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ABSTRACT

‘PRIMARY PRODUCTIVITY, CHEMO-ORGANOTROPHY, AND
NUTRITIONAL INTERACTIONS OF EPIPHYTIC ALGAE
AND BACTERIA ON MACROPHYTES IN THE
LITTORAL OF A LAKE
By

Harold LeRoy Allen

Assessment of epiphytic algal and bacterial in situ
community metabolism, and physiological-nutritional inter-
relationships of macrophyte-epiphyte systems, were investi-
gated in the littoral zone of a small temperate lake from
April 1968 through May 1969. Annual primary productivity,
chemo-organotrophic utilization of dissolved organic com-
pounds, and field and laboratory studies of macrophyte-
epiphyte interactions were monitored by carbon-14 techniques.
Qualitative and quantitative photosynthetic pigment compo-
sition, and a brief taxonomlc examination of the sessile
complex, accompanied measurement of field parameters.

Productivity measurements of epiphytic algae on

artificial substrata colonized in emergent (Scirpus acutus

Muhl.) and submergent (Najas flexilis L. and Chara spp.)

macrophytic vegetation sites were compared over an annual
period with pigment (chlorophyll a and total plant carote-

noids) estimates of biomass. The results indicate biomass
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estimates are not indicative of photosynthetic activity,
except during periods of intense productivity. The annual
mean productivity of epiphytic algae was higher per unit
surface area of the submerged portions of emergent plants

2

(336 mg C m™ day-l) than on that of submergent forms

2

(258 mg C m~ day_l); annual mean productivity per unit

area of the littoral zone, for all of the macrophytic sur-

-1 4n

face area colonized, was 195 and 1807 mg C m-2 day
each of the respective sites. The results indicate that
algal epiphytes on submerged vascular vegetation may be the
dominant primary producers in shallow-water ecosystems, and
may easily exceed the phytoplankton. Spatial and temporal
rates of epiphytic productivity are discussed in relation
to pigment composition and algal distribution, organic
utilization, structural integrity of the matrix, and taxo-
nomic composition of the epiphytic community. Deposition
of lL‘C-monocar‘bonates during 1in situ measurements of pro-
ductivity represented 38.5 to 71.7% of the total intra-
cellular fixed carbon. Acidification of luC-productivity
samples by rinsing with dilute hydrochloric acid (0.001 N)
removed 2U4% of previously incorporated carbon and is not
recommended as a routine procedure.

Potential physlological interactions in macrophyte-
epiphyte systems were investigated by biocassay procedure.
Inorganic iron added at less than 10 ug 1'1, and at

100 ug 171 in combination with organic compounds of
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chelatory or complexatory ability, stimulated photosynthesis
of epiphytic algae. Results of bioassay experiments with
vitamins, trace metals, and lnorganic phosphorus are dis-
cussed.

Chlorophyll a (corrected for pheophytin degradation
products) and total plant carotenoid levels are among the
highest standing crops reported in the literature (annual
maximum of chlorophyll a: 7.3 g m-2; plant carotenoids:

40.7 SPU m~2

). Maximum concentrations were found during
winter under 1ce cover.

Epiphytic bacterial chemo-organotrophy with glucose
and acetate substrates, measured at ecologically reasonable
concentrations (11 to 160 ug 1"1), was evaluated through
Michaelis-Menten enzyme kinetic analysis. First-order
active transport kinetics dominated throughout the annual
period with uptake of acetate (submergent substrata annual

1 -1 1 -1

mean rate: 893 ug 1 - hr dm-2; emergent: 106 ug 1~ hr

dm_z) being greater than that of glucose (submergent: 586

ug 171 hel dm-z; emergent: 54 ug 171 el dm_2).

Sources
of dissolved organic matter at the epiphytic surface are
discussed in relation to high rates of utilization and to
in situ metabolism of attached primary producers.

Scirpus acutus was photosynthetically labelled in situ

with natural concentrations of 1“002. Uptake of labelled

materials of macrophytic origin by the epiphytic complex

was determined. Extracellular release of 11‘C-—dissolved

organic matter with respect to depth in the littoral water
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column was followed in three plants over a 5 hour period.
The nature of extracellular release, in comparison with
1“002 fixed by the hydrophyte and incorporation by the
epiphytic complex, suggests functional interactions that
may be prevalent 1in other macrophyte-epiphyte systems.

NajJas flexilis, germinated and grown under axenic

conditions in defined medium, was photosynthetically
labelled and placed into Plexiglas chambers partitioned
into compartments by organic matter-free membrane filters.
Uptake of extracellularly released, labelled dissolved
organic materials by cultured algal and bacterial epiphytes,
separately and mixed in simulated natural communities, was
followed under variously controlled conditions. Compari-
sons of uptake of known concentrations of glucose and
acetate at 5, 11-12 and 21-23C by cultured epiphytes per-
mitted evaluation of both laboratory macrophyte-epiphyte
systems and field studies. Nutritional and physiological
interactions of simulated communities of algae and bacteria
are discussed.

Functional aspects of macrophyte-epiphyte metabolism
in littoral ecology and lake trophic dynamics are described
in the form of a model. Major metabolic and nutritional
interactions in the littoral zone of a representative
freshwater ecosystem are discussed. Macrophyte-epiphyte
metabolism is stressed as a source of dissolved organic
materials and extracellular metabolites, potentlally

capable of regulatory effects on autotrophic productivity
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in the pelagial environment and, as a dynamlc system,
nutritionally and physiologically interacting to sustain

high levels of primary productivity and chemo-organotrophy.
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I. INTRODUCTION

A substantial portion of temperate North America,
inclusive of the Great Lakes region, is represented with a
large number of lakes, ponds, marshes, and simllar aquatic
habitats of shallow to moderate depth. A large majority of
these aquatic ecosystems characteristically possess well-
defined littoral zones, with extensive development of sub-
merged and emergent vascular hydrophytic vegetatilon.

The communities of shallow habitats are commonly
thought to contribute significantly to the total energy
fixation, utilization, and transformation. Little investi-
gative effort, however, has been directed to comprehensive
studies of littoral metabolism and the functional inter-
actions and dynamics of these communities (see discussion
by Wetzel, 1964). Frequently, a quantitatively significant
portion of the total biomass of primary producers and de-
composers constitutes the sessile community (herein referred
to as the periphytic or attached algal and bacterial flora)
and strongly suggests biomass that 1s often quantitatilvely
dominant over their pelagial counterpart. Thus, the
littoral community may be capable of exerting a strong
influence on observed annual cycles and dynamics of pelagic

Phyto- and zooplankton through direct and indirect



interactions. Such influences, based on the function of
dissolved organic compounds and metabolites in natural
waters (see discussion of Wetzel, 1968), may have pronounced
effects 1n regulation of eutrophicational ontogeny within
many of these fresh waters.

Wetzel and Allen (1970) have suggested interactive
mechanisms, functioning in littoral and pelagial environ-
ments, which are potentially responsible for regulation of
various aspects of trophic dynamics. Detalled theoretical
and experimental evidence continues to reaffirm the close
physiological interrelationships and nutritional inter-
dependenclies existent between the eplphytic, epibenthic,
and pelagial floras.

Exceedingly little information exists with regard to
the quantitative contribution of epiphytes (hereafter con-
sidered the sessile microflora colonizing only vascular
macrophytic vegetation) to the total primary producers pool
within an aquatic ecosystem. There 1s, however, a volumi-
nous literature generally applicable to the periphytic
community, with stress being placed on the descriptive
aspects of spatial and temporal population dynamics and
community structure (Wetzel, 1964), but little consider-
ation of nutrition, energetics, or physiological metabo-
lism 1is evident.

Few investigators have sought to elucidate the
interactions existing between the host macrophytic vege-

tation and the attached algal and bacterial flora in



freshwater environments. Linskens (1963) has determined
the direction of transport of inorganic phosphorus between
several marine macro-algal species and certain of their
dominant epiphytic algae and noted specifically in which
cells (epiphytes) and morphological structures (host macro-
forms) the translocated isotope became localized. Other
physiologically related studies on marine algae and theilr
attached algal flora include Funk (1954), v. d. Ende and
Linskens (1962), v. d. Ende and v. Oorschot (1963), and
Beth and Linskens (1964), but similar studies on freshwater
systems are lacking.

Studies contributing to our present understanding of
the distribution of algal (or bacterial) epiphytes and
causal mechanisms influencing attachment and subsequent
growth are exiguous in the literature. Annual periodicity
of the attached algal flora, especially with reference to
changes 1n environmental and water-quality parameters
(1ight, thermal conditions, inorganic chemistry, wave
activity, etc.) has received cursory attention (see repre-
sentative studies by Willer, 1923; Godward, 1934; Knudson,
1957; Cannon, et al., 1961; Kowalczewskl, 1965; and others).
Many of the studies in this area have not dealt with the
epiphytic vegetation in its natural heterogeneity, but have
isolated representative taxa from natural substrata to
evaluate their individual growth and metabolic requirements
under controlled laboratory conditions. Such studies would

be of greater value in the interpretation of observed



in situ changes 1n population densities, species compo-
sitional shifts, and community metabolism, 1f experimental
conditions simulated natural conditions.

Some studies (Godward, 1934; Prowse, 1959) have
demonstrated a distinct specificity of certain epiphytic
algae for select macrophytic hosts. If thelr observations
are representative and extrapolatable to the dominant taxa
and vascular hydrophytes commonly colonizing littoral areas,
then a host of potential interactlive mechanisms will re-
quire eventual investigation. Certailn of these mechanisms
are most llkely to function and be detectable at very
subtle levels and probably involve both commonly shared
and more specific unidirectional metabolic interactions.
Jgrgensen (1957) suggested that the epiphytic diatom,

Tabellaria flocculosa, 1s capable of utilizing silica

directly from the stems of Phragmites, especially since Si

is easily dissolved and decreases synchronously within the
hydrophyte during periods of peak population density of

the diatom. His circumstantial evidence is further sup-
ported by spring and fall epiphytic maxima which do not
coincide with the maximum development of planktonic diatom
communities. Such proposed nutritional supplementation by
the macrophyte may be beneficial in the development of
seasonal growth patterns distinctly different from those

of the eplbenthic or planktonic communities, and further
decrease the probability of direct competition for specific

nutritional elements or essential metabolites.



The epibenthic habitat (epilithic, epipelic, and
epipsammic communities) has been little studied function-
ally. Studies are beginning to emerge where estimates of
theilr integrated ecological importance and various aspects
of their productivity and overall metabolism are considered.
Much of the exhaustive literature prior to 1963 has been
reviewed by Wetzel, 196U4; similarly, much literature
specific to epipelic and epilithic habitats has been in-
cluded by Round, 1964, Other lotic and lenitic studies of
particular interest, primarily since 1963, include Grdntved,
1960, 1962; Eichelberger, 1963; Slddecek and Slddedkovd,
1963, 1964; Wetzel, 1963, 1965a, 1969c; Pieczyriska, 1965;
McIntire and Phinney, 1965; Kevern and Ball, 1965; Kevern,
et al., 1966; King and Ball, 1966; Szczepanski and
Szczepanskd, 1966; Cushing, 1967; Moss and Round, 1967;
Backhaus, 1967, 1968; Grzenda, et al., 1968; Peters, et al.,
1968; Steele and Baird, 1968; Moss, 1968, 1969; Pamatmat,
1968; and Hargrave, 1969). As in previous studies of
epiphytic algal metabolism, there have been no investi-
gations which emphasize synthesis or integration of com-
munity parameters that would, in turn, allow a direct
estimate of thelr function or contributlion to the lake
as a whole.

For at least 40 years the majority of these studies
were concerned with assessment of biomass (dry weight or
organic matter content), and species composition, and

distributional changes. Recently, emphasis has shifted to



in situ measurements of primary productivity. Variations
of the carbon-14 technique have been employed in a few
cases to measure photosynthetic rates of attached com-
munities under natural conditions.

. Unfortunately, much of the work accomplished with
artificial substrata is of 1little relevance in determining
the importance of 1in situ metabolism by attached communi-
ties. Where slides (or other substrata) have been sus-
pended vertically in reservolrs and deeper waters, and
subsequently allowed to undergo colonization, communities
which are atypical in a planktonic environment may have
developed. Attachment during prolonged stratification may
reveal periphytic communities which are representative of
natural populations and distributions of organisms in the
plankton (especially applicable to the bacterial micro-
flora). The real value in employing artificial substrata
i1s to obtain attached community development where the
natural substrata do not rapidly lend themselves to repro-
duclible sampling procedures in littoral areas, and where
attached communities are normally found, in littoral and
shallow water zones.

Sampling of the natural heterogeneous community com-
Plex presents many obvious problems and depends upon the
qQuestion belng asked and precision required. Undoubtedly
such problems are responsible in part for the lack of
Supporting information on littoral ecology that exists for

the pelagial environment. The littoral 1s frequently



deleted from even the most thorough and comprehensilve
investigations. Further, of those studies which have
attempted to look at the ecological role of attached com-
munities from their overall systems-1importance, few have
achieved the necessary partitioning of the 1littoral environ-
ment into some of 1ts basic structural components, 1l.e.

into macrophytic vegetation, periphyton, etc., in order to
make more direct and valid comparisons with the open water
communities (Wetzel, 1964; Hargrave, 1969).

The present studies were designed to elucidate the
relative importance of primary productivity and chemo-
organotrophy (with selected supporting descriptive param-
eters) of epiphytic algae on submerged and emergent aquatic
vegetation within a small lake to lake metabolism in
general. Certain of the nutritional and metabolic inter-
actions of host vascular hydrophytes and their attached
heterogeneous algae and bacterlia were studled. Potential
direct and indirect regulatory effects of the collective
littoral community on the pelagial environment and subse-
quent control over aspects of lake trophic ontogeny were
considered. Estimates of in situ primary productivity and
chemo-organotrophic utilization of dissolved organic com-
pounds, as employed in this study were based on modifi-

cations of 14

C-methodology. Metabolism of extracellularly
released organic materials by axenic cultures of a fresh-

water macrophyte (Najas flexilis L.), and subsequent

partitioning of uptake by cultured algal and bacterial



epiphytes in speclally constructed chambers, also employed

140 tracer techniques. A technique designed for the in situ

labelling (with 1%

C02) of an emergent hydrophyte (Scirpus
acutus Muhl.), with potential applicability to other
littoral metabolic studies, was developed and used under
field conditions.

Resultant data, from both field and concomitant
laboratory studies of epiphytic metabolism, strongly sug-
gest that thils community may easily be a domlnant primary
producer in many of our typical freshwater ecosystems, and
through effective interaction in the cycling of dissolved
organic compounds function at subtle levels to accelerate

or retard eutrophicational processes and lake ontogeny.

From the magnitude of measured annual rates of 1n situ

photosynthesis, it is becoming increasingly obvious that
we can no longer Jjustify neglect of thils part of the
aquatic ecosystem, especially when evaluating trophic

dynamics at the inter- and intrasystems level.



II. METHODS
A. Lawrence Lake, Michigan

Lawrence Lake (85° 21' W, 42° 27' N) is located in
the southwestern corner of lower Michigan (Barry County)
which, and in consociation with a smaller lake and sur-
rounding marsh area, forms a basin confluent with the
southern outwash apron of the Kalamazoo morainic system
(Rich, 1970). The surrounding terrain is characterized
geologically by the presence of glacial till and undulating
plains. The origin of the lake, as evidenced by the steep-
ness of the basin (Wetzel, et al., in preparation), proba-
bly followed melting of a buried terminal ice block. The
cultural history of Lawrence Lake, indicating post-
settlement influences to the lake system proper, and sur-
rounding watershed, are documented 1in considerable detail
by Rich (1970).

Lawrence Lake lies along a NE-SW axis at an elevation
of 275.3 m above sealevel, and receives visible drainage
from two very small inlets (Figure 1). The single outflow
eventually terminates at Augusta Creek. There 1s some
evidence that vernal springs may also contribute to the
lake. The watershed 1s approximately 10 times the sﬁrface

area of the lake and consists primarily of fallow fields.
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Selected morphometric parameters, calculated from the
bathymetric map (Figure 1), are total surface area: 4.96
hectares; total volume: 292,349 m3; maximum depth: 12.6 m;
mean depth: 5.89 m; shore development: 1.29, and relative
depth: 5.01%. Lawrence Lake 1s calcareous and contains
extensive deposits of marl, nearly pure calcium carbonate.
Over a number of years (Rich, 1970) marl was excavated from
the basin and has accounted for an addition of 5,250 m2 to
the surface area (10.6%), and 16,445 m3 (5.6%) to the volume
(Wetzel, et al., in preparation).

The subaquatic vegetation in Lawrence Lake occupies
a significant percentage of the littoral surface area, and
extends to a depth of 6 to 7 m. Dominant macrophytic vege-

tation includes representative submergent genera: Chara

(8-10 species), Najas flexilis, Scirpus subterminalis,

Myriophyllum sp., and Ceratophyllum sp.; floating-leaf

genera: Potamogeton (5-7 spp.), Nuphar (2 spp.), and

Nymphaea (2 spp.); and emergent genera: Scirpus (3 spp.),
Sagittaria (3 spp.), and Potentilla fructicosa. An inten-

sive limnological survey of numerous physical, chemical,
and biological parameters has been conducted in Lawrence
Lake to evaluate the autotrophic dynamics in a marl environ-
ment (Wetzel, et al., in preparation).

There are a number of reasons for the selection of
Lawrence Lake, as a representative system, for the evalu-
ation of epiphytic metabolism and subsequent comparisons

to the pelagial environment. The morphometry of the basin
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lends itself to such a study because of the well developed
littoral zone of both submerged and emergent macro-
vegetation, and a well developed epiphytic flora. Moreover,
nutrient interactions existing in marl environments, which
perpetuate low rates of primary productivity by pelagic
phytoplankton (Schelske, 1962; Wetzel, 1956b, 1966, 1967,
1968; Wetzel, et al., in preparation), offer ideal condi-
tions for determining potentially functional interrelation-
ships between the macrophyte-epiphyte system and the open
water. Many of these interactions (operational within the
pelagial regions) have been alluded to, or are described,
in the previous papers by Wetzel.

Two sites were selected for the study of various
aspects of in situ eplphytic metabolism (cf. Figure 1), and
include the attached flora on the dominant emergent hydro-

phyte, Scirpus acutus Muhl. (Station I), and the submerged

Najas flexilis L. and Chara spp. (Station II). Station I

is located on a marl bench, while Station II, on the west-
ern shore‘of the lake, 1s characterized by a highly floccu-
lent organic sediment. Choice of these particular sites
permits an 1nterna1 comparison between emergent (submergent
portions of the emergent plant) and submergent epiphytic

growth and metabolic dynamics.
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B. In situ assessment of eplphytic
community metabolism

Studies were designed initially to determine the
sultablllity of various sampling procedures for measurement
of reproducibility of community responses with natural,
heterogeneous, epiphytic complexes. Initial studles were
also necessary to determine anticipated ranges of rates of
primary productivity, chemo-organotrophic velocities,
quantitative and qualitative pigment composition under
in situ conditions. One of the goals of this study has
been to attempt to demonstrate the constancy in metabolic
responses under natural conditions, even though wide taxo-
nomic differences exist within these communities.

Replicate samples of standing-crops of epiphytes from
natural macrophytic surface areas were obtalned by removal
of uniform surface areas (0.785 cm2) with a cork-borer.
Attached community samples were carefully removed from the
macrophytic discs with small pads of precombusted (1 hour
at 525C) glassfiber ultrafilters (type 984H; Reeve Angel
Co., Clifton, N. J.) and analyzed for chlorophyll a content
by standard techniques (Strickland and Parsons, 1965).
From varilances in pigment concentration of the attached
community, i1t became evident that macrophytic tissue was
being removed along with the epiphyton (confirmed through
microscopic examination of resuspended epiphyte samples).

Similar initial tests were performed with colonized,
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identical surface areas of various stem sections, leaf
portions, and internodal segments with the same effects.
Tests to demonstrate ranges of metabolic parameters

were conducted on replicated samples obtained as described
above. Methodology employed for measuring carbon-14 uptake
(e.g. primary productivity, and chemo-organotrophy) is
discussed in detail below. Rates of photosynthesis and
uptake of organic compounds were measured at different

heights on Scirpus, Potamogeton, Nuphar, and Nymphaea to

determine parameter variance and ranges of rates of metabo-
lism. Similarly, measurements of these parameters were

replicated at depth (Scirpus, Nymphaea, and Nuphar sub-

strata) and within the same macrophytic stand (Scirpus,
Chara).

From preliminary analysis of these data, it was
decided to employ artificial substrata to overcome sampling
problems associated with contamination by host macrophytic
tissue. Artificial substrata consisted of 1" x 3" Plexi-

glasR

slides, wrapped with non-toxic, black polyethylene
tape, with 3 standard surface areas (1.6 cm2 each) exposed
for colonization after precleaning the slide surfaces. Two
such slides, when placed back-to-back, have an exposed
surface area of 9.6 cm2, and were considered one sample
(Figure 2). Artificial substrata were affixed to Plexiglas
rods (3/16" diameter) such that when the rods were posi-
tioned in the Najas and Chara areas of the littoral

(Station II), colonizable surface areas would be exposed
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at distances of 5 and 10 cm above the sediments. Substrata

placed on the marl bench among the Scirpus acutus stand

(Station I) were exposed at 5, 15, and 25 cm above the
sediments. Vertilical and horizontal placement of substrata
permitted adequate characterization of spatial and temporal
changes 1n the colonized epiphyton and was closely repre-
sentative of vertical distribution existing in the natural
vegetative stands. Rods with artificial substrata were
placed at the intersection of 1 m2 quadrats in a randomized-
block design at both Stations. All substrata were identical
and precleaned prior to placement 1n situ and allowed to
start colonization at the same time, on both sides of the
lake. All substrata were colonlized for the same period of
time prior to initial measurements and sampling was de-
pendent upon random-number selection. After a suitable
period of colonization (6 weeks), comparisons of parameters
(pigments, primary productivity, and chemo-organotrophy)

on natural and artificial substrata were undertaken.
1. Preliminary studies

Measurements of rates of photosynthesis, chemo-
organotrophy, and pigment composition were made at biweekly
(on two occasions, triweekly) intervals over the annual
period of 13 April 1968 through 30 May 1969. Sampling
intervals were selected, after considerable prior testing,
in relation to the accumulatory development of the attached

community. Rapid oscillations 1n rates of primary
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productivity, for example, were not observed when measure-
ments were made at 2-3 day intervals, as would be charac-
teristic for some plankton populations.

Random-numbered substrata were selected on sampling
occasions such that the routine parameters could be esti-
mated on one sample (6 replicate, colonized surfaces) from
each of the vertical positions within each of the two
stations. Colonization of all substrata at each specific
depth was assumed to be identical. Systematic treatment
of individual colonized areas for each sample (= two slides)

is outlined in Figure 2.

2. Measurement of annual cycle parameters

a) Primary productivity

Rates of primary productivity by algal organlsms
within the epiphytic complex was measured by slight modi-
fication of the carbon-14 technique, originally introduced
by Steeman-Nielsen (1951, 1952). Various applications of
luC methodology have been used for assessment of natural
rates of photosynthesis 1n both freshwaters (see Goldman,
1963, among others) and marine environments (Strickland,
1960), and more recently within periphytic communities
(Wetzel, 1964).

The colonized blomass from both of the upper surface
areas of the two slides (Figure 2) was gently removed in

the field, with precombusted glassfiber ultrafilter pads

held with forceps. The pads were placed into 5 to 10 ml
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Figure 2.--Systematic treatment of samples for
determination of routinely monitored community metabolic
parameters of primary productivity, chemo-organotrophy,
and pigment composition within the epiphytic complex
(see text).
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aliquots of ultrafiltered lakewater from the growing site
and returned to the laboratory for chemo-organotrophic
measurements. The remaining two slides were placed into
wide-mouth (27 mm), ground-glass stoppered, clear and
opaque Pyrex® bottles (125 ml). A 0.50 ml solution of

tracer 14

C, as predominantly Na(HCO3)2, was injected into
each bottle. The 1sotope was of known radioassay through
previous gas phase combustion (see Wetzel, 1964; Goldman,
1968; concentration of absolute activity determined by
Dr. R. G. Wetzel: U4.77 uCi ml-l). The samples were then
resuspended at the same depth and position as original
colonization took place. After a 3 to 4 hour incubation
period, samples were retrieved from the field in a 1light-
free box, and i1mmediately transported to the laboratory.
The biomass was removed with precombusted filter pads (cf.
Figure 2; light photosynthesis sample), redistributed into
150 ml ultrafiltered lakewater from the growth site, and
aliquots filtered (MilliporeR, type HA; porosity: 0.45 +
0.02u) for light bottle photosynthesis (120 ml) and pigment
composition (20 ml). The final 10 ml aliquot was fixed
with 2 drops of Lugol's acetlic acid solution for subsequent
microscopical examination. The epiphyton of the remaining
slide (dark photosynthesis sample) was similarly redistri-
buted into 150 ml of filtered lakewater; a 30 ml portion
was dilscarded and the remainder filtered for radioassay.

Filtered eplphyton were dried under desiccation, and the

radiocactivity determined with a minimum of 2000 counts
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(occasionally 1000 counts for dark bottle photosynthesis
samples during winter) on a gas-flow Geiger-Muller counter
(Nuclear Chicago, Model 6010, with micromil window: D-47).
Decontamination procedures (Wetzel, 1965c) were adherred
to, and all filtered algal samples were radlioassayed prior
to and following brief (10 min.) exposure to fumes of con-
centrated hydrochloric acid. In calcareous aquatic environ-
ments precipitation of mono-carbonates proceeds at es-
peclially rapid rates, and leads to significant errors where
neglected.

Calculation of autotrophic assimilation followed
standardized procedures, as used for phytoplankton (see
for example, the technique and detailed procedure outlined
by Wetzel, 1964). An allowance of 6% is made for potential
isotopic discrimination effects. A diurnal factor for
surface light received durlng the 1in situ incubation was
determined by planimetric measurement, the period of incu-
bation, from a recorded diel pyrheliogram (Belfort pyrhelio-
meter; Belfort Inst. Co., Baltimore, Md.). Total availlable
inorganic carbon was calculated from sample temperature,
chemical titration of alkalinity, electrometric determi-
nation of pH, and appropriate conversion factors (Saunders,
et al., 1962). Volumes used for redistribution of organ-
isms (with dilution factors) were equated with the original
surface areas colonized. Data are expressed both on a per

m2 of artificial substratum basls and a m2 of littoral zone
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from estimates of the total macrophytic surface area per

m2 of the littoral zone.

b) Chemo-organotrophy

Samples for estimation of chemo-organotrophic utili-
zation of organic compounds were returned to the laboratory
within 20 to 30 minutes after collection. Similar to the
photosynthetic measurements, the attached biomass was sus-
pended into ultrafiltered lakewater (200 ml; see Figure 2)
from the growth site and rapidly auto-plipetted in 10 ml
aliquots into screw-capped, Pyrex test-tubes (15 ml).

Procedures for measurements of bacterial utilization
of organic substrates follows the identical methodology of
Allen (1969), and need be only briefly reiterated here.
Serially increasing amounts of uniformly labelled (see
discussion in Hamilton and Austin, 1967) glucose or acetate-

lL‘C (usually 25, 50, 100, and 200 ul for glucose, equivalent

to 11 to 86 ug 17! at a specific activity of 1.044 uCi ml'l;
and 10, 20, 40, and 80 ul for acetate, equivalent to 21 to
160 ug 171 at a specific activity of 0.981 uCi ml™') were
added with micropipettes to four of the screw-capped tubes.
Adsorption and non-metabolic blanks were prepared by addition
of 10 or 25 ul of 1uC substrate, and immediately fixing the
sample with Lugol's I2KI. Blanks were lncubated along with
regular samples in total darkness at near 1in situ tempera-

tures (i 1C during the vegetative season; during the winter:

+ 0.5C) for a period not exceeding 1.5 hours on an
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oscillating table (movement only strong enough to disrupt
any temporary stratification of the isotope). The low
concentrations of added organic substrate used and the
short i1ncubation periods should be emphasized. Both
glucose and acetate have been detected in freshwater and
marine environments at exceedingly low concentrations by
both enzymatic or direct assay technique (Wright and
Hobbie, 1965a, 1965b, 1966; Hobbie and Wright, 1965a,
1965b; Vaccaro and Jannasch, 1966, 1967; Allen, 1967,
1968a, 1969; Wetzel, 1967; Vaccaro, et al., 1968; among
others). As stressed by Allen (1967) and others, esti-
mations of in situ organic metabolism should be made at or
near existing natural concentrations. Whether dominance
by bacterial transport or algal diffusion kinetics 1s
observed, is of 1little Importance, if added quantities of
organic substrates are close to those found in nature.
Uptake demonstrated to occur at higher concentrations
(e.g. > 500 upg 1_1) has little relevance in interpretation
of naturally observed bacterial-decomposer and chemo-
organotrophic activity, in that detectable responses may
be induced or the result of site-inhibition phenomena.
Short 1incubation periods are necessary to avold possible
recycling of metabolites through extracellular release
(or as accumulated by-products) and subsequent re-
utilization, in accordance with previously established
rates of bacterial turnover of organic substrates (see

discussion in Allen, 1969). For a more detalled discussion
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of the suitability, and applicability, of these measure-
ments based on Michaelis-Menten enzyme kinetic analyses
and actlive transport capabilities, to the study of fresh-
water microbial metabolism, the reader is referred to the
original work of Wright and Hobbie (1965a, 1965b, 1966).
Glucose and acetate were routinely employed
because of their representative involvement in more gener-
alized microbial metabollic schemes. On several occasions,
other hexose sugars (fructose, galactose), amino-acids
(glycine, serine, alanine), and Krebs-Cycle intermediates
(succinate, glycolate) were tested. As with the photo-
synthetic measurements, maximum rates of utilization of
organic substrates by the microflora (ug substrate removed

-1 hr'l) were equated to surface areas of natural or

1
artificial substrata. In strict interpretation, the new
parameter of uptake would become: ug of substrate removed
per liter per hour by the microflora colonizing 1 dm2 of
plant or artificial substrata. Presentation of chemo-
organotrophic data on a dm2 as opposed to per m2 basis
emphasizes the dynamics of utilization from small, colonlzed

surface areas where the bacterlal component is very hetero-

geneously distributed in the eplphytic community.
c) Pigment composition

Small aliquots (20 ml; Figure 2) of resuspended
epiphytic organisms were concentrated onto Millipore HA

membrane filters under low vacuum (< 0.5 atm), placed
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between absorbant pads, and immediately frozen under
desiccation until extraction and analysis could be per-
formed (1 to 2 weeks). Extraction was accomplished by
cell homogenization (1 minute; compressed-air driven
Teflon-glass homogenizer) 1in reagent grade, aqueous 90%
basic acetone. After centrifugation, standard spectro-
photometric (Hitachi-Perkin Elmer, Model UV-VIS 139, or
Beckman DK-2A, ratio-recording spectrophotometer; 10 cm
light path) techniques were applied (Strickland and
Parsons, 1965). Computation of concentrations of chloro-
phyll a and total plant carotenoids followed equatilons
given by Strickland and Parsons. Subsequent to acidifi-
cation of samples (1 drop of 1 N HCl) in spectrophotometer
cuvettes, absorption peaks were redetermined to permit
estimations of the concentration of pheo-degradation pig-
ment products. Calculations of concentrations of chloro-
phyll a corrected for the presence of pheophytin products
(see discussion by Moss, 1967a, 1967b) followed equations
of Lorenzen (1967). Although absorption data were deter-
mined for chlorophylls a, b, and ¢, quantitative evaluation
of b and ¢ was not attempted in this study. As with pri-
mary productivity field data, chlorophyll a, and total
plant carotenolds are expressed as mg or g, and milli-
specific pigment units (MSPU) or MSPU - 103, per m2 of

artificial substrata or littoral zone.
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d) Taxonomic treatment

Samples of epiphytic communities (10 ml; Figure 2)
were routinely preserved from each depth, at each of the
two stations, throughout the annual period. Evaluation of
species composition and distribution was limited to a
cursory examlination by the settling-chamber technique
(Utermd8hl, 1958) and an inverted microscope (Wild, Model
M-40). Dominance among the attached flora was usually
determined, however, through the use of orthodox prepared
slides and a compound light microscope. Both, living and
preserved samples of intact, epiphytic community structure
were examined with a Zeliss Photomicroscope, after embedding
thin-sections of natural macrophytic cross-sections and
surfaces in vaspar (1l:1 mixture of vaseline and paraffin
wax). Photographic documentation has revealed distinctly
stratified patterns within natural communities of epiphytes.

3. Determination of naturally colonized
surface areas of macrophytes

Quantitative and qualitative data of rates of photo-
synthesis, chemo-organotrophy, and pigment composition from
artificlal substrata were expressed in two ways: 1) as a
rate or concentration per dm2 or m2 of colonized surface
area at a specific depth in either of the two stations or
2) by employing factors for the macrophytic surface area

2

present per dm2 or m of littoral zone, proportionally

corrected for the macrophyte blomass present, per unit
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2 or m2) of the littoral zone. Expression of these

area (dm
data on the basis of total macrophytic surface areas per
unit area of littoral permits a direct comparison of moni-
tored values with identical parameters in the pelagial.
Several procedures were used to obtain estimates of

macrophytic surface area supported per m2 of the littoral

zone. Station II 1s dominated by Najas flexilis and

several specles of Chara. Owing to the high heterogeneity
in natural distribution, representative plants were excised
at the sediment-water interface by removal of replicated
cores (diameter: 14.9 cm2) along predetermined transects
parallel and perpendicular to the shoreline. The macro-
phytic biomass was carefully rinsed in a floating sieve,
blotted to remove excess water, and gently placed in a
tared, shallow aluminum pan containing a known qua<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>