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1. Introductory Background Summary of Research in Progress: 

The exponentially increasing exploitation of existing fossil fuel 
resources has exerted unprecedented pressure upon the freshwater environment, 
both immediately adjacent to and remote from sites of acquisition. Many 
effects are direct and immediate, e..j». carriage and dispersion of spoilage, 
contamination of surface and groundwaters with mobilized metals, nutrients, and 
organic compounds. Other effects are displaced and delayed, ĵ .j*. thermal 
enrichment of surface waters resulting from combustion and shifting rates of 
mobility, dissociation, and degradation of inorganic and organic compounds. It 
is important that a firm understanding of biogeochemical cycling and control 
mechanisms be known in order to fully evaluate the impact of necessary utilization 
of fossil fuel upon surface waters. 

The Principal Investigator initiated an integrated program of investigations 
on the qualitative and quantitative cycling of particulate and dissolved organic 
matter in the late 60s under this contract with the Energy Research and 
Development Administration (formerly AEC). Interactions of dissolved organic 
matter with inorganic nutrient cycling and regulation of the photosynthetic and 
decompositional metabolism of micro- and macroflora remains the focal point of 
these studies. Major efforts are directed towards (1) the sources, fates, 
pathways, and interactions of. dissolved organic matter in inorganic chemical 
cycling; (2) allochthonous sources, metabolism en route, and inputs to the lake 
systems of increasing stages of eutrophicat'ion; and (3) the relationships of 
these compounds to the nutrient physiology and metabolism of phytoplankton, 
sessile algae, macrophytes, and bacterial populations of the littoral zones and 
wetlands of the drainage basin. 

Analyses of regulatory mechanisms of growth and rates of carbon cycling 
center on evaluation of quantitative control interactions among (1) the micro
flora of the pelagial zones of several lakes of progressively greater eutrophy, 
(2) littoral photosynthetic producer-decomposer complex, and (3) allochthonous 
inorganic-organic influxes and their biotic processing. The underlying thesis 
of the P. I. is that quantification of the dynamic carbon fluxes among these 
components and their rate control mechanisms by physical and chemical factors are 
fundamental to elucidation of the rate functions of lake eutrophication. 

A major portion of the present research and that of the past contract year 
has been directed towards the fate and nutrient mechanisms regulating qualitative 
and quantitative utilization and losses of organic carbon synthesized within 
lakes and their drainage basins. It has become increasingly apparent that the 
littoral flora and attendant epiphytic and benthic microflora have major 
regulatory controls on biogeochemical cycling of whole lake systems. A major 
effort on factors regulating the metabolism of littoral macrophytes and attached 
algae has been initiated and coupled to integrated studies on their decomposition 
and the fate of detrital dissolved and particulate organic matter. These organic 
products are now being coupled to influences on enzymatic activity and inorganic 
nutrient recyling. 

The progress statements summarized below cover the integrated activities 
of Wetzel's programs. Portions of the studies are augmented by research 
activities of doctoral candidates and post-doctoral research associates, not all 
of whom are supported by this DOE contract. Most aspects of these interrelated 
studies are inseparable from the overall objectives. The contract of the 
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Department of Energy, however,. continues to be the primary sponsor that' permits 
the integrated program to function effectively. 

I summarize salient aspects of these investigations, much of which is 
treated in detail in the accompanying publications, preprints, and manuscripts 
of the current term. Several phases of the studies have been completed, analyses 
are finished, and the results are being interpreted. Other aspects, such as 
metabolism of wetland macro- and microflora, chemical loading dynamics and 
interactions of nutrients, etc. are continuing. Certain facets of the investi
gations discussed in the last Annual Reports (COO-1599-104 and COO-1599-125) are 
briefly reiterated here for continuity. 

Integrated Programs in Progress on Organic Biogeochemistry and 
Lake Metabolism 

These continuing investigations focus on integrated studies of the 
qualitative and quantitative cycling and metabolism of particulate and dissolved 
organic carbon in lakes and their inflow sources (surface and subsurface). 
Emphasis is placed on the sources, fates, and interactions of dissolved and 
particulate organic matter in relation to: (a) inorganic chemical cycling, 
(b) allochthonous loading to the lake system, and (c) the coupled nutrient 
physiology and metabolism of phytoplankton, bacterial populations, macrophytes, 
and attendant sessile algal-bacterial communities. Regulatory mechanisms of 
growth and rates of carbon and nutrient cycling are being evaluated among the 
(a) inorganic-organic influxes of allochthonous sources as they are controlled 
by wetland-littoral communities, (b) the littoral photosynthetic producer-decomposer 
complex, and (c) the microflora of the pelagial zone. Quantification of carbon 
fluxes among these components and control mechanisms is fundamental to elucidation 
of the rate functions of lake eutrophication. The integrated studies addressing 
these multifaceted objectives are summarized in the following three summary 
diagrams. Personnel working with the P. I. are indicated parenthetically. 



ALLOCHTHONOUS 

1. Allochthonous inputs, outflow, and cycling of particualte and dissolved organic matter (Wetzel, Cunningham) 

2.- Detailed water budget of drainage basin 
a. Overall budgets from inflows (2 inlet streams, groundwater, precipitation, subsurface seepage) and 

outflow (Wetzel, Cunningham) 
b. Detailed cation (Ca, Mg, Na, K) budgets of inputs, sedimentation, outflow (Wetzel, White) 
c) Loading and losses in/from wetland areas (Cunningham, Wetzel) 

3. Allochthonous phosphorus budget components (Wetzel) 
a. Subsurface seepages c-..- •''? 
b. Inflows and outflows (surface and subsurface) 
c. Co-precipitation losses with CaCOo and utilization 

k. Loading, utilization, transformation, and losses of dissolved and particulate organic carbon. 
a. Dynamics of particulate organic matter in inflow streams and outflow (surface and subsurface)(Wetzel) 
b. Dissolved organic matter 

i. Loading, transport changes, outflow: molecular weight and chemical composition changes (Wetzel) 
ii. Degradation rates of protein and amino acids of water by sediment microflora (Cunningham) 
iii. Complete loading-transformation budget of dissolved organic nitrogen and carbon (Cunningham, Wetzel) 

i 

I 



WETLAND & 
LITTORAL 

METABOLISM 

Macrophyte Physiology 
1. Nutritional physiology of 

aquatic angiosperms in 
axenic culture (Wetzel) 

2. Photosynthesis and excretion 
of dissolved organic matter 
by aquatic macrophytes 
(Wetzel, Hough, Penhale) 

3. Respiration and photorespir-
ation of aquatic angiosperms: 
quantification and control 
mechanisms (Hough, Wetzel) 

h. Carbonic anhydrase activity 
and carbon availability in 
emergent, floating, and 
submersed angiosperms 
(Weaver, Wetzel) 

5. Transport and utilization of CQ2 
within lacunal spaces between 
foliage and roots/rhizomes in 
submersed angiosperms 
(Wetzel, Gorham) 

6. Respiratory-enzymatic activity 
of roots/rhizomes of littoral 
macrophytes in response to 
organic loading stresses (Wetzel) 

Population Growth and Metabolic Effects 
1. Annual productivity and distribution 

of submersed and emergent aquatic 
macrophytes (Wetzel, Rich, Grace, 
Dickermant)i 

2. primary productivity, heterotrophy, 
and nutritional interactions of 
algal and bacterial epiphytes on 
aquatic macrophytes (Allen, 
McKinley, Wetzel) 

3. Rates of organic and carbonate 
sedimentation (Wetzel, White) 

h. Utilization of dissolved organic 
substrates and inorganic nutrients 
by submersed angiosperms and 
epiphytes: effects of macrophytes 
on DOM and inorganic nutrients 
being transported through littoral 
zone (Mickle, Wetzel) 

5. In situ allocation of photosynthate 
to vegetative, reproductive, and 
root/rhizome tissue in emergent 
macrophytes under competitive 
stresses of nutrient limitations 
and population competition 
factors (Grace, Wetzel) 

Decomposition & Fate of Metabolic EndproductE 
1. 

2. 

3. 

k. 

5. 

6. 

Submersed macrophyte decomposition and 
generation of dissolved organic matter 
(Wetzel, Otsuki) 

Mechanisms governing decomposition of 
emergent, floating-leaved, and 
submersed angiosperms (Godshalk,Wetzel) 

Utilization of benthic detritus of 
littoral zone; respiratory cycling 
at sediment-water interface 
(Rich, Wetzel) 

Long-term changes in chemical composit
ion of dissolved organic compounds of 
decomposingnemergent and submersed 
macrophytes by Curie-point pyrolytic 
mass spectrometry (Boon, Wetzel, 
Godshalk) 
Rates of in situ decomposition of 
lignin, cellulose, and hemicellulose ' 
of emergent angiosperms standing [ 
senescent, on surface sediments, and ' 
within sediments (Dickerman, Wetzel) 
Effects of humic compounds on i 
enzymatic activity in sediments ' 
(Cunningham, Wetzel) o o o 
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PELAGIAL 
METABOLISM 

Chemical-Metabolic Interactions 

1. Organic-inorganic chemical 
interactions, especially PO^-CaCOn 
and dissolved organic matter-CaCOo 
complexing (Wetzel) 

2. Particulate and", colloidal carbonate 
interactions with organic compounds 
(e;sp. vitamin B-12) and metals 
(White, Wetzel) 

3. Sediment-water CCU cycling 
(Rich, Wetzel) 

h. Seasonal dissolved organic nitrogen 
cycles: fractionation, production, 
and utilization by phytoplankton 
(Wetzel, Manny) 

5. Dynamics of pelagial phosphorus 
budget: loading, sedimentation, 
losses (Wetzel) 

6. Spatial variations in vertical and 
seasonal chemical parameters, 
littoral vs. pelagial sites 
(Wetzel, et al.) 

7. 12 years of continuous (weekly and 
biweekly) physical, chemical and 
biological baseline data on 
Lawrence Lake (Wetzel, et al.) 

Phytoplankton Metabolism Past Chemical-Productivity Interactions 

1. 

2. 

Sedimentary analyses of post-glacial 
autotrophic productivity and 
nutrient-organic matter chronology 
of oligotrophic and eutrophic 
hardwater lakes (Wetzel, Manny) 
Sedimentation rates of phosphorus, 
nitrogen, organic matter, metals, 
•. .and carbonates: past vs. present 
rates (Wetzel, White, Manny) 

1. Algal organic excretion: seasonal 
periodicity and utilization by 
microflora (Wetzel, McKinley) 

2. Heterotrophic and photoheterotrophic 
utilization of dissolved organic 
substrates by algae (McKinley, 
Wetzel) 

3. Absolute sodium requirement of blue-green 
algae and control of population dynamics 
in hardwater lakes of low Na content 
(Ward, Wetzel) 

k. Spatial phytoplanktonic distribution 
and metabolism in relation to 
allochthonous and littoral nutrient 
influxes (Stewart, Wetzel) 

5. Interrelationships of light and inorganic 
nitrogen availability on N2 fixation, 
WOo reduction, and excretion of dissolved 
organic nitrogen on the physiology arid 
competitive productivity of blue-green 
algae of oligotrophic and eutrophic 
hardwater lakes (Ward, Wetzel) 

'6. Alkaline phosphatase activity of water 
and phytoplankton in situ annually 
and in response to inorganic and 
organic phosphorus loading (Wetzel) 

7. Monophosphate esters and other organic 
phosphorus compunds, including cyclic 
AMP: distribution, in situ synthesis, 
and utilization by algae (Francko, Wetzel) 

8. In situ carbon allocation by individual algal 
species; assimilation, respiration, sedimentation, 
and grazing losses (Crumpton, Wetzel) 

9/ Effects of allochthonously and littoral-derived 
dissolved organic compounds on the metabolism, productivity, 
and succession of in situ phytoplankton populations (Stewart, Wetzel) 
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2. Quantitative Analyses of Inputs, Outflow, and Cycling of Particulate 
and Dissolved Organic Matter and Inorganic Compounds of Allochthonous 
Sources. 

Previous investigations of the allochthonous organic matter influents to 
Lawrence Lake (Wetzel and Otsuki, 1974) showed marked changes in the dissolved 
(DOC) and particulate organic carbon (POC) as the water traversed through the 
inlet streams to the lake. These seasonal changes were directly related to the 
development and metabolic activity of the stream macroflora and their attached 
microflora. That annual budget was extended to a second annual cycle in which 
the incoming dissolved organic matter was fractionated into molecular weight 
groups and evaluated chemically. 

Analyses of the composition of dissolved organic matter and major cations 
were completed in 1977. Results under natural conditions were remarkably 
sinilat to those found under experimental controlled conditions in the greenhouse 
(Wetzel and Manny, 1972, 1911). Distinct seasonal variations were found in the 
removal rates of incoming allochthonous cations and organic compounds. Low 
molecular weight (MW) compounds were effectively attenuated and decomposed at 
nearly all periods of the year except during the massive senescence of marsh 
vegetation in late summer and in early spring after ground thaw. Large MW organic 
compounds responsed directly to precipitation events and influent variations 
all year except when the stream macrophytes, epiphytic microflora, and epipelic 
microflora were growing maximally in summer. These data are being analyzed and 
prepared for publication (Wetzel, in preparation). 

These investigations are now being coupled with further detailed input 
analyses of surface and seepage influxes of organic compounds from marsh systems 
(see following) as well as the studies of benthic metabolism within the marsh 
gradients (discussed later). 

Hydrology and Associated Chemical Release 
From the investigations of the two past years, it became obvious that 

(a) the wetland vegetation was playing major roles in the hydrology of experimental 
Lawrence Lake, chemical loading rates, and ultimately the inorganic and organic 
compound influences upon the lake metabolism per se. It was further apparent 
that (b) if any predictive va]ues were to be gleened from less extensive studies, 
it was essential to analyze at least one full year of nearly continuous input 
data from allochthonous and wetland sources. 

As a result in the fall of 1977, the primary drainage area of the watershed 
was gridded and five weirs constructed to collect drainage from allochthonous 
sources within the adjacent wetlands. The discharge and chemical constituents 
from these areas are being monitored essentially daily; about 7 months have been 
completed as of this writing. The entire wetland area of several km2 had to be 
surveyed for elevations (10-cm intervals) at 25-m grid networks. The detailed 
surveying of the topography was completed in the spring of 1978. Ground water 
levels are routinely being monitored at many sites within the wetlands. 
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Preliminary analyses of the data indicate the following. Discharge was 

greater during the autumn and ice-melt in the spring in comparison to the 
winter; however, the daily variations in the discharge were large. During the 
ice-free period, maximum discharge occurred during and immediately after storm 
events. With these events an associated increase in the release of inorganic 
and organic compounds from the marsh occurred. The data indicate that this 
freshwater marsh functions as a nutrient pump for dissolved organic carbon, 
dissolved organic nitrogen, and total dissolved phosphorus and may act either as a 
source or sink for NHit -nitrogen and various cations (Ca2 , Mg2 , K , Na ) . Absolute 
amounts of inorganic and organic compounds released by the wetland varied with the 
seasonal activity of the marsh vegetation and its degradation. 

The detailed nutrient budget (n=175) of dissolved organic nitrogen (DON) and 
dissolved inorganic nitrogen (DIN) of this temperate Typha-Carex hardwater 
wetland demonstrated that the variations within season were as great as the 
variations between seasons. The majority of the DON inputs occurred in pulses 
when the ground water levels were increased by storm events. Loading of DIN 
(95% NO3-N) was relatively constant and showed less tendency to occur in pulses 
with storm events. The concentrations of DIN always decreased during passage 
through the wetland and the amount removed varied seasonally. The release or 
removal of DON by the wetland was inconsistent. The carbon to nitrogen ratio 
for the dissolved organic compounds both entering and leaving the wetland was 
always large (>25). This C/N ratio suggested that the DON was relatively 
resistant to microbial degradation and the decompositional processes of the 
vetland conserved organic nitrogen. 

Nitrogen Metabolism and Alteration of Inputs 

The mineralization of protein-N and amino-N by the sediment microflora of 
the wetland was studied throughout the spring and summer growing season. Although 
the correlations between the metabolism of these nitrogen fractions and the 
release of DON by the wetland were poor, the ̂ n situ microbial populations 
always had the enzymatic capacity to metabolize protein-N and amino-N. The 
mineralization of amino-N was very rapid (T = 0.8 hour), whereas protein-N was 
slower (T = 25 hours). The effect of NH4-N and NO3-N on the turnover rate of 
protein-N try the sediment microflora is now being investigated by a series of 
laboratory experiments under both aerobic and anaerobic conditions. These analyses 
will continue at regular (biweekly) intervals throughout an annual (14-month) 
period. 

Phosphorus Loading 

While the dynamics and especially the sinks for phosphorus in Lawrence Lake 
have been evaluated for the pelagial zone in considerable detail, loading from 
the drainage basin was conspicuously void. In 1977 a detailed regular evaluation 
of particulate and dissolved (total and reactive) phosphorus was initiated on 
allochthonous sources from (i) primary inlet streams; (ii) secondary intermittent 
stream; (iii) diffuse marsh surface inflow; and (iv) subsurface inflow by seepage 
through the sediments (utilizing 0.5 ra2 seepage collectors). In addition, 
phosphorus components of the outflow of the lake is being monitored regularly. 
These analyses are also being integrated with paleolimnological assays of nutrient 
deposition and past productivity chronology (Wetzel and Manny, 1978b) to evaluate 
contemporary rates of eutrophication in relation to phosphorus loading and 
effectiveness of sink mechanisms. The analyses are further being coupled to 
movement of phosphrous from sediments via macrophyte metabolism and senescence 
(discussed later). 
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How much water enters or leaves the lake by subsurface seepage is especially -
problematic. Four large seepage collectors (0.5 m2) have been located within 
sediments at the differing lake sites. Seepage flow through the thick, compacted 
calcareous sediments is always positive into the lake. However, the rates of 
seepage inflow are very low (<1 liter/m-/2J|. hrs) . 

Although problems exist with flushing rates with the seepage meters in 
relation to internal residence times, the phosphorus loading from water passing 
through the calcareous sediments is very low. Particulate organic matter loading 
from seepage sources are so low that, thus far, they can be considered negligible. 
Fractionation of dissolved organic matter from seepage sources indicates 
quantitatively low inputs of highly refractory compounds of a molecular weight 
>10,000 Daltons. Seasonal patterns are inconspicuous, with little correlation 
of the slow inputs with precipitation events. These analyses are continuing. 

Publications of the contract pertaining to these facets include 
[numbers in parentheses refer to the.listing of contract publications following 
the narrative]: 

Otsuki and Wetzel, 1974 (57) 
Otsuki and Wetzel, 1974 (61) 
Wetzel and Otsuki, 1974 (56) 
Wetzel and Manny, 19 78 (94) 
Wetzel and Manny, 1977 (96) 
Cunningham (1977) (106) 
Cunningham and Wetzel, 1978 (99) and 0-01) 
Cunningham and Wetzel, 1978 (126) 
Cunningham and Wetzel, 1979 (128) 

3. CO? Availability Effects on High Sustained Rates of Photosynthesis, 
Photorespiration, and Secretion of Dissolved Organic Compounds in 
Aquatic Macrophytes 

Since photorespiration is closely related to CO2 availability, among other 
parameters, both because glycolate synthesis is enhanced by low CO2 levels 
and because loss of photorespired CO2 is detrimental to photosynthetic efficiency, 
experiments were undertaken to evaluate this relationship in submersed plants. 
Verification of glycolate oxidation as the source of photorespired CO2 is 
determined with inhibitors of glycolate oxidase in combination with the ^C-assay 
for photorespir£ttion developed in our s tudies . (Hough and Wetzel, 1972). Release 
of dissolved organic carbon is measured simultaneously with release of photo
respired CO2 in the assay. In in situ experiments, photorespiration varied 
within a day's photosynthetic period and an afternoon decrease in net photo
synthesis was correlated to increasing rates of photorespiration (Hough, 1974; 
Wetzel, 1975). Rates of release of dissolved organic carbon In situ in early 
afternoon during the peak of photorespiration were over 2-fold those in the 
morning and afternoon (Hough and Wetzel, 1975). Seasonally, release of organic 
carbon in situ was relatively low during active growth of annual plants in 
summer but increased 10-fold in the fall during senescence. In perennial submersed 
angiosperms,.in situ release of organic carbon was low much of the year but 
increased under ice in the winter. Net photorespiration also increased in the 
fall among annuals and in the winter under ice among perennials. 
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The glycolate pathway and photorespiration has been demonstrated to be 
operational in several aquatic macrophytes and reduces net photosynthesis 
appreciable (to as much as 507,) (cf. Hough, 1974; Hough and Wet2el, 1972, 1975). 
Response of net photosynthesis, light:dark respiration ratios, and CO 
compensation points to variations in oxygen concentrations and inhibitors of 
glycolate metabolism confirmed-the earlier evidence that photorespiration occurs 
in the freshwater angiosperm Najas flexilis (Hough and Wetzel, 1978). Productivity 
of the angiosperms incapable of utilizing bicarbonate, such as Najas, is markedly 
reduced whereas those, such as Hyriophylluia, that can utilize bicarbonate as an 
inorganic supplement to CO? are affected less. Estimates of CO compensation 
point in Najas were similar to those of several other submersed angiosperms 
which cannot reduce total aqueous CO2 concentrations much below air equilibrium 
levels (Hough and Wetzel, 19.78). 

Over 40 species of aquatic angiosperms, including submersed, floating and 
emergent types, have been examined for photosynthetic status as part of a 
search for possible aquatic C4. species (Hough and Wetzel, 1977) . In Q+ 
metabolism C02 is fixed primarily by 3-carboxylation in mesophyll tissue; 
glycolate C3 metabolism occurs in bundle sheath cells and CO2 photorespired 
there is refixed by mesophyll tissue before leaving the plant. 

The Cif system is viewed as potentially of adaptive value in certain aquatic 
situations, although evidence for its occurrence there is not conclusive. 
Emphasis was on plants from North-temperate softwater and hardwater lakes to 
explore both possibilities of CO2 limitation, i.e. low total inorganic carbon in 
softwater vs. low free CO2 in hardwater lakes. On the basis of leaf cross-
section anatomy, all plants examined, with one exception, clearly did not 'show 
evidence of C "Krantz anatomy". In the submersed plant Potamogeton praelongus 
Wulf. large starch-producing chloroplasts were concentrated in cells surrounding 
vascular bundles and in a narrow band of cells between vascular bundles. The 
in situ photosynthetic rate of this plant was twice that of a related species, 
but other evidence including phosphoenolpyruvate carboxylase content and 
photorespiratory response to high O2 did not confirm presence of the 0+ 
photosynthesis (Hough and Wetzel, 1977) • 

These analyses of carbon dioxide metabolism in aquatic angiosperms are 
being continued and extended to the investigations discussed below on internal 
transport of CO2 from rooting tissue and sediments, secretion of dissolved 
organic compounds from roots-rhizomes and utilization by rhizosphere microflora, 
enzymatic activity in rooting tissue, and diffusional transport of photosynthetically 
mediated O2 from the foliage to rooting tissue (See Section 4, following). 

Publications of this contract pertaining to these facets: 

Wetzel, 1969 (7) 
Wetzel, 1969 (8) 
Allen, 1969 (17) 
Wetzel and Allen, 19.71 (19) 
Allen, 1971 (30) 
Rich, Wetzel, and Thuy, 1971 (20) 
Hough and Wetzel, 1972 (38 and 40) 
Hough and Wetzel, 1972 (47) 
Wetzel and Manny, 1972 (41) 
Wetzel, et al., 1972 (48) 
Wetzel and Hough, 1973 (54) 
Hough, 1973 (59) 
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Hough, 1974 (66) 
Hough and Wetzel, 1974 (62) 
Hough and Wetzel, 1975 (69 and 74) 
Barko, Murphy, and Wetzel, 1976 (79) 
Barko, Murphy, and Wetzel, 1977 (80) 
Wetzel, 1976 (86) 
McKinley and Wetzel, 19 76 (83) 
McKinley, Ward, and Wetzel, 1977 (93) 
Hough and Wetzel, 1976 (89) 
Hough and Wetzel, 1977 (97) 
Hough and Wetzel, 1977 (105) 
Wetzel, 1978 (112) 
Grace and Wetzel, 1978 (113) 
Wetzel, 1978 (124) 

4. CO?:Bicarbonate Utilization by Aquatic Angiosperms: Evaluation of 
Carbonic Anhydrase Activities and Rates of CO? Utilization. 

The previously discussed studies on utilization of unhydrated CO2 by 
submersed angiosperms clearly delineate the problems of long diffusion pathways 
that exist in these plants for uptake of CO2 from the water. On-going investiga
tions indicate major photosynthetic refixation and recycling of CO? generated 
from dark mitochondrial respiration and photorespiration resulting from glycolate 
metabolism. Furthermore, there is evidence for the movement of CO2 of anaerobic 
sediments through rooting organs into internal lacunal spaces and diffusion up
ward to the foliage (Wetzel, in preparation); these facets are discussed further 
below (Section 4). 

In calcareous, hard waters, common to largo lake districts, submersed macro-
phytic productivity is low to moderate. Previous studies with submersed Najas 
flexilis demonstrated the inability of this species to utilize_IIC03 ions to 
augment low available free C02 (Wetzel, 1969a). Uptake of HCO3 at rates_ 
sufficient to support net photosynthesis requires active transport of HCO3. When 
HCO3 is the form of inorganic carbon which enters cells, it must be converted to 
CO2 before it can be used in photosynthesis (Raven, 1970). This dehydration is 
slow if uncatalyzcd by the enzyme carbonic anhydrase which specifically catalyzes 
the reversible hydration of CO2- In addition to this specific involvement in the 
use of HCO3, carbonic anhydrase may also be involved in inorganic carbon transport 
in the cytoplasm and in preparatory reactions of inorganic carbon prior to the 
action of ribulose diphosphate carboxylase. 

Among the green algae, levels and activities of carbonic anhydrase were 
found to be dependent upon the ambient CO2 concentrations and were expressed by 
high levels of CO2 (Nelson, cĵ  al., 1969; Graham, et al., 1971; Findenegg, 1974). 
Much lower activities of carbonic anhydrase were found among several species of 
blue-green algae than among green algae with a similar marked repression with 
growth at high ambient CO2 concentrations (Dohler, 1974; Ingle and Colman, 1975). 

The role and activities of carbonic anhydrase in submersed aquatic angio
sperms is poorly understood. An early study by Steemann Nielsen aitd Kristiansen 
(1949) employed assay techniques of an early stage of development and the results 
are highly questionable. To my knowledge no other studies exist on these plants 
in this regard. 
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During 1977 and 1978, the activities level of carbonic anlrydrase (carbonate 
dehydratase) have been examined in approximately 35 submersed, floating, floating-
leaved (rooted), and emergent angiosperms. Much effort was expended in critical 
analysis of available assays for carbonic anhydrase at the levels encountered in 
freshwater macrophytes. Colorimetric assays were found to be less sensitive 
than a technique employing changes in pH under specific combinations of substrate 
(Weaver and Wetzel, in preparation). All results are expressed on a quantity 
of plant protein basis; assays for protein require purification because of lignin-
related organic compound interferences. 

In current work, activities of carbonic anhydrase are being found to be 
highest in emergent aquatic angiosperms, intermediate among floating-leaved, 
low in floating (rootless), and very low to undetectable among submersed angio
sperms. A conspicuous exception was moderately high levels of activity in 
Scirpus subterminalis, a species of the normally emergent genus that grows 
vegetatively completely submersed in Lawrence Lake and forms over 50% of the 
productivity of this lake. 

Among planktonic algae, carbonic anhydrase plays a major regulatory role 
in.photosynthesis at low CO2 concentrations. The enzyme is induced 
by low CO2 concentrations and repressed by high CO2 concentrations (e.jg. Reed 
and Grahm, 1977) . Experiments are in progress where CO2 levels available-
dissolved and, among emergents, atmospheric) are manipulated to follow 
induction and repression of carbonic anhydrase. These analyses are being 
coupled to analyses of internal CO2 transport through lacunal gas spaces from 
respiratory activity of roots/rhizomes and sediments of the rhizosphere (see 
following Section 4). 

Publications of this contract pertaining to these facets: 

Weaver, 1978 (in preparation) 
Weaver and Wetzel, 1978 (in preparation) 

5. CO? Transport Internally and Extracellular Release of Dissolved Organic 
Compounds by Submersed Macrophytes: Differences and Regulation Among 
Foliage and Roots/rhizomes. 

Work is continuing on evaluation of the qualitative and quantitative 
composition of excreted substances. Since carbohydrates are exceedingly 
important to plant development and flowering, study was initiated on these 
compounds and nitrogenous organics having known chelatory capacities for 
inorganic ions. Quantities of individual compounds excreted by macrophytes 
iii axenic culture are small but equivalent to rates excreted by phytoplankton. 
Direct chemical analyses for the organics were not sufficiently sensitive. 
Normal chromatographic methods are adequate for some organics of samples 
concentrated many times, but in most cases co-radiochromatographic techniques 
in thin-layer systems have proven necessary. This has been especially true in 
the cases of several amino acids. In addition to the extracellular production 
of certain simple carbohydrates and amino compounds, a much larger quantity of 
organic matter in the form of polysaccharides and polypeptides is indicated 
(Wetzel, in preparation). 
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Studies of the fatty acids secreted by actively growing submersed macro
phytes in axenic culture have, not progressed well. Problems center around 
methodology for methylation arid gas chromatographic analyses of the derivatives. 
It now appears that most of the fatty acids found in the rhizospJiere of the 
macrophytes are of anaerobic bacterial .endproduct origin. 

Experiments continued on the differential excretion (extracellular 
release) of dissolved organic compounds (EOM) by submersed macrophytes 
(Najas flexilis, Myriophyllum heterophyllum, and Scirpus subterminalis). 
Objectives included both the release of EOM from leaves vs roots and the 
transfer by diffusion of respiratory CO2 from the roots to the foliage for 
photosynthetic fixation. Experiments are conducted in partitioned chambers 
in which roots and leaves of intact plants are separated. 

Results thus far indicate, among others, the following conclusions 
(Wetzel and Gorham, in preparation): 

(a) Approximately 10% of organic carbon fixed in photosynthesis is 
released as EOM from both the leaves and roots; 

(b) When the plants are actively growing, a greater percentage is 
' released from the older tissues than from apical tips of foliage; 

(c) Rates of EOM release are coupled directly to photosynthesis and 
photorespiration of the macrophytes - EOM release increases in the 
afternoon concomitant with decreased photosynthesis and increased 
photorespiration; 

(d) Rates of EOM release from the roots are about the same under aerobic 
or under anaerobic conditions; 

(e) C02 from root respiration diffuses internally through lacunae to the 
leaves and is fixed in photosynthesis. At least 30% of the photo
synthetic carbon can come from this source under certain conditions 
with some species. Poorly rooted species, such as Myriophyllum, 
obtain less CO2 from root structures than occurs in plants with well-
developed rooting tissue. 

(f) It is improbable that significant CO2 from root/rhizome respiration 
is transported internally and utilized in photosynthesis among 
emergent macrophytes; this is in contrast to the transport found in 
some submersed angiosperms. 

Continuing research in this area is addressing the following problems: 

(a) Variations in CO2 content of the intercellular lacunal spaces (freezing 
extraction and gas chromatography-IR analyses) under different rates of 
photosynthesis and CO2 availability. 

(b) Diffusion rates of CO2 from interstitial water of sediments and respiration 
of roots/rhizomes, fixation photosynthetically, and extracellular release 
as dissolved organic compounds. 

(c) Rates of respiratory activity and biochemical pathways, by assays of 
enzymatic oxidation activities, of rooting tissue in response to redox, 
sediment fatty acid content, H?.S, and nitrogen availability gradients. 
Preliminary experiments under in situ and controlled conditions with 
several assays of dehydrogenase activities have been most encouraging. 

(d) Coupling of the respiratory activities of rooting tissue (roots and 
rhizomes separately) with: 
(i) Growth and resource allocation among populations of emergent 

hydrophytes along wetland gradients (discussed in detail below); and 
(ii) Rates and control mechanisms of decomposition of senescent tissue 

of emergent macrophytes (discussed below) along wetland gradients. 
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Publications of this contract pertaining to these facets: 

Hough and Wetzel, 1978 (105) 
Wetzel, 1978 (124) 
Wetzel and Penhale, 1978 (119) 
Gorham and Wetzel, in preparation 
Wetzel, in preparation 

Photosynthetic Resource Allocation of the Dominant Wetland, 
Herbaceous Perennial Macrophyte (Typha latifolia) 

a. Photosynthate allocation to leaves, rhizomes, roots, 
reproductive structures, seeds, and lateral shoots. 

b. Phenotypic vs genotypic components of in situ growth. 
c. Growth and competition within populations along nutrient 

gradients and decomposition-induced sediment patterns. 

On-going Investigations: j 

Since the cattail forms the dominant emergent macrophyte of so many littoral 
wetlands of lakes, including the primary site of research under this contract, 
an intensive analysis of their population dynamics, growth, resource allocation, 
and cor.petitive success was initiated in 1978. These investigations are 
essential to evaluation of organic loading inputs to lake systems and inputs to 
the decomposition analyses of macrophytes (see discussion in later sections). 
Detailed analyses of these populations should have significant predictive 
applicability to not only this ubiquitous species elsewhere, but to other 
herbaceous perennial species as well. 

The general objectives of this component of the program are: 
a) To measure RA patterns of a common aquatic, herbaceous perennial, 

Typha latifolia, in several habitats for which predictions have been 
made. Major categories will include leaves, rhizomes, roots, reproductive 
structures, seeds and lateral shoots (vegetative reproduction). Additional 
factors such as initial resources available to a plant and total resources 
obtained by a plant shall be used to evaluate RA patterns. Studies of 
field populations shall be accompanied by laboratory and experimental 
garden studies to evaluate the ptienotypic and genotypic components of the 
observed RA patterns. 

b) To extend the specific models for a herbaceous perennial species to 
include roots. The neglect of roots is most certainly a function of the 
difficulties involved in determining their biomass and production rather 
than a function of their importance. Unfortunately, the difficulty 
involved in measuring roots has led to their omission in evaluations of 
RA patterns and to their dismissal as important in affecting survival. 
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c) To evaluate the predictive value of analyses of RA patterns in 
determining competitive success. It is usually argued that different 
patterns of RA represent adaptations to different environmental 
constraints. Such arguments therefore imply that genotypes with 
particular RA patterns will win in competition under certain conditions. 
The only case to date in xtfhich such assumptions have been tested is that 
of Solbrig (1971), Solbrig and Simpson (1974, 1977) who indeed found RA 
patterns in the common dandelion to be good predictors of the conditions 
under which a particular genotype is competitively superior. Studies-
such as these are best made by comparing genotj'pes of the same species 
which possess differing patterns of PvA. However, comparisons of closely 
related congeneric species can also aid such investigations, though with 
a higher probability of confoundment. 

The overall approach of this project is to first measure RA patterns in 
field populations with selected habitat conditions. Second, plants from 
the different habitats are being grown together under uniform conditions and 
compared to field responses to differentiate genotypic and phenotypic 
differences. Third, plants are being experimentally subjected to various 
treatments of density, resources per individual,, soil fertility, and shading 
to compare their plastic responses. Fourth, if any ecotypes are discovered 
which have differing patterns of RA, these ecotypes will be compared in 
competition studies. 

The habitat characteristic of primary interest in this study is competitive 
pressure. Further attention will be given to whether competition is pre
dominantly occurring above- or below-ground. . Comparisons are being made between 
habitats with high and low amounts of intraspecific competition (as indexed by 
density). Comparisons will also be made between habitats of equivalent densities 
which differ in whether competition is predominantly above-ground (shaded by 
trees) or below-ground (crowded by short, shrubby vegetation). Several 
environmental measures will be made to more precisely define these habitats. 
Measurements include: density, water level, tissue concentrations of phosphorus 
and nitrogen (an index of nutrient availability), selected soil characteristics, 
and available light. The habitats to be compared in this study are three sites 
located in the marsh of Lawrence Lake, Barry County, Michigan, which include: 
a) east - dense, monospecific; b) west - low density, mixed with short shrubs 
and c) woods - low density, shaded by trees and tall herbs. Additionally, 
methods such as those of Donald (1958) may be used to evaluate above- vs. below-
ground competition. 

JT. latifolia tillers from dense habitats are expected to be 
faced with high degrees of competition both below-ground (early in the season) 
and above-ground (late in the season), while in less-dense habitats there will 
be a greater opportunity for cloning and sexual reproduction. Therefore, 
tillers from dense sites will have greater allocation to leaves and roots, and 
less allocation to sexual structures. A trade-off between numbers of rhizomes 
(for colonizing ability) and size of rhizomes (for competitive ability) is 
expected and has been reported by McNaughton (1975) for Typha ecotypes along 
a latitudinal gradient. 

Tillers from shaded habitats will have a greater degree of light 
limitation than those growing in the presence of short-statured competing 
species. Intraspecific density effects are minimal in both habitats. Light 
stressed plants will have more resources in leaves while nutrient-stressed 
plants will allocate more to roots. 
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There is some uncertainty about what measure is the most appropriate index 
of "resources" in plants (Harper, 1977) . Biomass measures 'nave been most 
commonly used and are reported to correlate well with indices of energy such 
as caloric value (Hickman and Pitelka, 1975). A commonly limiting nutrient 
such as phosphorus, however, can be. concentrated in some tissues, e.g. seeds, 
and be only partially correlated with biomass. For intraspecific comparisons, 
such as those proposed in this research project, organic matter should be an 
adequate measure of "resources." In spite of the reasonableness of such an 
argument, analyses of tissue concentrations for the elements nitrogen and 
phosphorus will be made for comparison with biomass. Another potential 
problem in using biomass as a measure of "resources" is that this ignores the 
fundamental differences between structural and nonstructural components or 
organic matter. In a rhizomatous plant such as Typha nonstructural organic 
components may be only temporarily allocated to leaves and will be transported 
to the rhizomes when senescence is initiated. It is not known exactly how 
much of an error could occur from combining the structural and nonstructural 
fractions into a single measure. For this reason, plant materials will be 
divided into structural and nonstructural fractions in this study using the 
neutral detergent method of Van Soest and Wine (1967). As a result, the 
categories of resource allocation to be used here include leaves, flowering 
stalks, seed, rhizomes, roots and nonstructural carbohydrates. 

As pointed out by Harper (1977), a hierarchy of levels of organization 
exist for plants that clone- An individual tiller is composed of "populations" 
of leaves, roots and rhizomes, a true individual is composed of "populations" 
of tillers, and the potentially interbreeding individuals in a habitat comprise 
the true populations to which we usually refer. Plant such as Typha clone 
extensively and a true individual may consist of hundreds of individual tillers. 
Within an individual there is both competition and cooperation among tillers. 
Cooperation is very local and in the absence of disturbance confined to adjacent 
tillers (e.g. Nyahoza et al., 1973). Even under disturbed or colonizing 
conditions an individual tiller will not be maintained if it cannot become 
self-sufficient as an adult. These arg\aments are presented to justify use of 
tillers as a unit of study. While these tillers are not separate, genetic 
individuals in the strict sense, they behave as individuals for the above 
reasons and represent the only feasible unit to study. Additionally, the use 
of radioactive isotopes allow the determination of lateral transport of 
assimilates into new shoots and thereby determine the degree of cooperation among 
shoots. 

Previous studies of resource allocation in herbaceous perennials have 
largely ignored underground parts because of an inability to separate current 
and previous year's accumulation of material (a notable exception is the work 
of Mooney and Chu, 1977, who studied 1*C allocation in an evergreen shrub). 
These studies have also discounted the accumulated living root and rhizome biomass 
as an important factor in RA patterns. In this study tracer amounts of lltC 
radioisotope are used to label the plant tissues and to permit an estimation of 
annual allocation to roots and rhizomes. Preliminary observations indicate that 
live and dead roots and rhizomes can be effectively separated on the basis of 
color and consistency. 

Tillers will be allowed to assimilate 1',C02 as a gas at regular 1-2 week 
intervals throughout the growing season by enclosure in clear, rigid acrylic 
chambers. At the end of the growing season tillers will be harvested, dried, 
separated into structural and non-structural fractions of organic carbon, 
combusted to 1,4C02 using a sample oxidizer and radioassayed using liquid 
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scintillation techniques. The shoot dynamics of individual tillers will be 
monitored so that shoot production can be determined directly. Assuming that 
death and decomposition of newly produced roots to gaseous carbon is not 
extensive during the growing season, the ratio of annual production to C in 
leaves allows for the calculation of annual below-ground production. 

A major advantage of the *'4C methods proposed here is that RA patterns 
can be studied on individual tillers. This should provide further insight 
into the sources of variation within a population by permitting the study of 
correlations between microhabitat conditions of the individual tillers and 
their RA patterns. Microhabitat parameters to be measured will be: a) nearest-
neighbor distances, b) phosphorus and nitrogen availability as determined by 
concentrations of these elements on the nonstructural fractions of growing 
leaf tissue, and c) total resources per individual. 

Controlled growth studies are being used to further evaluate the findings 
of field studies. Because of time constraints some of these experiments are 
being conducted during or prior to the study of field populations. These 
controlled studies are being conducted in appropriate sized tubs, and plots 
at an experimental ponds facility located at the W. K. Kellogg Biological Station 
of Michigan State University. 

One method for determining ecotypic differentiation in field populations 
is electrophoretic analyses of enzyme systems. Work of this type has already 
been done using Typha latifolia and found to be inadequate in.discerning 
genotypic variation (Mashburn et al., in press). For this reason the method 
of McNaughton (1966) is used, who grew small rhizome pieces under uniform 
conditions. His results from rhizome pieces and seedling over three growing 
seasons were comparable. Rhizomes will be used exclusively during the first 
year of study but fruits will be bagged to force self-pollination and thereby 
enable the use of genetically similar seedlings along with rhizomes in the 
second year. To further evaluate the potential confoundraent of different 
rhizome characteristics on subsequent results a separate experiment will be 
conducted on this variable. Ecotypic differences will be evaluated by growing 
single rhizome pieces in large (35-liter) tubs of a sand-soil mixture (25% 
organic matter). Differences in RA patterns will be used as the criteria to 
identify genetic differences. 

It is anticipated that many of the differences in RA patterns found in 
natural populations will be the result of phenotypic plasticity. Since these 
plants tend to be very plastic in their responses (McNaughton, 1966) it is 
essential to characterize their responsiveness to common environmental constraints. 
Factors of interest in these studies include: density, soil fertility, and 
shading. The methods of conducting these experiments are similar to those in 
the previous section. 

Most attempts to assess the importance of differing RA patterns under 
different habitat conditions have been correlative in nature. It is desirable 
to obtain an independent test of adaptiveness if these generalizations are to 
be predictively useful. One approach is to place genotypes with different 
characteristics in competition under a variety of conditions for comparison with 
predictions. The results of such studies are subject to some misinterpretations 
because of the complexity of competitive interactions but can nonetheless 
provide a partial test for invoking competitive advantage as an explanation for 
these characteristics. 
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The most advantageous approach to the competition studies will be to 
use ecotypes which differ only in their RA patterns. It is virtually impossible 
to be sure that no other differences between the genotypes occur but the most 
likely confoundment, adaptation to local edaphic features, can be evaluated by 
reciprocal transplantation studies among native sites. The logistic design of 
the study will be to grow different ratios of the two competitors (preferably 
using seedlings) in either large tubs or plots. Soil types used will include 
artificial mixtures as well as natural soils. Competitive success will be 
declared as described in Solbrig (19 71). 

Publications of this contract pertaining to these facets are few at 
this point owing to the fact that most of the complex analyses were initiated 
in 1978. 

Grace and Wetzel, 1978 (113) 
Grace and Wetzel, 1979 (data in preparation) 

7. Analyses of the Utilization of Inorganic Nutrients and Organic Compounds 
by Macrophytes and Epiphytic Microflora as Influent Water Passes through 
the Littoral Complex. 

Chemical parameters wei~e analyzed in water from an inlet stream of Lawrence 
Lake before and after passing through replicated experimental littoral systems 
containing natural stands of submersed Scirpus subterminalis and of Myriophyllum 
heterophyllum (Mickle and Wetzel, 1978a, 1978b). Macrophytic epiphytes were 
left intact on the plants. The flow rate of water through the systems was very 
slow (3 liters/24 hrs.), as would be experienced in many littoral systems. 

Calcium and alkalinity concentrations of the inflowing water decreased 
40-45% in passing through the littoral systems. In both systems, pH values 
increased significantly, but to a greater extent in the more metabolically 
active Myriophyllum than the Scirpus littoral bed. Large quantities of CaC03 
precipitated, stoichiometrically in relation to losses of Ca and HCO3 ions. 
Magnesium concentrations remained constant in passage through both systems. 

Sodium concentrations were unaffected by the Scirpus system but increased 
(8%) in outflow from the Myriophyllum system. In contrast to the Scirpus system 
where potassium increased slightly, K concentrations decreased markedly (> 30%) 
in passage through the Myriophyllum complex. Nitrate concentrations were 
relatively unaffected and NH^-N decreased only slightly in both plant systems, 
While the littoral complexes function only moderately as an inorganic nitrogen 
sink, the Myriophyllum complex was found to be very effective in the removal 
of potassium. These results are congruous with recent evidence of the high 
potassium uptake rates by Myriophyllum. 

Concentrations of dissolved organic carbon, NHif-N, and potassium, as well 
as relative measures of specific dissolved organic compounds determined by 
ultraviolet absorption and fluorescence (cf. Wetzel and Otsuki, 1974), increased 
markedly in inflow water after periods of rainfall. Total dissolved organic 
carbon (DOC) and UV absorption increased in outflows, although the increase was 
higher from the Scirpus system than that of the Myriophyllum. Both littoral 
systems were extremely effective in dampening these higher concentrations; 
only slight increases appeared in the outflows after passing slowly through the 
littoral complexes. 
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In further experiments we fractionated the dissolved organic matter of 
inflow water and outflow water Lnto four molecular weight classes by ultra
filtration. Each fraction was analyzed for DOC, UV absorption, and fluorescence. 
The effectiveness of the littoral systems in removing the high MW compounds 
(90% >1000 MW and 70% >10,000 MW) of influent DOC was again clearly evident 
(Mickle and Wetzel, 1978b). The release of large molecular weight compounds 
increases markedly as the macrophytes begin to senesce. 

In continuing experiments radioactively labelled submersed macrophytes 
were killed by darkness and allowed to decay under controlled conditions. 
The labelled dissolved organic compounds were isolated chemically and by 
resin columns into general classes of humic and fulvic acids. These compounds 
were administered to the experimental littoral systems at similar extremely 
low flow rates. A majority of the lower molecular weight organic compounds 
were utilized by the epiphytic microflora; little was associated with the 
benthic microflora. Losses of the larger molecular weight organic compounds 
are adsorbed to precipitating CaC03 which is induced by changes in equilibria 
resulting from the photosynthetic activity of the macrophytes and epiphytes 
(cf. also Otsuki and Wetzel, 1973). Final analyses of these samples are 
currently underway. 

Current studies are also evaluating the transport of phosphorus from the 
rooting tissue of submersed angiosperms. Plants are held in partitioned 
growth chambers, custom designed to permit separation of the roots and foliage 
of intact plants. Labelled phosphorus ( P) is provided to sediments; rates 
of uptake, transport, fixation, and release to the water are being determined. 
Transport and cycling rates of P released to the water and through the 
macrophyte-epiphyte complex will be evaluated. 

Publications of this contract pertaining to these facets: 

Mickle and Wetzel, 1977 (103) 
Mickle and Wetzel, 1978 (108) 
Mickle and Wetzel, 1978 (109) 
Wetzel, 1978 (112) 
Mickle and Wetzel, 1979 (120) 

7. Decomposition within Littoral Wetlands and Fate of Metabolic Endproducts: 
a. Decomposition rates of submersed, floating-leaved, and emergent 

macrophytes and generation of dissolved organic matter. 
b. Mechanisms governing decomposition of aquatic macrophytes. 
c. Factors governing aerobic and anaerobic respiration at 

sediment-water interface. 
d. Long-term degradation of organic compounds by pyrolytic mass 

spectrometry 
e. In situ decomposition of lignin, cellulose, and hemicellulose. 
f. Effects of humic compounds on enzymatic activities in littoral sediments. 
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The high rates of benthic community respiration determined for Lawrence Lake 
(Rich and Wetzel, 1972) demonstrated a need for a much more thorough understanding 
of the decomposition rates of the littoral flora, organic composition of decom
position products and the pathway and cycling of these products, especially in 
regard to interactions with particulate carbonates. Analyses with labelled sub
mersed macrophytes, especially the submersed dominant plant of Lawrence Lake, 
Scirpus subterminalis, have shown that 30 - 40% of the net production is released 
as dissolved organic matter on autolysis (Otsuki and Wetzel, 1974b). Most of the 
autolytic organic matter was released within 5 days under both oxic and anoxic 
conditions and represents a major source of total dissolved organic carbon inputs 
to this lake in which Scirpus dominates primary productivity (50% of the total 
autochthonous production). 

Practically nothing was known about the fate of this soluble component from 
the littoral flora complex, its decomposition in qualitative and quantitative 
terms, the succession of physiological rates of microbial rates of degradation, 
and the most indirect relationships of these dissolved organic substrates and 
bacterial intermediate products on autotrophic productivity. Furthermore, except 
for some rather crude 'litter bag' experiments on the loss of biomass of 
decaying vegetation, largely from eastern European studies, little was known 
about the degradation rates of, and qualitative and quantitative changes in, the 
more refractory cellular constituents of decaying littoral vegetation. Most 
importantly, all of the past and present work of the current contract studies 
point to this littoral organic influx as the major metabolic regulator of 
pelagic, metabolism both in contemporary productivity as well as in control of 
eutrophicational rates of many lakes by means of influence on biogeochemical 
cycling. It was therefore imperative that these degradation processes be 
addressed in a comprehensive manner. 

A major experimental investigation on the rates of decomposition of 
dissolved and particulate organic matter of macrophytes was concluded during 
the last portion of the current year of this subvention (see Godshalk, 1977; 
Godshalk and Wetzel, 1977, 1978a, 1978b, 1978c, 1978d). These 
experimental studies under controlled conditions and in situ provide quantitative 
data on the processing rates of littoral organic matter under varying environmental 
conditions and its coupling to pelagial metabolism. In both experimental cultures 
and in situ experiments, five species of emergent (Scirpus acutus), floating-
leaved (Nuphar variegatum), and submersed (Myriophyllum heterophyllum, Scirpus 
subterminalis, and Najas flexilis) macrophytes were studied. Experimental 
manipulations included two temperatures (10 C and 25 C) and three redox 
conditions (aerobic; aerobic initially and rapidly (2-4 days) becoming anaerobic, 
and strictly anaerobic under hydrogen-C02-nitrogen). All experiments under 
both controlled and in situ conditions were of long-term duration (half-year; 
180 days) with periodic evaluation of metabolic rates and changes in chemical 
composition of both the dissolved and particulate phases. 

Particulate detrial plant material was analyzed after decomposition of up 
to 180 days for weight loss and content of ash, total carbon and nitrogen, 
nonstructural carbohydrate, hemicellulose, cellulose, and lignin. The ATP 
content and dehydrogenase activity of the microflora associated with this 
material was also determined. The dissolved matter in the flasks of the 
laboratory experiments was analyzed for pH, redox potential, total carbon and 
nitrogen content, and fractionated by membrane ultrafiltration into five molecular 
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weight categories. Total dissolved organic carbon (DOC), UV absorbance, and 
fluorescence activity were determined for each fraction. 

Reducing conditions were established within 10 to 25 days during anaerobic 
decomposition at 10°C and within two days at 25°C. DOC concentrations increased 
throughout the decomposition period during anaerobic incubation at 10°C. DOC 
increased and then decreased in media of anaerobic experiments at 25°C. Only 
low DOC concentrations were found in aerated media at either temperature. Low 
molecular weight fractions were most rapidly metabolized under all conditions. 
UV absorbance and fluorescence data indicate that qualitative changes in the 
DOC were occurring during decomposition (see further results below). 

Weight loss functions, derived from the data, fit best when the functions 
were exponential with decay coefficients that also decreased exponentially 
through time, indicating that decay of macrophytic material was rapid initially 
and then slowed as resistant materials dominated the residual tissue. Decay 
rates were slightly greater in oxygenated than in anoxic conditions, but 
increased temperature caused significantly faster weight loss. Presence of 
oxygen greatly promoted conversion of DOC to carbon dioxide. Weight loss of 
the various species was related to total initial fiber and nitrogen concentrations. 
A simple predictive model of these relationships has recently been accepted for 
publication (Godshalk and Wetzel 1978d) . 

The C:N ratios of particulate matter generally decreased under all conditions 
in all species, and in all species dissolved nitrogen was removed from the 
media during decomposition. Microbial activity associated with the detrital 
material generally attained maximal values early in decomposition and then 
decreased. 

The variety of conditions of temperature and oxygen that commonly occur in 
a temperate dimictic lake causes pulsed decomposition of the annual production 
of littoral vegetation. Thus, the metabolism of carbon of aquatic macrophytes 
is displaced in time and space, and a stable continuous input of energy to the 
detrital dynamic structure of the lake is maintained. Eutrophication, promoting 
increased production of littoral zone vegetation, causes decomposition processes 
in the lake to be overloaded, resulting in more extensive reducing conditions 
in the sediments and greater sedimentation of particulate material (Wetzel, 1978) . 

All of the fractions of dissolved and particulate organic matter from the 
analyses of macrophyte decomposition are being subjected to Curie point pyrolysis 
in direct combination with low-voltage mass spectrometry in collaboration with 
colleagues at the FOM Institute for Atom and Molecular Physics in Amsterdam. 
By means of these techniques we are able to follow the degradative changes 
in proteins, celluloses, hemicelluloses, polysaccharides, sterols, and especially 
lignin derivatives (carboxylic acids, phenolic substances) during decomposition 
under the various conditions of the environment. Specific compounds are 
identified by pyrolysis mass spectrometry in combination with gas chromatography. 
The hundreds of analyses, resulting in such mass distribution spectra, are 
currently under analysis with computer separation and identification for final 
interpretation (Boon, Wetzel, and Godshalk, in preparation). These data are 
providing a unique dimension to our experimental analyses by identification of 
total organic composition up to a mass of 200 and how these compounds change 
during decomposition. 

Because the majority of carbon in lakes, ponds,, and streams is in the 
resistant organic fraction and largely dissolved, the residual organic, matter 
lends stability to lake metabolism (Wetzel, 1975). Further intensive 
investigation will almost certainly reveal major regulatory pathways, particularly 
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to nutrient regeneration, and photosynthetic rates. The sources of loading of 
most the resistant organic is primarily from littoral macrophytes and 
allochthonous marsh and terrestrial vegetation. Degradation of the bulk of 
organic matter from littoral and external sources within the lake per-se is 
primary to the degradation of autochthonous planktonic organic matter. The 
less resistant organic matter of autochthonous primary productivity can be 
viewed as secondary as serving as an energy source for microbial heterotrophs 
to degrade the more resistant littoral and allochthonous inputs of organic 
compounds (Dickerman and Wetzel, in preparation). Decomposition of this 
littoral and allochthonous organic matter could be appreciably accelerated 
through co-metabolic degradation (Horvath and Alexander, 1970; Horvath, 1972; 
de Haan, 1974) of autotrophic organic components. 

Aquatic macrophytes, like other plants, are primarily composed cf 
cellulose, hemicellulose and lignin, from 25 to 95 percent on a dry weight 
basis (Alexander, 1977). These three compounds constitute a significant 
portion of all carbonaceous material, and are the most common organic 
compounds on earth. All three compounds, but particularly cellulose and lignin, 
are considered recalcitrant, since they are resistant to rapid microbial 
degradation and tend to accumulate in nature (Wetzel, 1975; ĉ f. also Godshalk 
and Wetzel, 1978a, 1973b; Wetzel, 1978). 

If one considers the large quantity of cellulose, hemicellulose and lignin 
and the recalcitrance of these substances, several questions arise concerning 
the fates of these three compounds in marsh habitats: In what time-frame does 
complete decomposition occur for each of these three compounds? Do intermediate 
degradation products accumulate, and how do these products retard the decomposition 
process to the ultimate end product of CO2? Are intermediate products sedimented, 
or are they exported from the marsh to receiving water bodies? 

It is likely that the dissolved organic carbon, which accounts for the 
majority of the organic carbon in lakes (ten times that of particulate organic), 
is predominantly of marsh origin in cases where primary productivity is 
dominated by emergent marsh macrophytes. The actual chemical structure of the 
decomposition products of lignin, cellulose and hemicellulose confer these 
substances with properties of special significance to aquatic systems in general. 
Specifically, these compounds may operate as complexation agents, as enzymatic 
inhibitors, and as moderators of interconversion reactions of dissolved and 
particulate organic carbon phases (Wetzel, 1978). 

In addition to the initial detailed studies on decomposition of submersed, 
floating-leaved, and emergent macrophytes under controlled conditions discussed 
above (nearing completion), the following investigations were initiated early 
in 1978. 

In the marsh community, above-ground senescent Typha biomass exists 
predominantly in one of two phases: (a) intact standing but senesced shoots 
of the emergent macrophyte ('standing dead'), or (b) interred plant tissue 
either on or in the sediments ('fallen dead'). Material in the standing dead 
compartment is either decomposed to gaseous endproducts or is gradually 
transferred into fallen dead. Similarly, senescent biomass in the fallen dead 
compartment is either degraded into simpler dissolved organic compounds or 
gaseous end products or is permanently interred intact into the sediments. The 
degradation process of senescent Typha tissue will be closely followed in both 
the 'standing dead' and 'fallen dead' compartments-
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Young Tyi>ha shoots are being pulse-labeled with 1,4C02 so that the individual 
fates of lignin, cellulose and hemicellulose in both biomass compartments can 
be followed. The use of radioactive tracers allows the decomposition end 
products and intermediates, as well as turnover times of these three compounds 
to be more precisely determined. Rates of evolution of radioactive and 
nonradioactive gases (CO2, CHi*) from the senesced 1,fC-labeled shoots will be 
monitored in both biomass compartments using specially designed in situ chambers. 

Gases evolving from the in situ decomposing Typha shoots will be collected 
in clear, gas-tight acrylic chambers and analyzed for ll'C02, CHi+, CO2 and CHi. 
via a gas chromatography-gas proportional counting system similar to that used 
by Nelson and Zeikus (1974) . While CHi+ is not a direct product of carbohydrate 
dissimilation, anaerobic decomposition of carbohydrate material is generally 
accompanied by production of both CHi+ and CO2. Organic acids produced anaerobically 
from degradation of cellulose and hemicellulose are among the reactants in 
methanogenesis. Hence, methane production is a relative indicator of anaerobic 
processing intensity. Analyzing for radio- and nonradioactive gases yields 
information on overall microbial metabolism as well as decomposition of the 
labeled tissues-

Three large and six smaller Plexiglas chambers have been constructed to 
collect gases produced from 'standing dead' and 'fallen dead' tissues, 
respectively. Eighteen interstitial water samplers, each containing four 
sampling wells, have been constructed using a modification of Hesslein's (1976) 
design. Three interstitial water samplers will be fitted through the perforated 
shelf of each of the six 'fallen dead' gas sampling chambers. The six chambers 
will be positioned in the sediments so that the shelves are beneath and parallel 
to the sediment-water interface. Once positioned, the six chambers will, remain 
in the field for the duration of the study. Just prior to periods of gas sample 
collection, the chambers will be capped. 

• Three 'standing dead' chambers will be placed over labeled 'standing dead' 
Typha shoots and sealed from the sediments during periods of gas sampling. 
A closed-system pump will circulate the gases in the chambers before samples 
are withdrawn. The 'standing dead' chambers will be removed after each sampling 
period to avoid enclosure problems (increases in moisture, temperature) which 
would constitute a greater disturbance to the degradation process than would 
intermittent chamber removal and replacement. 

At the conclusion of each gas sampling period, samples of labeled Typha 
tissue will be collected for analyses of cellulose, hemicellulose, lignin and 
their degradation products. Cellulose and hemicellulose will be isolated and 
analyzed according to the procedures of Sloneker (1971), which involves the 
isolation, hydrolysis and acetylation of individual aldoses. The alditol acetate 
derivatives will then be quantified using gas-liquid chromatography. Individual 
acetylated aldoses will be collected from an effluent splitter and subsequently 
combusted to carbon dioxide. The CO2 so produced will be quantified on an 
infrared gas analyzer before being trapped in ethanolamine for counting via 
liquid scintillation. 

Lignin content will be determined using the thioglycolic acid analysis 
procedure suggested by Holmberg (1930), since this technique gives recovery 
yields of 100 percent for herbaceous plants (Freudenberg and Neish, 1968). 
The lignothioglycolic acid produced by the isolation procedure will, then be 
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oxidized to CO2 and its specific activity determined as for cellulose and 
hemicellulose. Another Ty_Qna_ tissue sample, intact, will be completely 
oxidized with a Packard TriCarb sample oxidizer, and the CO2 produced will 
be subsequently trapped (ethanolamine) and counted via liquid scintillation. 

The sediments surrounding the interred Typha tissues in the 'fallen dead' 
chambers will be examined for radioactivity in the dissolved organic carbon 
(DOC), particulate organic carbon (POC), polysaccharide and polyphenolic fractions. 
POC will be determined on acidified samples using an automated elemental analyzer. 
Activity of the POC fractions will be determined by liquid scintillation counting 
after the fraction has been oxidized to * CO2 and trapped in ethanolamine. DOC, 
collected anaerobically under N2 pressure from the interstitial water samplers, 
will be measured using a modification of the persulfate oxidation method of 
Menzel and Vaccaro (1964). Activity of the DOC fraction will be determined by 
direct addition of acidified interstitial water to liquid scintillation fluid 
prior to counting. Extraction and purification of the polysaccharide fraction 
will follow Sowden and Ivarson's (1962) method, with gas chromatographic analysis 
(Sloneker, 1971) prior to combustion and liquid scintillation counting. Poly-
phenolics will be isolated in dioxane, dried and oxidized to CO2 before being 
tx'apped and counted. 

Other parameters known to significantly influence decomposition rates 
will be monitored throughout the study. Tissue moisture content of the 
'standing dead' material, oxygen availability in the sediments, temperature 
(both of the air and of the sediments) and sediment pH will be among the 
parameters that are regularly monitored. 

Carbon to nitrogen ratios (C:N) x̂ ill be followed in the 'standing dead' and 
'fallen dead' material via an automated analyzer. Water samples withdrax-m from 
the interstitial water samplers will be tested for total inorganic nitrogen by 
procedures which will separate the ammonia-nitrogen from the nitrate-nitrite 
nitrogen. Ammonia-nitrogen will be analyzed according the Harwood and Kuhn (1970), 
while nitrate and nitrite-nitrogen will be. determined on interstitial water 
samples that have been adjusted to pH 10, lyophilized and analyzed for total 
nitrogen on the Carlo Erba Elemental Analyzer. Available nitrogen has been 
found to be the most critical nutrient element in microbial fiber degradation. 

Emergent Macrophyte Population Structure and Productivity 

In order to evaluate the production-senescence dynamics of the Typha 
population in the study site, weekly (monthly in winter) analyses of the 
spatial and seasonal contributions of Typha biomass to the marsh decomposer 
community were begun in the early spring of 1978. Five 4 m- plots 
have been established in the Lawrence Lake marsh, and all Typha shoots emerging 
in the plots have been individually tagged. The status of all the leaves of each 
shoot determined according to the following categories: chlorophyllous leaf, 
senescing leaf (leaves with a mixture of chlorophyllous and achlorophyllous 
segments), senescent leaf (no chlorophyll). Additionally, height measurements 
are made on all tagged shoots. These analyses are being conducted in a manner 
similar to those described by Hardisky and Reimold (1977). 
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Typha is being harvested biweekly (monthly intervals during winter) from 
ten 0.25 ir/ plots randomly selected from along a 100-m transect. All tissues 
collected from these, plots will be segregated into living shoots, standing dead 
material, or fallen litter, and ash-free dry weight biomass in each of the 
three categories will be determined. The number of individual standing dead 
shoots in each harvested plot is also being recorded. All living shoots are 
being individually weighed, their length measured, and the status and number 
of leaves recorded. This information will be used in a regression analysis so 
that the biomass estimates can be made for the 4 m2 plots. Estimates of the 
biomass in each of the three categories can be made in this manner, and as the 
study continues through time, it will be possible to estimate rate functions 
as biomass passes from one category to the next. 

Organic and cationic inhibitions of ATP determinations in sedimentary 
systems are large. Cationic inhibitions are reversible and can be successfully 
removed by cation exchange resins or by precipitation with oxalic acid 
(Cunningham, 1977; Cunningham and Wetzel, 1977). Inhibitions of ATP reactions 
by organic compounds are irreversible. We have demonstrated that acid-soluble 
organic compounds (fulvic acids) complex with extracted ATP and that 70-80% of 
the AT? will not react with the luciferin-luceriface complex. 

The diversity of microbiota and the variability in the carbon to ATP ratio 
caused by environmental conditions complicate biomass interpretations from ATP 
concentrations. However, when combined with other metabolic parameters, ATP 
concentrations provide a good estimate of the metabolic activity of a benthic 
community (Cunningham and Wetzel, 1977). 

Community metabolism is being determined by quantitative analyses of 
in situ CO2 evolution above undisturbed cores of sediment along littoral 
transects. The ability of the sedimentary microflora to degrade organic polymers 
such as protein, cellulose, and organic phosphorus compounds is being monitored 
by protease, cellulase III (g-glucosidase), and phosphatase activities, 
respectively. The rates of enzymatic activity are being compared to the 
availability of the respective substrate concentrations. 

Publications of this contract pertaining to these aspects: 

Godshalk and Wetzel, 1976 (82) 
Godshalk and Wetzel, 1977 (98) 
Godshalk and Wetzel, 1977 (104) 
Godshalk, 1977 (107) 
Cunningham, 1977 (106) 
Cunningham and Wetzel, 1977 (99) 
Cunningham and Wetzel, 1978 (101) 
Wetzel and Otsuki, 1974 (56) 
Wetzel and Manny, 1977 (96) 
Godshalk and Wetzel, 19 78a (114) 
Godshalk and Wetzel, 19 78b (115) 
Godshalk and Wetzel, 1978c (116) 
Boon, Wetzel and Godshalk, 1978 (125) 
Wetzel, 1978 (113) 
Dickerman and Wetzel, 1978 (in preparation) 
Cunningham and Wetzel, 1978 (in preparation) 
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9. Interactions of Dissolved Organic Compounds on Nutrient Availability 
and Phytoplankton Photosynthesis 

Nutrient limitations to high sustained rates of photosynthesis and carbon 
cycling in hard-water lakes exist as a number of simultaneous organic and 
inorganic interactions that cannot be treated separately. Extensive experimental 
evaluation of the coraplexing capacities of synthetic and natural organic compounds 
on inorganic nutrients, especially Fe and P04, in synthetic media and in lake 
water at both natural and enriched concentrations was continued (Wetzel, 1972; 1975; in 
prep.). Potential limiting factors of phytoplanktonic growth are highly dynamic 
spatially and temporally within an intensity spectrum. Of particular importance 
in hard-water lakes is the physiological availability of metals, particularly 
Fe and Mn, and of phosphate. 

Concentrations of reactive dissolved Fe ('available') and phosphate in the 
trophogenic zone of Lawrence Lake are less than 5 ug l-1. Additions of Fe to 
the highly buffered epilimnetic water are immediately precipitated as hydroxides, 
phosphates, and carbonates. Available Fe was increased in water from the 
hypolirnnion in part by coraplexing with naturally accumulated organic substrates. 
Synthetic chelators, especially NTA at about 100 ug 1 , were particularly 
effective in increasing Fe availability when added in combination with Fe 
enrichments to epilimnetic water. Photosynthetic rates were greatly enhanced 
at all seasons of the year, except weakly so in the spring bloom, by a ratio of 
roughly 1:1 of Fe:chelator at the 100 yg 1_1 level. Excessive chelation occurred 
at greater concentrations in Lawrence Lake water. Similar changes in Fe 
availability of Fe in epilimnetic water and rates of photosynthetic enhancement 
of _iii sitxi phytoplankton populations were demonstrated with amino acids, peptides, 
and concentrated natural organic compounds. Limnohumic acids were less effective 
and distinctly inhibitory at low concentrations. 

These results were published (Wetzel, 1972) in summary form in relation to 
nutrient interactions as they regulate carbon cycling in marl lakes. Analogous 
results, but with very different concentrations, were previously demonstrated 
in hardwater lakes of northern Indiana where high concentrations of labile 
organic compounds in combination with metals, especially Fe, enhanced algal 
photosynthesis in one of two interconnected lakes and were inhibitory in the 
other which contained approximately twice the concentrations of natural dissolved 
organic matter (Wetzel, 1965, 1966, 1967). 

Continuous annual background limnological information has been obtained 
(see discussion below) for the pelagic zone of a hypereutrophic hardwater lake, 
Wintergreen Lake. One of the express purposes of these analyses centers on 
saturation of these dissolved organic compound interaction mechanisms with 
inorganic nutrients, particularly in relation to loss of labile organics with 
precipitation CaC03 (v.ji.). All results indicate that the mechanisms proposed 
earlier (Wetzel, 1968, 1972) are in effect and become saturated in the highly 
eutrophic water. Sources, composition and fates of these organic compounds form 
major aspects of the ongoing program, as discussed above for the littoral and 
allochthonous analyses. 
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Experimental evaluation of regulation of organic-inorganic complexing 
mechanisms, especially in regard to trace m&tals of kno'-n importance in 
regulating photObynthetic metabolism in hard-water lakes (Fe, Mn), phosphate, 
organic mLcro-nutr Lents particularly vitamin Bj2> an<i various labile organic 
hunue fractions, continued on Lawrence Lake (see below). The trace metal, 
major cations, and phosphorus studies are being approached e;:perimentally 
employing modified wet chemistry analytical procedures and atomic absorption 
spectrophotometry. Organic micronutrient interactions with carbonates are 
analyzed with tritium and 14C labelled sources in natural water. Humic 
compounds are separated into fractions by photolytic degradation with UV and 
especially organic extraction in liquid chromatography prior to manipulation 
inorganically and in bacterial utilization experiments. Sources of the humic 
materials are natural (allochthonous and lake per se) and generated from 
decomposing labelled algae and macrophytes. Organic compounds fractionated by 
molecular weight ranges (< 500 - > 30,000) by pressure ultrafiltration (Amicon) 
both from experimental decompositional sources as well as in_ situ within the 
lake spatially and seasonally, and from allochthonous stream inlet sources. 

Experimental variants include (1) direct bioassays on natural populations 
in which algal growth is measured by ^'C-uptake, corrected pigment analyses and 
direct counts of algal biomass; (2) experimental assays of growth in axenic 
cultures; (3) direct chemical assays of inorganic availability (soluble vs. 
complexed or particulate forms) in response to organic additions from various 
fractions of biogenic decompositional, excretional, or allochthonous sources. 
Sinks for organic compounds, such as flocculent aggregations with associated 
metallic nturients, are also being studied experimentally. The absorption 
phenomena of nutrients e.g. phosphate, organic micronutrients such as vitamins, 
and humic fractions with particulate and colloidal calcium carbonates, coupled 
with sedimentation losses, has received continuing attention, especially in 
sediments (see discussion below). 

The phosphate analyses of concentration dynamics in situ and experimental 
evaluation of algal responses to inorganic and organic sources of PO^ have been 
augmented by detailed in situ analyses of alkaline phosphatase enzymatic activity. 
Alkaline phosphatase activity in both the phytoplankton and free in the water 
has now been analyzed at meter depth intervals biweekly over 3 years. These 
data are being coupled with phosphatase analyses from allochthonous and littoral 
sources during experimental manipulations (See Section 9, below also) as well as 
with variations in humic compound loading. 

In the past two years natural populations from the mid-epilimnion and mid-
metalimnion have been experimentally exposed to phosphate enrichments at 
regular intervals during periods of turnover and winter and summer stratification. 
Enrichments at serially increasing microgram concentrations with inorganic and 
organically bound phosphate sources were followed by long-term bioassays of 
algal and soluble alkaline phosphatase activities. While phosphate limitation 
is clearly evident in spite of high loading with inorganic phosphate loading, 
responses to organically bound phosphate results in rapid precipitous decreases 
in phosphatase activities. These results are being coupled to annual loading 
sequences of phosphate from littoral and allochthonous sources (Section 1, above). 

Experimental evaluation of particulate and colloidal carbonates in hard-water 
lakes continues as a major area of investigation in relation to the regulation 
of functional groups of organic compounds and concomitant regulation of orgiinic-
inorganic complexing mechanisms. 
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Particulate and colloidal (ca. 50 mum) carbonates occur in large quantities 
in the hardwater lakes. An equivalent of nearly 50% of the organic carbon fixed 
in phytoplanktonic photosynthesis is in the form of CaC03-C in suspension in 
Lawrence Lake and sedimenting on an annual basis (Miller, 1972; Wetzel, et al., 
1972; White, 1974; White and Wetzel, 1975). During a two-year period analyses 
were made biweekly on sedimenting seston by means of an improved sedimentation 
trap (White and Wetzel, 1974) at 4-meter intervals in Lawrence Lake (White and 
Wetzel, 1975). The seston was analyzed for total dry weight, organic matter, 
calcium carbonate, ash content, particulate organic carbon and nitrogen, and 
total phosphorus. 

Organic matter and ash content of the seston was similar in both years, 
but the calcium carbonate content was five times greater in the second year 
than in the first. The dissimilarity in calcium carbonate precipitation between 
the two years was related to the extent of vernal circulation and calcium ion 
concentration in the water column when the ice broke up. 

An average of 37 mg l-1 of colloidal calcium was suspended in the lake. 
This form constitutes over one-third of the total calcium content and is a 
major competitive sink for inorganic and organic nutrients (White and Wetzel, 1975). 

Studies with 32P by Otsuki and Wetzel (1972a) have shown that high concentra
tions of phosphate ion precipitate with carbonates by simple coprecipitation 
as the pH of marl lake water is increased. The rate of coprecipitation increased 
considerably with higher temperatures in roughly a negative linear relationship 
between calcium carbonate solubility and coprecipitation rate of P0i+ at each 
temperature up to a pH of 9.5. Coprecipitation rates are extremely rcipid 
(< 5 minutes at pH 9.5) and effectively sparge lake water of P0t,. X-ray diffraction 
analyses of natural carbonates demonstrated that it is pure calcite (> 99.9%). 
Evidence also was obtained that P0t( is incorporated into particulate carbonate 
crystals rather than adsorbed onto the carbonate after formation of the crystals. 
It is likely that in natural conditions the pH of microenvironments around 
algal cell and macrophytic surfaces is raised well above pH 9 with photosynthesis 
and induces the coprecipitation of PÔ . with carbonates. 

A marked displacement of phosphorus out of the epilimnion into the metalimnion 
occurred in midsummer. High rates of CaC03 precipitation, induced by photosynthesis 
in the pelagial and the littoral zones, facilitated nutrient removal from the 
epilimnion to the metalimnion and hypolimnion. This displacement of phosphorus, 
among other factors, stimulated midsummer algal growth in the metalimnion, a 
process seen consistently in this lake each year (11 years of continuous analyses). 
During fall overturn an average of 0.17 yg m~2day~ of total phosphorus is 
resuspended into the water column as massive amounts (to 10 cm) of the deep 
water surficial sediments are resuspended (White and Wetzel, 1975). 

Total nitrogen content of the sedimenting seston changes throughout the 
year. A marked displacement to the hypolimnion occurs in late summer after 
periods of increased algal growth. Organic utilization of carbon from particulate 
organic matter was much more rapid, because of leaching to soluble organic matter, 
than organic nitrogen. Rates of degradation, hov/ever, of both components was much 
greater at summer temperatures and greatly accelerated at hypernormal temperatures. 

Laboratory experiments demonstrated that the availability of iron, phosphorus, 
and vitamin B-12 to algae are related to precipitation of calcium carbonate in 
hard-water lakes. Iron, in contrast to phosphorus, was not adsorbed directly 
onto particulate calcium carbonate; instead, the availability of iron is likely 
regulated as calcium carbonate adsorbs and precipitates natural chelator compounds 
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from the trophogenic zone.. In contrast, a significant proportion of available 
vitamin B-12 is removed in adsorptive association with the precipitating calcium 
carbonate (White and Wetzel, in preparation). Preliminary evidence indicates 
that similar mechanisms are operational with clay particles, although not as 
effectively as nucleating calcium carbonate. Further experiments with clay-organic 
complexing are planned. 

Experiments have demonstrated that passage of particulate iron complexes 
through the guts of zooplankters (Cladocera) increases organic complexing and 
availability slightly for algal photosynthesis (Mitchell and Wetzel, in preparation). 

In marl lakes, as Lawrence Lake, suppression of potential productivity is 
governed by an array of simultaneously interacting regulating parameters. 
Central is restricted availability and regeneration of inorganic nutrients 
mediated in part by reduced availability of labile organic substrates and 
suppression of bacterial growth (Wetzel, et al., 1972). The DOC pool is stable 
at relatively moderate concentrations and consists of largely refractory compounds 
of high regeneration rates (T > 100 - 1000 hours). A significant portion 
(> 1.0%) of the compounds is permanently incorporated in the sediments. 

Labile organic fractions, such as amino acids, fatty acids, are strongly 
adsorbed onto particulate and colloidal CaC03 (e.g. Suess, 1970; Meyers and 
Quinn, 1971; Wetzel and Allen, 1971). Although such adsorption could be viewed 
as in effect scavenging and concentrating labile DOC for a more readily 
utilizable bacterial source than from dilute solution, our empirical evidence 
indicates rather a competition for the substrates. A large fraction of CaC03 
is induced precipitation associated with photosynthetic removal of CO2 
(and HCO3; cf. Wetzel, 1972) by algae and macrophytic vegetation. Frequently 
the cells serve as a nucleus for the particulate CaC03 and precipitation occurs 
at the site of simultaneous generation of labile secreted organic compounds. 
We are approaching the problem from several directions (cf. also above discussion). 

(a) In conjunction with fractionation and lability analyses of dissolved 
organic compounds (total DOM, dissolved organic carbon (DOC) and dissolved 
organic nitrogen (DON) by a combination of direct chemical assays of 
changes with time, ultrafiltration, and high intensity UV photolysis), 
complexing and adsorption of organic compounds on. particulate and 
. colloidal monocarbonates are being investigated with labelled organics 
in natural and simulated synthetic lake water. An example of one phase 
that has been completed in initial phases is the demonstration that up to 
at least 15 mg of yellow organic acids were adsorbed per gram of CaC03 
at natural concentrations of lake water (Otsuki and Wetzel, 1973; 
Wetzel and Otsuki, 1974). These analyses were coupled to their inputs 
from allochthonous inputs to lakes and metabolism in the lake by 
analyses of fractions, extracted chemically, that are quantified by UV 
photolysis and absorption and fluorescence spectrophotometry (Wetzel 
and Otsuki, 1974; Manny and Otsuki, submitted). Relative seasonal and 
annual contributions of humic fractions of DOC, analyzed by UV'absorption 
and fluorescence of yellow organic acids, were shown to be lost to the 
hypolimnion, in part related to adsorption to CaC03 precipitating during 
epilimnetic decalcification in both oligotrophic Lawrence Lake (Wetzel 
and Otsuki, 1974) and hypereutrophic Wintergreen Lake (Wetzel, et al., 
1976, in prep.) 
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(b) Bacterial utilization of organic substrates absorbed to mono-
carbonates is clearly reduced by 2x to an order of magnitude (Wetzel, 
in prep, and studies continuing). 

(c) Thermal "enrichment" enhances the rate of precipitation of 
carbonates and reduce, in spite of increased bacterial metabolism 
in controls, the rates of substrate uptake (Wetzel, unpublished). 

(d) Organic micronutrient interactions with carbonates have been 
analyzed with H and C labelled sources in natural and simulated 
lake water; these studies are continuing. For example, adsorption 
of vitamin B^2 by particulate CaCOs was demonstrated (White and 
Wetzel, 1974 and in preparation) and is related, in part, to the 
marked enhancement of rates of photosynthesis to B^2 enrichment 
in hard-water lakes by. natural populations of algae (Wetzel, 1966, 
1972) and submersed macrophytes (Wetzel, 1969). Such was rarely 
the case with other water-soluble vitamins such as thiamine or biotin. 

(e) Recent evidence on the release of dissolved organic matter by 
submersed macrophytes has shown that the rates increase with 
development of epiphytic flora and that an appreciable portion of 
this DOM is adsorbed onto precipitations of encrusting CaC03 
(Hough and Wetzel, 1975; Mickle and Wetzel, 1978b). 

(f) On-going studies also demonstrated a strong coupling of ATP with 
both nucleated CaC03 and especially humic and fulvic acids 
(Cunningham and Wetzel, 1977). The effectiveness of fulvic acid-ATP 
complexing is directly related to adsorption site availability of 
both divalent cations and CaC03 in particulate form. 

(g) Current experimental work is focusing on the reversible and irreversible 
bonding of enzymes to nucleating and precipitating CaC03 and certain 
fulvic acid components of the dissolved organic matter (Wetzel, in 
preparation) and coupling with the enzymatic utilization of monophosphate 
esters (see Section 10, below). 

Publications of this contract pertaining to these facets: 

Wetzel, 1971 (24) 
Otsuki and Wetzel, 1972 (25 and 37) 
Wetzel, et al., 1972 (48) 
Otsuki and Wetzel, 1973 (49) 
Wetzel and Rich, 1973 (51) 
Wetzel and Otsuki, 1974 (56) 
Otsuki and Wetzel, 1974 (57) 
White and Wetzel, 1974 (50 and 63) 
White and Wetzel, 1975 (68) 
Wetzel, 1975 (78) 
Wetzel, et al., 1978 (in prep.) (81) and (93) 
Hough and Wetzel, 1975 (69) 
White and Wetzel, 1975 (68) 
Ward and Wetzel, 1976 (85) 
Mitchell and Wetzel, 1978 (118) 
Cunningham and Wetzel, 1977 (99) 
Manny and Otsuki, 1978 (Submitted; N content of yellow organic acids) 
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Wetzel and White, 1978 (In prep.; vitamin B i 2 adsorption to 
carbonates) 

Wetzel, 1978 (In prep.; alkaline phosphatase activity in 
hardwater lakes and interactions with carbonates) 

10. Nitrogen and Carbon Metabolism by Blue-green Algal Populations in 
Response to Variable Light Intensities and Nitrogen Sources 

Field Studies: The lakes chosen for field work, Lawrence (x depth = 5.9 m) 
and Wintergreen (x depth = 2.4 m), offer contrasting systems in which two types 
of blue-green populations develop. The populations and germane environmental 
parameters were monitored biweekly over a 6-month period (April-October). 
Wintergreen Lake, a hypereutrophic system (Wetzel, 1975), underwent dramatic 
changes in available inorganic nitrogen sources during the period of sampling. 
Nitrate and ammonia were rapidly utilized and exceeded inputs in the spring, and 
became immeasurable by mid-July in the upper two to three meters. In contrast a 
reservoir of ammonia began accumulating below 2.5 meters by mid-May under oxygen-
depleted conditions. Significant numbers of blue-green algae first appeared in 
mid-June, developing at a depth of two meters and occupying the upper two to 
three-meter water strata. The predominant species was Aphanizomenon, intermingled 
with Microsystis and Anabaena. Maximum in situ acetylene reduction rates occurred 
in July and decreased somewhat throughout August. Of particular interest in 
this system were the changes in rates of carbon and N2 fixation with depth. 
Carbon fixation rates decreased more rapidly between 0.5 m and 2.0 m than N2 
fixation rates, indicating a decrease in C/N assimilation ratios with depth 
(see also Peterson, et al., 1976). These data implied that relative metabolic 
rates can be affected by light intensity and, hence, in aquatic systems by 
depth; therefore, water strata favoring carbon assimilation relative to 
nitrogen assimilation and vice versa could be made available over a relatively 
narrow depth range (in Wintergreen, less than two meters) . 

Moderately productive Laxrcence Lake (Wetzel, 1968, 1969, 1970, 1975), in 
contrast to Wintergreen, exhibited little change in combined inorganic nitrogen 
sources; nitrate was the predominant source and remained at fairly constant 
concentrations of approximately 2-5 mg NO3-N/I. Ammonia concentrations were 
low (50 - 200 pg NH^-N/l) , increasing in the lower depths, but showed a meta-
limnetic (4-6 m) decrease in August. Non-heterocystous blue-green populations 
typically develop in August in this metalimnetic stratum, including species of 
Microcystis, Gomphosphaeria, Chroococcus, and Aphanocapsa. Light intensities at 
6 m were generally about the same as those at 2 m in Wintergreen during July and 
August; light intensities at 4 m fluctuated somewhat, but were usually less than 
those at 0.5 m in Wintergreen. 

In summary, populations of nitrogen-fixing blue-green algae developed in 
the upper two meters of Wintergreen Lake in mid-summer. These populations were 
exposed to a light regime ranging from surface intensities to less tha 200 lux at 
2 m. Negligible combined N-sources and significant acetylene reduction rates 
indicated that elemental nitrogen was the primary N-source in these strata. 
However, diffusion of NHi,-N from high concentrations in the hypolimnion might 
have been an alternative N-source at the lower light limit of the population 
(2-3 m). In Lawrence Lake, on the other hand, populations of blue-green algae 
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were apparently supplied with adequate combined nitrogen in the form of NO3-N and 
possibly NH4-N under light conditions more restrictive than Wintergreen and 
ameliorated by 4-6 meters of overlying water column. In order to examine further 
the interactions of nitrogen source, carbon fixation and light intensity on the 
growth and development of blue-green algae, cultures of blue-green alga.e were 
used in laboratory experiments. 

Laboratory Studies: Species of blue-green algae used in laboratory cultures 
included Anabaena cylindrica (Ward and Wetzel, 1975), and three planktonic forms; 
Microcystis aeruginosa, Aphanizomenon flos-aquae, and Anabaena flos-aquaa. The 
latter three species were isolated and purified by Drs. P. Gorham and W. Carmichael 
(Carmichael and Gorham, 1975). Cultures were grown under two light intensities 
and three different N-sources: N2-N (where applicable), KO3-N and NHit-N. The 
light intensities corresponded closely to those found at 0.5 ra (1600-1800 lux) 
and 2.0 m (200 lux) in Wintergreen Lake in mid-summar. Culture medium was 
rigorously buffered at 7.8 - 8.0 pH to avoid confounding effects of changing pH. 
Also, surface light intensities were not used in order to avoid surface inhibition 
effects. 

Initially, cultures were examined with respect to NO3-N and NHi>-N; N2-N was • 
incorporated in later experiments, primarily with Aphanizomenon flos-aquae. 
Cultures subjected to these treatment responded differently among N-sources as 
well as between light intensities. Although carbon fixation rates were always 
higher in NH^-N grown, high light cultures, this was not reflected in a net 
increase in cellular carbon compared with NO.3-N grown, high light cultures. 
However, growth rates, calculated as doublings of cell carbon/time interval, 
revealed that NH^-N grown cultures increased more rapidly initially and, hence, 
"peaked" sooner than NO3-N grown cultures; however, the latter cultures surpassed 
those grown on NH^-N in accumulated cell carbon. In contrast, NH^-N grown cultures 
at low light intensities had higher carbon fixation rates as well as an increase 
in cell carbon relative to NO3-N cultures. Growth rates were much lower, but 
more uniform for cultures grown at low light intensities. In all species, cellular 
C/N ratios were consistently lower with NHif-N grown cultures in either high or 
low light compared with NO3-N. or N2-N grown cultures. Growth rates showed an 
interesting relationship with C/N ratios in cultures of Microcystis aeruginosa. 
In high light maximum growth rates occurred in both NO3-N and NHî -N grown cultures 
during intervals when the C/N ratio was closest to approximately 4.6. Ammonia 
grown cultures tended to have C/N ratios below this value and NO3-N grown 
cultures above it. Similarly, in low light, C/N ratios oscillated about a mean 
of 4.65 for NO3-N grown cultures and 4.59 for NH^-N grown cultures. It is proposed, 
then, that regardless of N-source or light intensity, maintenance of a suitable 
C/N ratio is an important factor in cell metabolic processes and insuring maximum 
increase in cellular carbon (i.e., growth). It is also proposed that the cell 
has mechanisms available to control this ratio to some extent, including rates 
of carbon and nitrogen assimilation and quality and quantity of extracellularly 
released products. 

Saturation curves for carbon and N2 fixation in blue-green cultures agreed 
well with field observation in that N2 fixation was light saturated at a lower 
light intensity than carbon fixation. This phenomenon resulted in- an apparent 
differential C/N assimilation ratio with changing light intensity. However,, 
cultures of Aphanizomenon flos-aquae sustained very low growth on N2-N grown 
cultures at low light; possibly, nitrogen fixation rates at these light intensities 
in natural populations are maintained by reduced carbon compounds made available 
when cells are exposed to higher light intensities in the upper water strata. 
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Initially, the quality and quantity of extracellularly released products 
were examined in the three planktonic species at two light intensities and with 
two N-sources. Studies comparing the extracellular products of ^-fixing cultures 
with Aphanizomenon flos-aquae and Anabaena cylindrica are in progress. Radio
active filtrates from these cultures were fractionated using Amicon ultra
filtration techniques. With all species, NH^-N grown cultures resulted in 
quantitatively higher amounts of released organic compounds/cell carbon. However, 
the difference was mu'ch greater at the high light intensity than the low light. 
Also, at high light intensities all species consistently released a larger 
percentage of low molecular weight compounds (filterable through UM05 Amicon 
membrane, MW <500) in NHi+-N grown cultures than NO3-N grown cultures. The 
reverse was true at low light intensities; i.e., NO3-N grown cultures showed a 
higher percentage of low molecular weight compounds in filtrates than NH^-N 
grown cultures. 

The necessity for high light intensities (1,650 lux) in relation to 
N-source in blue-green algal cultures follows the order !\2>N03>NHit. At low 
light intensities (200 lux), NHt̂ -N was definitely favored as an N-source over 
NO3-N and N2-N. However, at higher light intensities NH^-N tended to be 
detrimental in the sense that it supported a less stable population and resulted 
in less cumulative cell carbon. Nevertheless, based on evidence from comparisons 
of NO3-N and NHtf-N, similar C/N ratios were required for maximum doubling rates 
regardless of N-source. However, the factors affecting maintenance of an 
appropriate C/N ratio appeared to change with N-source and light. For example, 
high light, ammonia-grown cultures appeared to have excessive N-assimilation 
relative to C-assimilation (low C/N ratio). Release of high nitrogen contain
ing dissolved organic compounds could be a possible mechanism for stabilizing 
this ratio. In contrast, NO3-N and N2-N grown cultures appeared in N demand 
(higher C/N ratio); although favored by high light, exposure to low light 
periodically could serve to utilize reduced carbon supplies while maintaining 
high N-assimilation rates and effectively lowering the C/N ratio. This 
hypothesis was supported by saturation curves for C and N fixation in natural 
populations and in laboratory cultures. 

In applying these data and hypotheses to natural populations, one would 
expect the N2-fixing blue-green populations in Wintergreen to represent a 
high energy demanding system. Although light is attenuated very rapidly per 
depth interval (more rapidly than in Lawrence), because the populations were 
located in the upper two meters, they were exposed to a wide range of light 
intensities over a diurnal period (wind and/or gas vacuole action). The much 
deeper, metalimnetic blue-green populations of Lawrence would represent a lower 
energy demanding system. Location at this depth would have advantages in that 
cells would be exposed to a low light, ammonia combination. The distance 
populations would have to travers (4 - 6 m) to be exposed to higher light 
intensities, however, would be prohibitive. Therefore, these metalimnetic 
populations were exposed to a more constant, generally lower light regime than 
Wintergreen populations. 
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Analyses from these components of the program are in concluding phases. 
The following conclusions are being made: 

Populations of blue-green algae in Lawrence and Wintergreen lakes are 
particularly well-adapted to the light and nitrogen conditions which occur 
in these two divergent habitats. Presumptive evidence is presented that 
metalimnetic populations of blue-green algae in Lawrence Lake utilize NHt(-N 
as a nitrogen source, although NO3-N is also available in abundant supply. 
In this manner, these populations are able to maintain maximum growth rates 
under conditions of continuously low light. Among other factors, the morphometry 
of the lake basin and the general trophic status of the entire Lawrence Lake 
system interact to restrict populations to this stratum, hence suppressing 
potential productivity of these populations. Since productivity rates associated 
with the metalimnetic populations already contribute significantly to the annual 
phytoplanktonic productivity, enhancement of growth of the planktonic blue-green 
algae by increased rates of decomposition in the hypolimnion or enrichment of 
the epilimnion could markedly increase the annual primary productivity of the 
entire open water portion of the system. 

In highly productive Wintergreen Lake, on the other hand, high-light 
adapted nitrogen-fixing populations can be maintained in the surficial waters. 
Because of the shallow nature of the epilimnion, phytoplankton eire well-mixed 
in the upper strata and, hence, are exposed to an array of light intensities 
during growth. The consequences of intermittent exposure to high and low light 
intensities is advantageous in maintaining a more uniform carbon and nitrogen 
content within the cell and is more important to N12-fixing populations exposed 
to different light intensities than to NO3-N or NH4-N utilizing populations. 
In addition, in spite of rapid attenuation of light with depth, populations 
could remain high-light adapted, hence responding maximally to higher light 
intensities when intermittently exposed. In this context, the populations 
could be viewed as opportunistic, which undoubtedly is a competitive advantage 
in a habitat subject to rapid change such as Wintergreen Lake. 

The nature of the dissolved organic compounds released by phytoplanktonic 
populations is of particular interest, since these compounds are a direct link 
between the primary producers and the bacterial-detrital component and, hence, 
the ecosystem as a whole. All evidence from these culture studies indicate a 
substantial portion of that released, with all nitrogen sources and at all 
light intensities, is of low molecular weight and probably readily utilizable 
by bacteria. This finding was particularly true of organic carbon released from 
cultures grown with NH^-N and that from N2~fixing cultures exposed to low light 
intensities. 

Publications of this contract pertaining to these facets: 

Ward, 1974 (71) 
Ward and Wetzel, 1975 (72) and (76) 
Ward and Wetzel, 1976 (85) 
Ward, 1978 (129) 
Ward and Wetzel, 1978 (127) 
Ward and Wetzel, 1978 (In preparation; 3 papers) 
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11. Littoral-pelagial Zone Interactions: Effects of Allochthonously-Derived 
Dissolved Organic Compounds on Metabolism, Productivity, and Succession 
of Phytoplankton Populations 

The dissolved organic carbon pool of lake systems is dominated by high 
molecular weight humic fractions that tend to be resistant to rapid microbial 
degradation (Hurst and Burges, 1967; Prakash e_t al., 1972; Wetzel and-Otsuki, 
1974; Wetzel, 1975). While the majority of these substances are of allochthonous 
origin and are formed through partial degradation of lignin produced by 
vegetation growing in the lake's drainage basin, a significant fraction of the 
resistant dissolved organic matter (DOM) is autochthonous, and originates within 
macrophyte-dominated littoral areas (Wetzel and Manny, 1972). In either case, 
the metabolic activities of the littoral community has the opportunity to screen 
much of the resistant DOM from littoral and allochthonous sources, and can 
substantially alter the ratios of molecular weight fractions of DOM which pass 
through this community towards the pelagial. zone (Mickle and Wetzel, 1978a, 19 78b). 
The DOM that does escape from the littoral zone is generally impoverished in 
lower molecular weight fractions, since the littoral epiphyte-decomposer complex 
efficiently utilizes the more labile components (Hough and Wetzel, 1975). The 
more resistant, higher molecular weight humic compounds which do enter the 
pelagial community are capable of significantly altering the growth patterns 
of pelagial algal species (Wetzel, 1968; Prakash ejt al. , 1973; Giesy, 1976, 1977) 
and to that extent, determine the structure and metabolism of pelagial communities. 

While laboratory studies of unialgal and axenic cultures of common algal 
species have demonstrated that humic substances tend to shorten the lag phase, 
extend the exponential growth phase, and increase rates of 11>C assimilation 
(Prakash and Rash-id, 1968; Prakash et al., 1973; Giesy, 1976, 1977), it is not 
known exactly at what level humic substances stimulate algal metabolism. The 
considerable ability of humic materials to chelate iron and other metals suggests 
that these substances regulate the availability of algal nutrients (Shapiro, 1964; 
Wetzel, 1972). Prakash and Rashid (1968) believe that humic substances might 
act as specific sensitizing agents which enhance cell membrane permeability to 
essential nutrients. Giesy (19 76) presents evidence that bacterial degradation 
of complex humic substances results in smaller organic molecules which, when 
heterotrophically assimilated, stimulate the growth of Scenedesmus obliquus. 
Although it is possible that at least some of the effects of humics on algal 
metabolism may be due to partial inhibition of respiration, the experiments 
needed to establish this thesis have not been conducted. Further, it is 
unfortunate that almost all studies demonstrating humic-algal interactions have 
employed axenic or unialgal cultures. Since allelopathic and competitive 
interactions occur between species of pelagial microflora (Fogg and Westlake, 
1955; Proctor, 1957; Kroes, 1972; Body, 1973; Sze and Kingsbury, 1974; Paerl, 
1976), laboratory studies alone cannot fully describe community events. 

Within this overall context of littoral-pelagial interactions through 
DOM-related modes, the research focuses on pelagial community and subcommunity 
level responses to selected humic fractions. Basically, the investigation 
follows the effects of three selected humic fractions (molecular weights of 
>30,000, 10,000-30,000 and 1,000-10,000) on rates of productivity and respiration 
of pelagial microflora in Lawrence Lake. An attempt is being made to subdivide 
community level productivity responses using microradiography, so that a better 
estimate of the effects of littoral metabolism on pelagial community metabolism 
and structure can be attained. 
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It is possible to use changes in concentration of CO2 to measure productivity 
as described for the measurement of community respiration. Since the equilibration 
process depends solely upon pC02 in the system, losses in CO2 are direct measures 
of primary production; there is no need, in this case, to correct for losses 
due to excreted organic matter (EOM). Hence, uptake of CO2 may represent a more 
accurate estimate of net primary production than the C technique. In addition, 
no amendments of carbon species is required, so a more realistic experiment is 
obtained. In this investigation, the 'C and CO2 techniques for estimating 
primary productivity will be compared under field conditions, both with and 
without humic fraction amendments. 

It is quite likely that different species or size groups of algae will 
respond to amendments of the humic fractions in different ways. For example, 
small microflagellates may be inhibited to one molecular weight fraction, 
while dinoflagellates and diatoms may increase their photosynthetic activities' 
significantly to the same fraction. Subcommunity level alterations in photo
synthetic capacity will be followed using microradiographic procedures similar 
to those described by Desortova (1976). With this increased level of resolution, 
seasonal changes in the effects of the three humic fractions may be more 
readily explained. 

In addition, throughout the investigation, data will be collected on other 
relevant environmental parameters: chlorophyll a_ content, fluorescence, UV 
absorption, concentrations of dissolved and particulate organic carbon, total 
seston, dissolved oxygen, water temperature, pH, alkalinity and light availa
bility. Relationships of these parameters to community respiration and primary /^ 
productivity will then be explored using multivariate analyses. Community . S 
respiration will be followed through diurnal cycles at seasonal intervals to 
see if the assumption of light-independent rates of respiration of pelagial 
microflora is substantiated. 

The responses of natural phytoplankton populations to humic fractions 
will be further augmented by a series (ca. 48) of -microcosms of mixed algal 
populations isolated from the natural populations. Purified fractions of 
humic compounds of in situ origin will be administered to these mixed populations 
and induced alterations in metabolism biomass, and succession of the populations 
will be determined by methodology analogous to that used with the natural 
communities. 

Publications of this contract pertaining to these facets: 

Wetzel, 1968 (8) 
Wetzel and Manny, 1972 (27) 
Wetzel, 1972 (24) 
Wetzel, et al., 1972 (49) 
McKinley and Wetzel, 1977 (90) 
Wetzel and Otsuki, 1974 
McKinley, 1977 (87) 
McKinley, 1975 (73) (75) (77) and (81) 
Wetzel, 1975 (78) 
McKinley and Wetzel, 19 76 (83) 
Mickle and Wetzel, 1978a (108) 
Mickle and Wetzel, 1978b (109) 
Mickle and Wetzel, 1978c (120) 
Wetzel, 1978 (112) 
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12. Sedimentation: Organic-Inorganic Interactions in Hardwater Lakes and 
Changes between Littoral vs Pelagial Productivty Dominance. 

Two major cores and several surface cores of post-glacial sediments were 
obtained from Lawrence Lake (9.4 m in length) and Wintergreen Lake (8.0 m); 
both extended to glacial till. The Lawrence core was carbon dated (organic 
and carbonate) in 1972 (20 dates) and the Wintergreen core in 1976 (14 dates) 
in cooperation with Dalhousie University. Complete analyses of pigment 
degradation products, organic matter, CaC03, nitrogen and phosphorus were 
completed on the sediments at 5 cm intervals in late 1973. Obvious restrati-
fication, presumably by slumping in the steep basin, was apparent from the 
chemical and dating data in the Lawrence core; these confounded results have 
not been sorted out with detailed pollen analyses in collaboration with 
R. E. Bailey (Central Michigan University). Diatom, stratigraphy throughout 
the post-glacial sediments in Lawrence and Wintergreen lake sediments is 
completed (R. Martin and R. Bailey). 

While not a major thrust of the current programs, these total results 
provide most useful information on past changes in productivity, particularly 
in relation to the relatively recent eutrophication of Wintergreen Lake and 
recent reduction in productivity of Lawrence Lake, in view of contemporary 
mechanisms, especially littoral productivity, influencing primary production. 
These analyses were completed in the present contract period and are now in 
press (Wetzel and Manny, 1977; Manny, Wetzel, and Bailey, 1977). 

Publications of this contract pertaining to these facets: 

Wetzel and Manny, 1976 (91) 
Wetzel and Manny, 1978 (94) 
Manny, Wetzel, and Bailey, 1976 (92) 
Manny, Wetzel, and Bailey, 1978 (95) 

13. Continued Evaluation of Selected Physical Parameters, and _a Detailed 
Analysis of the Cycling of Chemical and Biological Parameters of 
Oligotrophic Lawrence Lake in which Experimental Aspects of the Program 
are Conducted. 

A typical hardwater lake, Lawrence Lake, Barry County, was selected because 
of its desirable morphometry (5 ha., 13 m. maximum depth) and strong metabolic 
responses to limiting factors. The basin was surveyed and contoured with a 
high frequency sonar, and a detailed bathymetric map was constructed from which 
morphometric data were determined for calculations of chemical cycliiig. Similar 
analyses, as discussed below, have been made on eutrophic Duck Lake (1969) and 
on hypereutrophic Wintergreen Lake (1971). 

In September, 1967, a detailed sampling program was undertaken on Lawrence 
Lake to measure relevant physical, chemical, and metabolic parameters to serve 
as correlative background information for all of the physiological experimentation 
related to the lake. At one primary station at the deepest depression the 
parameters discussed below are being made at 1 meter intervals at strict seven-day 
(1967 - 1969) to 14-day (1969 - 1978) intervals, regardless of weather conditions. 
Sampling and analyses have been in progress for 131 months (11 years) and are 
continuing. Two Supplemental stations in the basin are sampled routinely in 
addition to the ceittral primary site. Parameters being measured at meter 
intervals include: 
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(1) J_n situ measurements of algal photosynthesis and dark CO?, 
fixation by algal and bacterial chemosynthesis by *C 
techniques and rates of secretion of dissolved organic 
carbon: 

(2) Biomass of algae: 
a. By acetone extractions of pigments and 

spectrophotometry determinations of 
chlorophylls a, b, and c and plant carotenoids, 
and pheophytic degradation concentrations; 

b. Enumeration and volume calculations of species -
by sedimentation chamber techniques by inverted 
microscopy; 

(3) Temperature (electrometrically); 
(4) Underwater distribution of light by photometry with occasional 

subsurface spectral distribution with a continuously recording 
underwater spectrophotometer; 

(5) Oxygen concentration and percentage saturation; 
(6) Alkalinity, dissociation of carbonate complex, and inorganic 

carbon available for photosynthesis; 
(7) Hydrogen ion concentrations; 
(8) Specific conductance at 253C; 
(9) Concentrations of Ca, Mg, Na, K, Fe, and other selected 

ions by atomic absorption and flame spectrophotometry; 
(10) Reactive soluble and total phosphate; alkaline phosphatase activity; 
(11) Nitrate, nitrite, ammonia, organic nitrogen; 
(12) Sulfate; 
(13) Total particulate (oxidizable) organic carbon by spectrophotometry; 
(14) Organic matter (humic compounds) by ultraviolet and fluorescence 

spectrophotometry; separation of fractions by ultrafiltration 
(Amicon) 

(15) Total dissolved organic carbon by oxidation of C02 and infra-red 
gas analysis; 

(15) ATP analyses (of phytoplankton and free) 

Surface radiation is measured daily by a continuously operating solarimeter 
for calibration of daily integrated values and use in calculations oE algal 
productivity data. 
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14. Level of Activity and Personnel 

No major differences, between the actual level of activity and that proposed 
in the contract occurred during the current term of the contract. Progress 
towards the. proposed objectives is being accomplished at or above the rate 
anticipated. Personnel involved in the work of the contract included: 

(a) Principal Investigator: Robert G. Wetzel, B.Sc, M.Sc, Ph.D., 
Professor of Botany, W. K. Kellogg Biological Station and Department 
of Botany and Plant Pathology, Michigan State University. 
— Minimally 75% of his time on a 12-month basis is devoted to this 

contract research. 

(b) Research Technician: J. S. Sonnad, B.Sc, M.Sc; Mrs. Sonnad devotes 
100% of her time on a 12-month basis to these studies. 

(c) Research Technician:. W. P. Brown, B.Sc; 100% of time on a 12-month 
basis to these studies. 

(d) Research Assistant: A. J. Stewart, B.Sc, M.Sc, (Ph.D. Cand.): 
75% of time on a 12-month basis to these studies. 

(e) Research Assistant: H. W. Cunningham, B.Sc, M.Sc,. (Ph.D. Cand.); 
75% of time on a 12-month basis to these studies. 

(f). Research Assistant: J. A. Dickerman, B.Sc, M.Sc, (Ph.D. Cand.); 
75% of time on a 12-month basis to these studies. 

(g) Research 'Assistant: J. B. Grace, B.Sc, M.Sc, (Ph.D. Cand.); 
75% of time on a 12-month basis to these studies. 

(h) Research Assistant: W. G. Crumpton, B.Sc, M.Sc, (Ph.D. Cand.); 
75% of time on a 12-month basis-to these studies. 

(i) Research Assistant: D. A. Francko, B.Sc, M.Sc, (Ph.D. Cand.); 
75% of time on a 12-month basis to these studies. 
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