate respiration. Respiratory rates for

glucose and glutamate were determined during the August-
September study wusing a modification of the method of
Williams and Askew (1968). Rods with intact epilithon were
removed randomly from two zones in each stream and placed
into 250-ml glass jars containing 60 ml of water from the
corresponding stream. Trace amounts of [U-'*C] glucose
(specific activity: 345 uCi per mmole) and [U-!*C] glutamate
(specific activity: 290 uCi per mmole) were added to separate
jars containing the glass rods to achieve final concen-
trations of 0.44 and 0.21 ug liter~!, respectively. The
contents were mixed and the jars sealed and incubated in the
dark with gentle shaking for 15 min so that < 10% of the la-
beled substrate would be respired. Biological activity was
stopped by the injection of 2 ml of 6N H,SO,. Acid-killed

controls were used to correct for abiotic production of
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14C0,. A dry filter paper in each jar was saturated with 0.15
ml of phenylethylamine allowing absorption of !*CO, which
occurred during 1.5 h of gentle shaking. Subsequently, fil-
ter papers were placed into 10 ml of cocktail (4 g PPO and
0.1 g POPOP liter-! toluene) and counted using a Beckman
LS-3150 scintillation counter. The sample channels ratio

method was used to correct for quench.

Respiratory gas analyses. On each study day during the

August-September study, O, and CO, concentrations were meas-
ured in the headspace of Hungate tubes containing a single
epilithon-colonized glass rod and 8 ml of water from the
corresponding artificial stream. Samples were transported
on ice to the laboratory and analyses started within 3 h of
collection. Measurements were made before and after 6 to 8
h shaking incubations in the dark at 20° C, allowing an es-
timate of the rate of consumption of O, and production of CO,
during the shortest period necessary to obtain a response.
Gases were analyzed using a Varian Model 920 (gas
chromatograph equipped with a thermal conductivity detector
and parallel, 6 foot, stainless steel columns containing
Porapak-Q and Molecular Sieve 5-A (45/60 mesh) packings
(Supelco, Bellefonte, PA). A 1.0-ml Hamilton gas-tight
syringe was used to remove 300 ul of headspace gas after

which 250 ul was injected for analysis. The carrier gas was
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helium and the injector, column, and detector temperatures
were 110, 40, and 140° C, respectively. A Fisher Recordall
Series 5000 chart recorder was used to measure the output
signal from the thermal conductivity detector. Symmetric
peaks allowed quantitation of gases using peak height meas-
urements and a custom mixture of gases containing 73.6% ni-
trogen, 20.4Y9% oxygen, 4.3% carbon dioxide, and 1.7% methane

was used as a standard.

Ash-free dry weight., protein, and piament determinations,
Epilithon was scraped from 3-10 glass rods from each stream
and homogenized in a Waring blendor. The resulting slurry
was stored at -20° C for subsequent measurement. AFDW was
determined by subtracting the combusted weight (1 h at 500°
C) from the dry weight (dried to constant weight at 105° C)
for samples from the replicated treatments (American Public
Health Association, 1985). Chlorophyll a was estimated by
measuring the optical density (0.D.) of an acetone extracted
epilithon sample at 663 nm (American Public Health Associ-
ation, 1985). Subsequently, the sample was acidified and
measured at O0.D. 665 nm to derive pheophytin a. The ratio
of 0.D. 663 nm before acidification-to-0.D.665 nm after
acidification provided an estimate of the chlorophyll a-to-
pheophytin a ratio. Protein was extracted from the slurries

at 80° C in 0.5 N NaOH for 10 min, repeating the procedure
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three times per sample (Rausch, 1981). Protein was analyzed
using the micro-biuret method with bovine serum albumin as a
standard (Itzhaki and Gill, 1964). Recovery of bovine serum

albumin was 90% after the extraction process.

Heterotrophic counts. Total heterotrophic counts were deter-
mined for the initial and 20th days during the August-
September study using the method of Hornor and Hilt (19853).
An appropriate dilution of epilithon slurry from each stream
was spread onto triplicate plates containing 1/4 strength
Nutrient Agar (Difco) and 0.0, 1.0, or 10.0 mg Zn liter~?.
Plates were incubated in the dark at 20° C. Plates contain-

ing 30-300 colonies were counted after 5 days and expressed

as colony forming units (CFU) per mg AFDW.

Water chemistry. On each sampling day of both studies, tem-
perature, pH, alkalinity, conductivity, hardness, ammonia,
and total zinc in each stream were measured by standard
methods (American Public Health Association, 1985). At the
beginning and end of each study, nitrate, sulfate, and
phosphate concentrations were measured using ion
chromatography (Dionex) (Tabatabai and Dick, 1983). Dis-
solved organic carbon (DOC) from each stream was measured in

filtered water samples (Gelman glass fiber filters, type A/E,
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0.3 ym pore size) on each sampling day during the August-
September study using a Model 700 Total Organic Carbon

Analyzer-0.1. Corporation (Menzel and Vaccaro, 1964).

Statistical analysis. A repeated measures or split plot de-

sign (without replication or blocking) was used to analyze
the experiment (Milliken and Johnson, 1984). Water chemistry
measurements from each sample day and heterotrophic plate
counts (August-September study) were compared using analysis
of variance (ANOVA). The non-parametric Mann-Whitney test
which utilizes a rank-sum protocol (Sokal and Rohlf, 1981)
was used to distinguish sample distributions on each study
day for mean glucose and glutamate respiration rates, rates
of 0, and CO, flux, as well as AFDW, protein, chlorophyll a,
and pheophytin a measurements. For each variable, differ-

ences were considered significant at the «=0.05 level.

RESULTS

Temperature, which did not vary significantly between repli-
cate streams or treatments, increased from 20 to 25° C during
the first 20-day study (Table 1). Except for a low reading
on the 10th day, temperatures during the later study were

consistently between 17 and 18° C.
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Among the other water chemistry measurements, only the total
zinc concentration and pH were significantly different be-
tween treatments on a given study day (Table 1). Total zinc
concentrations in the dosed streams ranged from below de-
tectable limits at the start of both studies to high values
of 0.89 and 0.87 mg 2Zn liter-! for the August-September and
September-October studies, respectively. Total zinc concen-
trations for the control streams were often below detecton
(<0.025 mg liter-!). pH ranged from 8.93 to 7.41 during the
studies, with lower values frequently noted in the zinc-dosed
streams. Phosphate concentrations were always below detect-
able limits (<30 ug PO,"3*-P liter~?!) using ion
chromatography. DOC was not significantly different between
treatments on any of the study days. DOC ranged from 2.5 to

4.3 mg carbon liter~! during the study.

After similar rates of glucose respiration were observed in
both treatments during the first two study days (Fig. 1A),
there was a peak 1in glucose respiration in the dosed
epilithon on the 10th day of the study equal to 3-4 times that
observed concurrently in the controls. This was followed by
a decrease such that on the 20th day the glucose respiration
rates in streams receiving zinc were again indistinguishable

from rates in the control stream epilithon.

CHAPTER I1 55



Glutamate respiration rates during the same study were more
variable (Fig. 1B). No significant differences were evident
during the 20-day dosing period. Epilithon from reference
streams showed a pattern of glutamate respiration that mim-
icked glucose respiration although relatively more glutamate
was respired per unit AFDW than glucose on each study day.
This trend is also apparent in the glucose-to-glutamate res-
piration ratio (Fig. 1C). While this ratio remained stable
(ca. 0.3) for measurements made on epilithon from control
streams, significantly higher ratios were evident in the
zinc-dosed epilithon on the 5th and 10th days. Subsequently,
the glucose-to-glutamate respiration ratio of dosed epilithon

appeared to approach control values by the 20th day.

By the end of the August-September study, epilithon from
control streams had significantly higher rates of CO, pro-
duction and O, consumption than epilithon from zinc-dosed
systems (Fig. 2). This contrasted with O, and CO, measure-
ments made on the earlier sampling days when differences be-

tween treatments were usually not significant.

A decrease in epilithic AFDW, protein, chlorophyll a, and
pheophytin a concentrations occurred in the dosed streams
relative to controls within the first 5 to 10 days of each
study (Tables 2 and 3). During this period, the AFDW of

zinc-dosed epilithon ranged from 35 to 45% of control values.
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Although epilithic AFDW in control streams generally de-
creased by the 20th day during both studies, it increased in
zinc-treated epilithon from the 10th to the 20th days. Pro-
tein, chlorophyll a, and pheophytin a concentrations also
increased between the 10th and 20th days in the zinc-dosed
epilithon. The ratio of chlorophyll a-to-pheophytin a ranged
from 1.6 to 1.7 in both treatments throughout each study and

did not indicate any effect of zinc dosing.

Before beginning dosing for the August-September study,
epilithic heterotrophs from the control and pre-dosed streams
did not differ significantly with regard to total CFU or CFU
tolerant to zinc in 1/4 strength Nutrient Agar (Fig. 3).
Epilithon from each stream demonstrated progressively fewer
CFU as the concentration of zinc in the media increased. On
the 20th day, epilithon from streams that had received con-
tinuous dosing had significantly more total CFU than
epilithon from control streams and also significantly more
zinc-tolerant CFU. By the end of the study, colony counts
from the dosed epilithon on plates containing 10 mg Zn
liter ! were not significantly different than counts from
plates lacking any added zinc. Additionally, the ANOVA dem-
onstrated a significant effect of day on CFU on unamended and

10 mg 2Zn liter-! amended plates.
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DISCUSSION

As discussed in a previous report of similar studies (Chapter
I), the inability to achieve total zinc concentrations equal
to the desired (target) concentration was due to the ability
of the epilithon to bioconcentrate this metal. Although
target concentrations were not always achieved, a mean total
zinc concentration approaching 1.0 mg Zn liter-! was achieved
and significant differences in total zinc concentrations be-
tween dosed and control streams indicate that the treatment
was effectively applied. The lower pH values in the zinc-
treated systems were a direct result of the addition of zinc
sulfate since the metal ion exists as a hydrate in solution
and increases the acidity of the coordinated water (Stumm and
Morgan, 1981). There were no measurable dose-associated in-

creases in conductivity or sulfate concentrations.

The peak in glucose respiration rates that was observed on
the 10th day of the August-September study was noted in
studies during summer and fall, 1984 (Chapter 1), except that

during 1984 the highest glucose respiration rates occurred

on the 5th day. The present study also indicated that by the
20th day glucose respiration in epilithon from dosed streams
had returned to values similar to the controls, as seen in
1984. The zinc-dependent changes in glucose respiration

during the 1984 and 1985 studies were very similar, and con-
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firm this response of the epilithon to dosing with 1.0 mg 2n

liter-?!.

The respiration of glutamate by epilithic communities dosed
with zinc did not increase significantly. This is reflected
in higher glucose-to-glutamate ratios which accentuate the
peak in glucose respiration. The ratio derived from
epilithon from control streams remained constant indicating
that fluctuations in glucose respiration were matched by

fluctuations in glutamate respiration throughout the study.

The trend towards a higher glucose-to-glutamate respiration
ratio in zinc-dosed epilithon is not in accord with the ex-
pected result as extrapolated from marine studies (Gillespie
et al., 1976; Griffiths et al., 1982). 1In the marine studies
phytoplankton blooms coincided with high glucose-to-
glutamate utilization ratios in the associated planktonic
heterotrophs. However, as the health of the algal popu-
lations declined, the ratio decreased, indicating a physio-
logical adjustment of the heterotrophs towards scavenging
higher concentrations of amino acids present due to algal
senescence. The pelagic marine systems considered in these
studies are similar to large batch cultures in that algal
exudates remain in the system allowing heterotrophic adapta-
tion to this newly available organic carbon. In contrast,

the artificial streams resemble continuous cultures in which
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zinc-sensitive epilithic species and organic carbon from

these organisms are washed out of the system.

The chlorophyll a-to-pheophytin a ratio is a sensitive indi-
cator of algal stress (American Public Health Association,
1985). A sample with a ratio of 1.7 has essentially no
pheophytin a (physiologically healthy) whereas a ratio of 1.0
indicates pure pheophytin a (stressed or senescing algae).
Since all of the ratios calculated during these studies were
between 1.7 and 1.6 and not correlated with dosing,
senescence due to zinc did not actually occur jin situ. It
is more likely that the significant loss of biomass during
the 5th through lpth days represents the wash out of zinc-

sensitive species in the dosed systems.

The absence of increased glutamate respiration in zinc-dosed
epilithon during the 5th through 10th days may simply reflect
a loss of total or excreted organic carbon from the streams
before the zinc-tolerant heterotrophs could adapt to utilize
this source of energy. Zinc-dosed epilithon at this time
also did not exhibit higher rates of 0, and CO, flux as might
be expected in a community metabolizing large amounts of or-
ganic matter. The loss of epilithic biomass also implies a
loss of the extracellular matrix, which functions as a trap

for colloidal and dissolved organic matter (Lock et al.,

1984; Lock and Ford, 1985). Peaks in glucose respiration
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during this period may indicate an enhanced ability of the
zinc-tolerant heterotrophs to respire glucose under condi-
tions favoring stream recolonization and low competition.
Later (20th day) when glucose respiration rates in the dosed
epilithon decreased, these streams showed increased biomass

and probably greater competition.

It has been suggested that measurement of 0, consumption
rates may estimate carbon mineralization processes more ac-
curately than experiments using !*C-labelled substrates
(Sepers et al., 1982). On the 10th day, when rates of glucose
respiration peaked and epilithon structural measurements had
declined in the zinc-dosed streams, there was no clear dif-
ference in O, consumption or CO, production between treat-
ments. However, by the 20th day, when taxonomically
different algal communities had developed between the treat-
ments (Genter, 1986) and plate counts indicated the estab-
lishment of zinc-tolerant heterotrophs in the dosed streams,
measurements of overall respiration were strikingly different
between treatments. Lower fluxes of O, and CO, may be in-
herent to these zinc-adapted communities due to physiological

differences or possibly decreased diffusion of gases out of

the epilithon.

During both studies AFDW, protein, chlorophyll a, and

pheophytin a concentrations decreased by the 10th day and
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sometimes as early as the 5th day in the dosed epilithon.
Subsequently, an increase in these measurements by the 20th
day suggests that the stressful effect of zinc involves
recolonization of the substrate by components of the
epilithon that were capable of existing in this altered
habitat. These results correspond to those obtained during

summer, 1984 (Chapter I).

Approximately equal numbers of CFU from dosed epilithon ap-
peared on zinc amended and unamended media at the end of the
August-September study indicating the presence of zinc-
tolerant heterotrophic populations. The effect of day in
determining the number of CFU was especially evident on
plates without added zinc. This indicated that during the
study, changes in the epilithon from control streams occurred
such that by the 20th day these communities had fewer total
CFU per mg AFDW than at the start of the study. This may
identify a real trend in heterotrophic numbers in these
evolving communities or simply indicate that a large number
of the heterotrophs from these epilithon samples are incapa-
ble of growth or develop as single colonies on 1/4 strength
Nutrient Agar. A correlation Dbetween zinc-tolerant
heterotrophs and zinc concentration has been noted previously
in stream sediments (Hornor and Hilt, 1985). In studies of

the effect of mercury on marine planktonic bacteria, viable

bacterial counts decrease upon addition of the metal but
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rapidly recover and remain at least equal to control values
throughout the next 10 days of the study, indicating a de-
velopment of tolerance to mercury similar to that found in
the epilithic communities dosed with 2zinc (Azam et al.,
1977). Studies of the effect of copper on marine

bacterioplankton suggest a similar development of tolerance

to that metal (Vaccaro et al., 1977).

It is evident that epilithon in these artificial streams re-
sponded to 1.0 mg Zn liter-! with increased rates of glucose
respiration c¢oincident with decreases in AFDW, protein,
chlorophyll a, and pheophytin a concentrations. While peaks
in glucose respiration occurred, glutamate respiration re-
mained unaffected suggesting that amino acids and other com-
pounds excreted from zinc-sensitive epilithon were washed out
of the system before zinc-tolerant heterotrophs could re-
spond. Since chlorophyll a-to-pheophytin a ratios remained
high during the period of biomass reduction, the epilithon
was not senescing in situ, but washing-out of the systems and
thus limiting the use of the glucose-to-glutamate respiration
ratio for detecting an altered physiological response by the
zinc-tolerant epilithon. Epilithic 0, and CO, fluxes were
not affected by zinc dosing until distinctive zinc-teolerant
heferotrophs, as determined by zinc-tolerant CFU, had devel-
oped. By the 20th day, these communities maintained lower

fluxes of O, and CO, than comparable control epilithon. De-
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creases in epilithic AFDW, protein, and photosynthetic
pigment concentrations after 5 to 10 days of dosing were re-
versed by the 20th day. After 20 days, more total and zinc-
tolerant CFU were evident in dosed than in control epilithon,
providing evidence that these epilithic assemblages adapted
to the stressful conditions exerted by the zinc. Although
dosing with 1.0 mg 2n liter-?! caused an initial reduction in
total epilithic biomass, continued zinc stress resulted in
the development of epilithic communities that maintained
functional processes (e.g. organic carbon cycling) similar

to undosed epilithon.
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Table 2. Means for epilithon AFDW, protein, chlorophyll a, and pheophytin a

during the August~September, 1985 20~day study; n = 3.

Target Protein Chlorophyll a Pheophytin a
Zn conc. AFDW 2 conc. conc. , conc.
Day (mg/L) (mg/cn™) (mg/cm®) (pg/cm”) (pg/cm®)
0 0.0 1.41 0.68 34,7 2.97
1.0 1.51 0.73 40.7 3.39
5 0.0 1.21 0.59 31.6% 2.09*
1.0 1.41 0.35 13.7% 1.07*
10 0.0 1.37*% 0.70* 34,7% 2.21%
1.0 0.48% 0.23* 10.0* 0.50*
20 0.0 0.84 0.44 18.5 1.39
1.0 1.45 0.48 20.9 0.65

* - Means representing sample distributions on a given study day that are

significantly different (P = 0.05) using the Mann-Whitney, U-test.
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Table 3. Means for epilithon AFDW, protein, chlorophyll a, and pheophytin a

during the September-October, 1985 20-day study; n = 3.

Target Protein Chlorophyll a Pheophytin a
Zn conc. AFDW 2 conc. conc. conc.
Day  (mg/L) (mg/cm™) (mg/cm®) (pg/em™) (pg/co”)
1] 0.0 2.04 0.82 35.1 1.14
1.0 3.18 1.26 60.2 2,50
5 0.0 3.28% 1,17% 63.2% " 4,55%
1.0 1.49% 0.45% 19.4% 0.41%
10 0.0 4,15% 1.66% 66.6* 6.98%
1.0 1.17% 0.51% 21.8% 0.36*
20 0.0 1.63 0.55 23.4 2,23
1.0 1.59 0.63 24,7 0.61

* - Means representing sample distributions on a given study day that are

significantly different (P=0.05) using the Mann-Whitney, U-test.
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Figure 1. Glucose respiration (A), glutamate respiration (B), and

glucose-to-glutamate respiration ratio (C) for epilithon

samples during the August-September, 1985 study. Points

represent the mean of three replicates ¢+ standard error.

*x indicates significant differences at P=0.05 level.

Open circles = zinc treatment; closed circles = controls.
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0, and COp flux occurring in epilithon during August-Sep-
tember, 1984 study as measured by the rate of 0p con-
sumption (A) and the rate of CO; production (B). Points
represent the mean of three replicates &t standard error.
* indicates significant differences at the P=0.05 level.
Open circles = zinc treatment; closed circles = controls.

Figure 2.
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Mean epilithic colony forming units (x 105) per mg ash-
free dry weight from control and zinc-exposed streams at
the beginning and end of the August-September, 1985 study
(n=3). Values represent the mean CFU obtained on trifli-
cate plates containing 0.0, 1.0, or 10,0 mg Zn liter™

+ standard error. Different letters above bars indicate
significantly different values ((X=0.05) between treatment
on the designated media-type and day. The absence of
letters indicates that no significant differences occurred

between the treatments on that day.
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SUMMARY AND CONCLUSIONS

These experiments have determined significant changes in
epilithic biomass quality and gquantity and organic carbon
cycling due to long term dosing with moderate concentrations
of zinc. The 1984 studies (Chapter 1), provided a basis for
further inquiry during summer and fall, 1985, by demonstrat-
ing a transient peak in glucose respiration rates per unit
protein in epilithon communities soon after starting contin-
uous dosing with 1.0 mg 2n liter-!. Higher AFDW, protein,
and carbohydrate were evident after 30 days of dosing with
1.0 mg 2n liter-?! indicating an eventual accrual of biomass
in these systems. Fundamental changes in the quality of
epilithic biomass were apparent as lower protein-to-
carbohydrate ratios in epilithon receiving 1.0 mg 2Zn liter-1?.
Dosing with 0.05 mg 2Zn liter-!, approximately 25% of the U.S.
EPA maximum recommended concentration, caused some change in
epilithon structural characteristics and practically no

change in the measured functional attributes.

During the 1985 studies (Chapter II), peaks in the glucose
respiration rate agreed with 1984 observations in epilithon
dosed with 1.0 mg 2n liter-!. This activity corresponded to
the period of low values of AFDW, protein, and algal pigment

concentrations as noted during the summer, 1984 study. By

SUMMARY AND CONCLUSIONS 76



the 20th day, these structural measurements were again simi-
lar to values obtained from reference stream epilithon which
suggested adaptation to the stressful effect of zinc. De-
spite similar glucose respiration rates and biomass measure-
ments that were indistinguishable by treatment on the 20th
day, the epilithon from dosed streams exhibited lower rates
of 0, consumption and CO, production and a zinc-tolerant
heterotrophic population relative to the epilithon from con-

trol streams.

Marine studies suggest that heterotrophs in copper dosed
mesocosms exhibit higher numbers and activites than in un-
dosed systems due to a compromised algal population (Thomas
et al., 1977; Vaccaro et al., 1977). The results from the
1985 season provided insight into the differences between
marine and artificial stream studies. Measurement of the
glucose-to-glutamate respiration ratio as an indicator of
algal physiological health (Griffiths et al., 1982) provided
evidence of stimulated glucose respiration but no significant
differences between treatments for glutamate respiration.
The glucose-to-glutamate wutilization ratio decreases in
planktonic populations when the algal population declines.
The absence of a similar response in the artificial streams
suggested that glutamate (and other compounds released from
zinc-sensitive organisms) was washed out of the streams and

therefore unavailable to the zinc-tolerant heterotrophs.
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Algal pigment concentrations decreased in epilithon dosed
with 1.0 mg 2n liter-!, yet chlorophyll a-to-pheophytin a
ratios indicated that the algal populations did not senesce
in situ but were probably washed out of the streams as they
died. Significant quantities of biomass were lost from the
dosed streams in three of the four studies. This also in-
volved the loss of the matrix which is necessary for
sequestering ions and dissolved and particulate organic car-
bon (Lock et al., 1984). The nature of small artificial
streams as continuous culture apparatuses limits the analysis
of community level changes dependent on the material that is
lost downstream. However, the observed increase in glucose
respiration rates occurred despite the loss of biomass from
the systems and, therefore, must represent a characteristic
of zinc-tolerant heterotrophs in these streams at an early
stage of recolonization. According to the results of Lock
and Ford (1985) epilithic communities devoid of algae main-
tain substantial metabolic activities that derive their major

energy source from riverborne organic matter.

AFDW, protein, carbohydrate, and algal pigments were con-
sistent indicators of change in the epilithic biomass and
valuable in providing evidence of a decrease in biomass in
the streams dosed with 1.0 mg 2n liter ! and a subsequent
recovery of epilithon. After 30 days (Chapter 1I), the

epilithon dosed with 1.0 mg 2n liter-! had acquired more
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AFDW, protein, and carbohydrate than control streams, indi-
cating significant structural differences in the dosed
epilithon relative to the undosed communities. However,
higher carbohydrate concentrations relative to protein re-
presented a decrease in the nutritive value of the epilithon

dosed with 1.0 mg 2n liter~!.

The development of a zinc-tolerant community was evident in
higher total and zinc-tolerant CFU in epilithon dosed with
1.0 mg 2n liter-! for 20 days compared to the undosed
epilithon. Epilithon from reference streams showed low tol-

erance to increasing concentrations of zinc in 1/4 strength

Nutrient Agar.

During the August-September, 1985 study, the rate of flux of
O, and CO, did not differ between treatments until the 20th
day when dosed epilithon consumed less O, and produced less
CO, than the undosed systems. These measurements represent
significant functional distinctions between the unique com-

munities that developed by the 20th day of zinc dosing.

Zinc represents a common metal in aguatic systems and its
importance is related to the adverse effects that high con-
centrations of the metal may have on the processes and com-
position of the epilithon. These studies represent the first

characterization of the long-term effects of 2zinc on
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epilithic microbial structure and function. Zinc (1.0 mg
liter ') caused a pronounced decrease in epilithic biomass
after 5-10 days and high rates of glucose respiration during
this time that were characteristic of the surviving, zinc-
tolerant heterotrophs. Subsequently, a community became es-
tablished that was distinct from control epilithon in the
degree of zinc tolerance and rates of flux of 0, and CO,.
After 30 days, more total organic material was present in the
streams dosed with 1.0 mg Zn liter-! than in the controls.
However, a shift in the relative abundance of epilithic pro-
tein and carbohydrate in the dosed systems reflected a de-
crease in the nutritional quality of the epilithon for higher
trophic level organisms. These experiments have stressed the
importance of the organic glycocalyx in which the epilithon
exists as a matrix which regulates the exchange of organic
and inorganic material between the cells of the epilithon and

the surrounding medium.
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APPENDIX A. 1984 ZINC-SNAIL STUDY

On October 26th, 1984, a 30-day study was started to distin-
guish the effects of zinc and snails on the epilithon
colonizing the glass rods. The artificial streams were used
as previously reported (Chapters I and II), except that 0.5
mg 2n liter~! was used instead of 1.0 mg 2n liter~!. On the
13th day a mechanical problem caused an acute high dose of
zinc (<48 mg total Zn liter~!). After correcting the prob-
lem, dosing was continued at 0.5 mg 2n liter~?. Epilithic
glucose respiration and ash-free dry weights (AFDW) were
measured (as reported in Chapters I and II) on O, 2, 5, 10,
20, and 30 days after starting zinc dosing. Analysis of
variance and Duncan's multiple range tests were used to de-

termine significant differences among treatments (Sokal and

Rohlf, 1981).

Undosed streams without snails exhibited an increase in AFDW
during the 30-day study (Fig. 1). Final weights were similar
to those observed during September-October, 1984 (Chapter I).

AFDW in undosed streams with snails decreased until the 10th
day. Subsequently, AFDW in the two undosed treatments were
indistinguishable. The AFDW in epilithon receiving 0.5 mg

Zn liter ! (both with and without snails) decreased until the
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10th day and then remained low for the last 20 days of the

study.

Unlike the summer and early fall 1984 study periods, the
control streams had higher biomass values than the zinc-dosed
systems at the end of the study, possibly because recovery
of biomass in the zinc~-dosed streams was delayed by seasonal
changes (e.g. lower light and temperature). Increases in
AFDW noted in control streams with snails present may have
occurred due to lower temperatures and consequently lower
grazing rates after the 10th day (<10° C). Lower mollusk
metabolic rates have been correlated with lower temperatures
(Alimov, 1975). Although high zinc concentrations occurred
on the 13th day, by the 10th day zinc-amended systems had
already reached the low level of AFDW at which they would
remain. Bioconcentration factors (Genter, 1986) and zinc
chemistry indicated that by the 20th day the dosed streams
had returned to levels of zinc similar to those before the
high dosage event (mean total zinc concentration on the 20th
day was 1.46 mg liter-?!). Presumably, after this episode,
when dosing returned to its target concentration, the zinc-
dosed streams would have had an opportunity to accumulate
biomass. Since these streams maintained significantly lower
AFDW than the control streams to the end of the study, the
metal may have had a greater effect on epilithon quantity

during this season compared to summer and fall.
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After a peak in glucose respiratory activity per unit area
on the 2nd day in the zinc-dosed streams without snails,
epilithic glucose respiration declined to low levels in these
streams (Fig. 24). The other three treatments exhibited
various rates of decline of this variable early in the dosing
period and subsequently remained at lower levels than at the
beginning of the study. Rates of glucose respiration were
comparable to those observed during the September-October,
1984 study. The effect of season was noted by the decrease
in glucose respiration rates in all treatments; however, re-
sults from the 20th and 30th days indicated that the effect
of zinc was to decrease glucose respiratory activity in the
metal-dosed epilithon communities. This may have been a

lingering effect of the spike in zinc concentration on the

13th day.

A peak in glucose respiration per unit AFDW was evident in
the zinc-dosed epilithon on the 5th day (Fig. 2B). On the
10th day, when the epilithon in control streams without
snails had significantly greater biomass than other treat-
ments, these streams also had lower glucose respiration rates
per unit biomass. On the last two study days, the dosed
epilithon had higher glucose respiration rates per unit AFDW
than the undosed communities, reflecting higher relative ac-

tivities regardless of the snail treatment.
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The high rates of glucose respiration on a biomass basis on
the 10th day in any stream with snails, zinc or both factors,
indicated that both zinc and snails determined the relative
rates of glucose respiration at this time. Higher glucose
respiration rates per unit biomass in streams by the end of
the study suggested that =zinc-dosed epilithon maintained
higher relative activities than the controls. This was true
in spite of the high concentration of zinc reached on the
13th day, apparently indicating some residual activity or
recolonization after this acute dosing period. It is possi-
ble that snail death and decay due to the high zinc levels
may have maintained high epilithon respiration rates at the
end of the study. Unlike previous 1984 studies, when
epilithon dosed with 1.0 mg 2Zn liter~! showed peak respir-
atory activities on the 5th day, this study indicated that
epilithon dosed with half that concentration had higher

glucose respiration rates per unit biomass late in the study.

If AFDW and glucose respiration rates are compared among
treatments using an analysis of variance excluding days O,
20, and 30 (before or after relevant dosing) then it is clear
that both zinc and snails contribute to changes in these
variables. Temperatures during the first 10 days were simi-
lar to those during the fall study (Chapter 1), therefore
snail activities were probably comparable between these

studies. It is significant to note that in this study the
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zinc concentration was half that shown to elicit a response
during the summer and fall study periods (0.5 versus 1.0 mg

liter~!), and, at the higher concentrations, the effect of

zinc is probably more pronounced.
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APPENDIX B. ZINC EFFECT ON PHOSPHATE UPTAKE

As with organic substrate uptake, phosphate turnover time may
be measured using a radioisotope experiment. The method is
best known as a limnological technique (Lean and Nalewajko,
1979; Cembella et al., 1983); however, recently Mulholland
et al., (1984) have applied the assay in stream studies to
detect phosphate uptake on leaf disks. As stated by Cembella
et al., (1983) the effect of trace elements, such as zinc,
on phosphate uptake, has not been studied. Additionally, the
recent development of this method for use in streams dictates
that it has not been applied in perturbation studies.
Mulholland et al., (1984) noted that phosphate uptake rates
increased considerably with the development of microflora on
the leaf disks used in their study. Decreases in microbial
biomass and activity based on zinc stress should decrease the
efficiency of phosphate uptake. Higher microbial biomass

should increase this cycling efficiency.

This experiment was performed during the summer and fall,
1984, periods. Rods with intact epilithon were randomly re-
moved from three zones in each stream and placed into 250-ml
glass jars containing 60 ml of water from the corresponding
stream. Phosphate turnover time was measured by a method

similar to that used by Lean and Nalewajko (1979) and Richey
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(1979). A trace quantity of carrer-free ?2?P-phosphate (<0.25
ug liter-?!) was added to the jars and 1l-ml samples of over-
lying water were removed initially and again after 5, 10, and
20 min. Abiotic uptake was estimated using a formaldehyde-
killed control for each treatment. Incubations were done in
the dark at stream temperature with gentle shaking. Samples
containing *2?P-phosphate were measured using Cerenkov count-

ing on a Beckman LS-3150 T liquid scintillation counter.

During the June-July study a high rate of uptake of phosphate
occurred on the 5th day in streams dosed with 1.0 mg 2Zn
liter~! (Table 1). This contrasted with lower phosphate up-
take rates on the 20th and 30th days in the same streams.
Due to lower AFDW and protein concentrations in streams dosed
with 1.0 mg 2n liter-! on the 5th day, phosphate uptake per
unit AFDW or protein indicated greater differences between

the high zinc and other treatments during this period.

The high uptake rate of phosphate noted in systems dosed with
1.0 mg 2n liter~! early in the June-July study did not occur
during the September-October study (Table 2). Instead, the
epilithon present in these high zinc streams took up signif-
icantly less ?2P-phosphate than other treatments on the 5th
day. During the rest of the study, phosphate uptake was

significantly lower in streams receiving 1.0 mg Zn liter-?
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than in other streams. This pattern was unchanged when

phosphate uptake rate considered per unit AFDW or protein.

During June-July, there was an apparent correlation between
the stimulation of glucose respiration and ?2P-phosphate up-
take in the epilithon dosed with 1.0 mg 2n liter~!, both
measurements peaking on the 5th day of the study. The
microbial community in these streams would be expected to
have high phosphate uptake rates associated with the high
activities and low but accumulating biomass. Recent studies
of planktonic bacteria and algae indicate that bacteria are
responsible for uptake of ortho-phosphate and subsequent re-
lease of organic phosphorus which is available for algal

hydrolysis (Currie and Kalff, 1984).

It is difficult to explain the low phosphate uptake rates
which coincided with the greatest glucose respiration in the
high zinc streams during the fall study. Seasonal differ-
ences between the summer and fall studies may account for
taxonomic and/or physiological changes in the epilithon.
Microorganisms responsible for the previous peak in phosphate
uptake rates may have been absent or incapable of such ac-

tivities during the second study period.

The polyanionic nature of the glycocalyx of attached

microbial communities (Costerton et al., 1978) may provide
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partial explanation of the different results obtained in the
phosphate uptake experiments. As the epilithic biomass in-
creases, diffusion of anions into this matrix should de-
crease. This suggests an inverse relationship between the
amount of biomass and diffusion, and therefore uptake, of
anions such as phosphate. On the 5th day of the June-July
period, streams dosed with 1.0 mg 2n liter~! had the lowest
biomass recorded during the study. This correlated with high
rates of phosphate uptake. Subsequently, as biomass in-

creased in these streams, phosphate uptake rates decreased.
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APPENDIX C. ZINC EFFECT ON CARBOHYDRATE FRACTION OF AFDW

Zinc dosing had an effect on the macromolecular composition
of the epilithon. The fraction of the AFDW made up of car-
bohydrate during the September-October study is shown in Ta-
ble 2. Treatments of 0.05 and 1.0 mg 2n liter~! caused an
increase in the relative amount of carbohydrate present in
the epilithon. Although differences among treatments were
apparent on the first day, the zinc dosing accentuated the
effect; control streams always showed less than 30y carbo-
hydrate and zinc dosed epilithon usually showed 347 or more
carbohydrate. Similar, though less distinct results were
noted for the June-July study, with epilithon on the 10th and
20th days having significantly lower fractions of carbo-

hydrate in control streams than in streams receiving 0.05 mg

Z2n liter-?.

Amendment of streams with zinc caused an increase in the
fraction of AFDW composed of carbohydrate. This paralleled
previous work that indicated an increase in the concentration
of carbohydrate in =zinc amended cultures of an aquatic
bacterium. A change in the physiological capacity of the
persistent microflora or the introduction of species which
normally produce greater quantities of carbohydrate may ac-

count for these observations. The green algae and

Appendix C. ZINC EFFECT ON CARBOHYDRATE FRACTION OF AFDW 98



cyanobacteria that colonized the high zinc systems are sur-
rounded by a mucilaginous sheath which may serve as a pro-

tective barrier to the penetration of toxic metal ions

(Foster, 1982; Say et al., 1977).
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AFDW (mg/cm?2)

Day

Figure 1. Ash-free dry weight (mg/cmz) for the October-November,
1984 study. Points represent the mean of three replicates
+ standard error. Open triangles (CS) = control, with
snails; closed triangles (CN) = control, without snails;
open diamonds (5S) = zinc-dosed, with snails; closed
diamonds (5N) = zinc-dosed, without snails. The results
of Duncan's multiple range tests among treatments coincide
with days when significant differences (a@=0.05) were de-
termined. Designations for different treatments are not
significantly different when connected by a vertical bar.
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Figure 2. 14C-glucose respiration per unit area (top) and per unit
biomass (bottom) for the October-November, 1984 study.
Points represent the mean of three replicates t standard
error. Open triangles (CS) = control, with snails; closed
triangles (CN) = control, without snails; open diamonds
(58) = zinc-dosed, with snails; closed diamonds (58) =
zinc-dosed, without snails. The results of Duncan's
multiple range tests among treatments coincide with days
when significant differences (x=0.05) were determined.
Designations for different treatments are not significantly
different when connected by a vertical bar.
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Appendix C. ZINC EFFECT ON CARBOHYDRATE FRACTION OF

AFDW

Table 1. Water chemistry data for October-November, 1984 snail-zinc study.

Values represent the mean of three replicates * standard error.

o Hardness Alkalinity
Day (date) Temp ( C) pH (mg CaCO3/L) (mg CaCO3/L)
0 (10-26-84) 19 N.D.%* N.D. N.D.
2 (10-28-84) 20 8.79 20,09 70 63.8 20,72
5 (10-31-84) 18 8.62 0,02 80 72,5 %0.36
10 (11-5-84) 14 8.77 $0.05 83.3 23,33 71.5 #0.21
16 (11-11-84) N.D. 8.41 20.04 80 63.8 13,75
20 (11-15-84) 10 9.32 0,22 70 63.3 20,42
30 (11-25-84) 6 8.70 *0.01 80 72.5 20.72
a. N.D. = Not determined.
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Table 2. Zinc concentrations for October-November, 1984 snail-zinc study.

Values represent means for pooled data for each treatment obtained

throughout the study istandard error.

Stream Treatment

Target Zn conc Snail s Dissolved an' Total an'
(mg/L) presence” - (mg/L) (mg/L)
0.0 N 0.041 £0.01 0.06 +0.01
0.0 S 0.021 #0.01 0.11 0,06
0.5 N 1.98 =0.96 1.74 20.52
0.5 S 1.44 $0.72 1,76 20.85
a. S = snails present; N = snails not present.
If this

b. Means for zinc-dosed streams include data from the l6th day.

data is not included in the analysis then means for 0.5 N streams are

0.44 *0.04 and 1.05 0.33 for dissolved and total zinc, respectively.

For 0.5 N streams, means are 0.45 *0.04 and 0.50 =0.04 for dissclved

and total zinc, respectively.
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Table 3. Effect of zinc on the percent 32P-phosphate uptake per min?" during

the June-July and September-October, 1984 study periods.

zinc addition rate (mg liter-])

Study period Day 0.00 0.05 1.00
Jupe-July, 1984 O 1.4° 1.0° 0.8°
2 0.3° 0.9° 0.7°

5 0.4° 0.2° 1.7°

10 0.5° 0.2° 0.2°

20 1.2° 0.8"¢ 0.2°

30 1.2° 1.0° 0.6°

Sept.-Oct., 1984 O 2.6° 3.9° 1.7%
2 2.9° 2.9 2.4°

5 4.4° 2.2° 0.1¢

10 1.7%¢ 2.9° 0.9°

20 1.3¢ ‘ 2.5° 0.8°

30 2.3 3.5 0.7°

a. Values are the means of three replicates; means followed by the same letter
for each day are not significantly different ( o=0.05) by the Duncan's

multiple range test.
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Table 4. Effect of zinc on the percent of combusted weight composed of
carbohydratea' in epilithon slurries obtained during the

September - October, 1984, study period.

zinc addition rate (mg liter_l)

Study period Day 0.00 0.05 1.00
Sept.-Oct., 1984 0 24.6P 30.7¢ 28.1%¢
2 28.6° 36.7°¢ 48.1°

5 24.6° 35.7° 40.7¢

10 29.1° 38.1° 38.1°
20 24.9° 3.1¢ 34.6°¢

30 27.0° 30.0%¢ 36.0°

a. Values are the means of three replicates; means followed by the same letter
for each day are not significantly different (a=0.05) by the Duncan's

multiple range test.
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