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FOREWORD 

This Bulletin is published in furtherance of the purposes of the Water 
Resources Research Act of 1964. The purpose of the Act s to stimulate, 
sponsor, provide for, and supplement present programs for the conduct of 
research, investigations, experiments, and the training of sci entists in 
the field of water and resources which affect water. The Act is promot
ing a more adequate national program of water resources research hy furn
ishing financial assistance to non-federal research. 

The Act provides for estahlishment of i-later Resources Research Insti
tutes or Centers at Universities throughout the Nation. On Sept. 1, 1964, 
a Water Resources Research Center "as established in the Graduate School 
as an interdisciplinary component of the Universi ty of Hinnesota. The Cen
ter has the responsibility for unifying and stinrulating University water 
resources research through the administration of funds covered in the Act 
and made available by other sources; coordinating University research with 
water resources programs of local, State and Federal agencies and private 
organizations throughout the State; and assisting in training additional 
scientists for work in the field of water resources through research. 

This report is numher 18 in a series of publicab ons designed to pre
sent infonnation bearing on water resources research in Hinnesota and the 
results of some of the research sponsored by the Center. The study with 
which this report is concerned was designed to measure productivity and 
explore the biodynamics of Lake Superior periphyton. The biomass, comnruni
ty structure, and photllsynthetic activity of epilithic periphyton from a 
representative area, Stony Point gay, were determined by examination of a 
variety of parmneters. Naturally occurrinr; periphyton and regrowth organ
isms were studied. In addition, the attached conJlllUnities of other north 
shore stations were examined and data reflecting the effects of certain 
environmental conditions on the productivity of peril'hyton were acquired. 

It is believed that the data collected vJill provide a baseline for de
tecting the gradual advance of eutrophication in Lake Superior. Addition
al studies are being supported by the Center. 
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INTRODUCTION 

Primary production by algal communities may be measured by 
either of two general methods, each with its own special applicabil ity. 
One is the evaluation of the "standing crop", or the determination 
of biomass, which is quite significant when attention is paid to 
the rate of es tab 1ishmen t and "turnover" of the commun it ies. The 
other method involves the investigation of the dynamics of energy 
transfer through the corrununities, or more specifically, the deter
mination of photosynthetic rates. The estimation of "standing 
crop" may include taxonomic studies, the determination of numbers 
of organisms, the measurement of weight or volume of the communities, 
or the quantitative analysis of some component of the organisms, 
such as carbon, nitrogen, photosynthetic pigments, or DNA. The 
measurement of photosynthetic and respiratory rates may be used to 
calculate gross primary productivity (the total rate of photosynthesis 
including the organic matter used up in respiration) and net primary 
productivity (the rate of storage of organic matter in plant tissues 
in excess of respiratory utilization). The latter may also be termed 
"apparent photosynthesis" or "net assimilation." When both "standing 
crop" and assimilation rates for all communities f primary producers 
have been determined, the true basic productivity of an ecosystem 
may be calculated. 

Algae are found vi rtually everywhere in the l,'ntic environment 
,,}here light intensity is sufficient to support their growth. Specifi.c 
types of algae, however, occupy different habi.tats ''}i.thin the boun
daries of a lake, and separate descriptive terms are applied to 
those communities found in each distinct habitat. Plankton arc those 
microscopic or near-microscopic organisms which are non-motile or 
weakly motile and whose movements are more or Less dependent on 
currents. Animal forms, such as crustaceans and rotifers, are called 
zooplankton, and algal forms are termed phytoplankton. Members of 
the phytopl.ankton are usually the major primary producers in a 
large, deep lake, but other algal communities contri.bute to the 
production to a certain, and often unknown, degree. \'/hen algae are 
associated with the water surface film, they constitute part of 
the neuston. Those 1 iving 1:1 beach sand are called psammon. Algae 
which become entangled with at.tached forms, but are not themselves 
attached to a substrate, arc known as merophyton. Truly attached 
torms of algae which break loose from a substrate and floa free 
among the true plankton are referred to as tychoplankton. 

Terminology referring to organisms which are attached to sub
merged substrata in water has been the subject of some controversy 
and is not entirely clear at this time. Much of the European liter
ature is dominated by the German term "Aufwuchs", "hich is llsed 
broadly to include the entire sessile benthic community. Ruttner 
(1953) defines "Aufwuchs" as "those organisms that are firmly 
attached to a substrate but do not penetrate into it." Frey and 
Fry, the translators of Ruttner's text, suggest that such a connota
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tion may include many organisms commonly grouped among the benthos. 
Despite this seeming disparity, "Aufwuchs" has been variously 
retained in corrununity considerations (Odum et al" 1959; Reid. 1961), 
but occasionally in a more restricted sense~Odum, 1957). According 
to Wetzel (1964), Hentschel used "Bewuchs" in referring to attached 
organisms on glass plates, and this distinction was retained for a 
time in the works of some investigators, leaving "Aufwuchs" to 
describe colonization on submerged macroflora. 

The term "periphyton" has been widely used in American literature, 
but has often been restricted to the attached communities of larger 
macrophytes or other living surfaces (Welch, 1952). Wetzel (1964) 
refers to an ear1i.er definition by Roll, in '~hich "peri.phyton" 
includes all sessile organisms on any type of substrate, divisible 
into two groups: (1) "laslon" (=Bewuchs), in which the organisms 
are thoroughly associated with one another in the phyto-sociologica1 

sense, and (2) "epiphyton" (=Aufwuchs), in which the organisms are 

not associated in this sense. However, Young (1945) defined peri 

phyton more broadly and in a more descriptive mannf'r as follows: 


"By periphyton is Illeant that assemblage of organisms 
growing upon free surfaces of submerged objects in water, 
and covering them with a slimy coat. It is that slippery 
brown or green layer usually found adhering to the surfaces 
of water plants, wood, slolles, or certain other objects 
irrunersed in water and may radlla lly develop from a ie,~ 
ti.ny gelatinous plants t" culminate in a woclly, felted 
coat that may be sllppery, or crusty with contained marl 
or sand." 

Some investip,ators, in an eifort to avoLd nterpretat ion of the 

foregOing terms, have referred to the same community as "benthic 

algae" (Blum, 1956' Round, l'!6/+), "benthos" (Lund and Tailing, 

1957), or "attachment materials" (Ne,'}combe, 19/+'), but the use of 

these terms has not served to lear up the situation. While 

Young's broad delineation of perlphyton must obviously include those 
organisms referred to by Some as merophyton, his definition has 
been adopted for the purposes of this report. Although periphyton, 
defined in this manner, includes both plants and ani.mals, it s known 
that this community is composed mostly of plant materi.al which is 
mainly algal in nature; where the current investigation is concerned 
with enumeration of organisms, only the algae arr counted, The 
further restricting term "epilithic periphyton" is used 1.[1 this 
bulletin, since the organi.sms under investigation wen: growing uponrOcks. . 
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RELEVANT RESEARCH 

European literature reveals more attention paid to the periphyton 
habitat in those countries than in the United States (Sladeckova, 1962): 
however, these studies are often of a limited type, contributing little 
to an understanding of the magnitude of periphyton productivity. Al
though the periphyton community has been recognized by many researchers 
as a significant part of the aquatic ecosystem, few systematic studies 
regarding its role or relative importance in primary product on have 
been attempted. Prescott (1956) states that while the perlphyton 
community should be of obvious concern to the ecologist and the lim
nologist, the habitat and life history of the attached algae have been 
largely ignored. This point is further emphasized in a lengthy review 
of the work relating to periphyton writt~n by Alena Sladeckova (19h2) 
in which she notes that attention paid the attached communities is 
eKtremely slight when compared with the nUm(>rous investigaticll1s of the 
plankton. The general neglect of freshwater periphyton communities 
continues in the United States even though enough production measure
ments of all components of the marine environment have been made to 
suggest that in many shallow areas the attached populations make major 
contributions to the primary productivity of embayments (Pomer:1Y, 1961). 
Evidently it is not unusual for production of benthic populations to 
exceed that of phytoplankton on a unit area basi.s in shallow waters 
There is little doubt that some periphyton populations are more 
efficient than are phytoplar.kton in the utilization of avai.lable light 

The exclusive goal of a few investigations has been to determine 
the taxonomic character of certain periphyton communities. Most studies 
of the periphyt::m community, while necessari ly including attention to 
taKonomy, have been further extended to explore the general ecology of 
the organisms encountered. Often considered are such factors as the 
effects of temperature, light intensity, currents, chemical properties 
of the wate r, and the type of subst ra te on the growth of pe riphyton. 
Certain investigators have paid special attention to the development 
of methods for samp ling and ana lys is ()f the periphyton commun i ty. A 
review of the literature regarding these general studies may be 
found in a thesis by Stokes (1969). 

Pigment Analysis 

The measurement of photosynthetic pigments has been long recog
nized as a fast and relatively easy method for estimating the 
productivity of plankton populations. According to Richards and 
Thompson (1952), the analysis of plankton pigments, when extended to 
include the various chlorophylls and carotenoids, should yield 
"(a) a measure of the pot;>ntial of th;> plankton for absorbing radiant 
energy for photosynthesis, (b) some measure of the eKtent and stage of 
development of the phytoplankton, and (c) a possible measure of the 
presence of animals grazing on the crop". The relative concentrations 
of chlorophylls ~, ~ and £ also reflect to a certain degree the 
composition of an algal community, since members of the various 
phyla contain different ratios of these pigments. The use of pigment 
analysiS can logically be extended to the determination of the standing 
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crop of epilithic periphyton, and further, to the estimation of the 
rate of carbon fixation, when assimilation values are known or 
assumed. 

Present evidence suggests that chlorophyll is combined with 
protein in a lipoprotein complex which also contains the carotenoids, 
and that the carotenoids may be involved in the photosynthetic 
reaction. i-ltlile the involvement of carotenoids in energy transfer 
for photosynthesis has been questioned by some (Emerson and LeWis, 
1942), Dutton and Manning (1941) concluded that light ahsorbed by 
some or all of the carotenoid pigments in Nitzschia closterium can 
be utilized in photosynthesis. Their conclusion was based upon the 
fact that much of the light at 496 millimicrons is absorbed by 
carotenoids, yet photosynthetic efficiency is as high at this wave
length as at 660 millimicrons, where chlorophyll alone absorbs light. 
Wassink and Kersten (1946) showed that fucoxanthin, at least, is 
active in photosynthesis in Nitzschia dissipata, and Tanada (1951) found 
the same pigment to be active in Navicula mi.nima. Blinks (1955) has 
corne to similar conclusions regardi.ng certain marine diatoms. \,hen 
pigment analysis is used for the determination of productivi.ty. then, 
the carotenoids must be considered. Different ratios and concentra
tions of various carotenoids are found in algae from different depths 
in water, and the meaning of these differences in terms f photo
synthetic efficiency is not clear. The variation in these pigment 
concentrations may be due to complementary chromatic adaptation, 
light intensity adaptation, or both. 

According to Guthrie (1928), Willstatter and Stoll were the first 
to develop a method for the quantitation of chlorophyll in 1913. 
Guthrie himself developed a colorimetric method in 1928, and prepared 
a new artificial standard as the basis f()r quantitation of results. 
A spectrographic method for the analysis of chlorophylls ether 
extracts was employed by Dastur and Buhariwalla, also in 1928. 
Schertz (1928) described colorimetric and spectrometric methods hy 
which saponified methy alcohol solutions of chlorophyll could be 
analyzed. An improved color standard made of organic dyes was intro
duced in 1930 by Sprague Bnd Troxler. One of the major advancements 
came when Zscheile (1934) determined quantitatively the speci fic 
absorption coefficients of chlorophylls a and b, and developed cal
culations for the quantitation of mixtur;s of the two in 90 per cent 
acetone solution. These calculations removed the necessity for use 
of a chlorophyll standard in spectrophotometric analysis. Revised 
formulas for the use of different solvents and for the calculation of 
degradat ion products were reported by Zsche lle and Coma r (1941), 
Comar and Zscheile (1942), and Zschelle ~~. (1942, 1944). 

Specific absorption coefficients for various phytoplankton 
carotenoids were determined in 1952 by Richards. These coefficients, 
along with estimated values for chlorophyll c, were combined with 
Zscheile's chlorophyll values in the devclop;;;ent of a spectrc)photo
metric method which produced formulas for the calculation of chloro
phylls a, b, and c, and astacin and non-astacin carotenoids in plank
ton sample-; (RLch;rds and Thompson, 1952). Following the development 
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of a practical plankton concentration method by Creitz and Richards 
(1955) in which centrifugation was replaced by filtration, the spec
trophotometric determination of plankton pigments became rather 
widespread. To shorten the time required for calculation of results, 
Duxbury and Yentsch (1956) produced a series of plankton pigment 
nomographs based on the formulas of Richards and Thompson. The 
accuracy of Richard' s formulas has been quest ioned by some, including 
Norman (1957), Parsons (1963), TaIling and Driver (1963), and Parsons 
and Strickland (1963), but suggestions for changes in the formulas 
have not been consistent. However, Vernon (1960) has presented 
formulas useful in the calculation of amounts of "inactive" chloro
phyll (phaeophytin) in algal communities. l 

There has been no general concensus on how pigment analyses 
should be used to estimate productivity. Pigment concentrations may 
be used simply as an index of standing crop or as a means of estimating 
the photosynthetic capacity of an algal population. The usual method 
for phytoplankton is to assume a constant aSSimilation value for a 
unit of chlorophyll ~ at a given light intensity and to multiply the 
amount of chlorophyll at each depth by the integrated daily photo
synthetic rate to give daily production at every depth. The total of 
these differentials is the total amount of daily production of a 
column of water with unit area (Saijo and Ichimura, 1961). The use 
of chlorophyll ~ was suggested by Gardiner (1943), because chloro
phylls .£ and .£ are not common to all classes of algae, and they may 
not be directly active in photosynthesis. This view is not accepted 
by Humphrey (1961), who notes that chlorophyll ~ concentrations are 
not constant from one species to another, are not constant throughout 
the life cycle, and not constant on a daily or seasonal baSis. 
Margalef (1965) further cautions against the measurement of only 
chlorophyll ~, stating that other absorption bands must also be con
sidered so that community structure may be correlated with changes 
in productivity. Wetzel (1963) has found poor correlation between 
C-14 productivity results and chlorophyll concentration because the 
chlorophyll concentrations are quite variable; thus, the relationship 
between chlorophyll concentration and assimilation rates must be 
determined for all environmental conditions. In addition to the 
variability in pigment concentrations, the aSSimilation values vary 
rather widely among different plant populations (Pomeroy, 1961), so 
values derived for phytoplankton cannot be used for periphyton. 

The pigments of lake phytoplankton have been studied on many 
occasions. The chlorophyll distribution in several Wisconsin lakes 
was determined by Kozminski (1938). He found that the distribution 
of chlorophyll with depth is not the same in all lakes, but in many 
stratified waters, deep-water phytoplankton had up to ten times as 
much chlorophyll as surface plankton. Manning and Juday (1941), 
also studying Wisconsin lakes, reported an average production value 
of seven milligrams of oxygen evolved per hour per milligram of 

LThe converSion of chlorophyll to phaeophytin is accomplished by 
adding a small amount of concentrated HCl or saturated oxalic acid to 
an acetone solution of chlorophyll. 
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chlorophyll for phytoplankton at optimum light intensi ty. This fLgure 
corresponds to an assimilation value of 2.6 grams of carbon fixed per 
hour per gram of chlorophyll, somewhat lower than the value of 3.7 
grams reported for marine phytoplankton by Ryther and Yentsch (1957).2 
Tucker, in 1949, showed that correlation coefficients for phytoplankton 
counts and total chlorophyll varied from 0.78 in Lake Erie to 0.97 
in laboratory unialgal cultures. 

Estimations of standing crop of periphytic producers by quan
titative measurements of chlorophyll content have been meager. 
Several workers who used slides as a substrate for attachment of peri
phyton have estimated standing crop by extracting chlorophyll [rom 
a known area. Yount (1956) used the rate of accumulation of chloro
phyll on slides as an index of productivity in a study of factors 
influencing species numbers of diatoms of a Florida spring. Peri
phyton collected on large plexigJass plates by Grzenda and Brehmer 
(1960) was removed and the pigments quantitated by a broad spectrum 
absorption method. Good correlation was observed between pigment 
units and organi.c weight. McConnell and Sigler (1959) used large 
quantities of acetone to extract pigments from periphyton grown on 
concrete blocks and natural rocks. Results obtained with a broad 
spectrum colorimeter commonly used in studies of this nature were 
found to be 15 per cent lower than those derived with a narrow 
band spectrophotometer (Beckman 00) on which the formulas of Richards 
and Thompson are based. Using chlorophyll concentrations to estimate 
the photosynthetic capacity of periphyton colonizing a new substrate, 
Waters (1961) found that three weeks were required before growth 
was sufficient to begin to reflect seasonal and successional patterns. 
In a study of Lake Suwa, in Japan, Hogetsu and Ichimura (1954) brushed 
periphyton from a standard area on rock surfaces, extracted the chloro
phyll and converted it to phaeophytin for pllOtometric analysis. 
Kobayasi (1961) demonstrated a linear correlation between cell numbers 
and chlorophyll content of sessile algae from rocks taken from a 
Japanese river. A study of the pigment content of periphyton growing 
upon concrete blocks placed in the Blue River, in Oklahoma, ~]as 
carried out by Duffer and Dnrris in 1966. Hclntire and Ph!nney (1965) 
included pigment analyses in their study of the periphyton C)f laboratory 
streams, ,,,hile Eaton and Moss (1966) determined the pigment content 
of natural epipelic algal populations. The latter are Simply those 
organisms growing upon sand or mud surfaces. 

Photosynthetic Rate Measurement 

In addition to the measurement of biomass and the estimation of 
the efficiency of photosynthetic pigments, it is desirable to actually 
measure as nearly as possible the instantaneous production rate of 
an algal community. For thiS, one must turn to the reactions involved 
in organic production and the accompanying chemical changes which may 

LAssimilation value is defined as grams of carbon fixed per hour 
per gram of chlorophyll (synonyms - assimilation number, assimilation 
ratio). 
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be detected by more sensitive means. In photosynthesis, carbon dioxide 
is reduced to organic carbon with the evolution of free oxygen, the 
react.i.on utilizi.ng the energy of solar radiation, Early physiological 
investi.gat ions showed that the volume of oxygen liberated during photo
synthesis very nearly approximates the volume of carbon dioxide assim
ilated. It has been assumed that the primary product of photosynthesis 
is carbohydrate in nature and that the following si.mplifLed equation 
for the overall reaction applies: 

C02 + H20 -----~ CH20 + 02 
Even though it has been shown that the oxygen is derived not from car
bon dloxide but from water, requiring a modification of the equation 
to satisfy the stoichiometry, the proportions of the constituents 
remain the same, the measurement of either carbon dioxide assimilated 
or oxygen evolved during a given time period yields an accurate picture 
of the production rate of a community. 

Gaarder and Gran (J927) first lIsed the light and dark bottle 
method tor determining oxygen changes during photosynthesis and res
piration in phytoplankton comrnuni.ties lE. situ. This method was also 
used extensively by Ri ley (1940) in his investIgations of aquatLc 
productivIty, Steeman-Ni0lsen (1952) modified the light and dark 
bottlC' technique for the measurement of radioactive carbon assimilatLon. 
Many ",,'rkers have used the Warburp, apparatus to determine manometrically 
the photosynthetic rates of alp,al cultures in the laboratory However, 

method is rather tedious due to the neceSSity for calibration 
of glass''''Jre. Gi ls(m (1963) designed a differential respirometer 
which o!,erates at amblent pressure and produces a direct digital 
readout in microliters of gas evolved or absorbed This respirometer 
has gn~atly reduced the time requi.red to detf'rmine photosynthetic 
and respiratory rates of algal cOnll1lllnities. 

I1:my basic laboratory studies have been conducted to establish 
the relationships between pigment concentrations, light intenSity, 
(emperiHure, and the photosynthetic and respiratory activity of dif
ferent types of plant communities. In 1918 Boysen-Jensen faund the 
compensation point (light intensity at which P/R;l) to be five times 
lower shade adapted plants than i.n light adapted plants, yet the 
product: ivity of shade plants was consi_dered to be lower than 1ight 

lants. Emerson (1929a, 1929b) reported that photosynthesis in 
reaches its maximum rate at about the same light 

ity over " range of different chlorophyll concentrations, and that 
the mar:;nitude of the rate is a sm"ot:h function af chlorophyll content. 
A similar abservation was made by Fleischer (1935), but no correlation 
was 5een between and chlorophyll content It was later 
shown by Emerson.£!. that the rat of moles of chlorophyll 
present m()les of C02 reduced is a constant in ~='-"'-=--=::. 

but d0pends on condi.tians previous grm~th, ing 
age of the culture and varying with color and intensity of cul

ture i.lluminat on. Sargent (1')40) states that pyrenoidosa 
cultivated under intense illumination has a low orophyll content 
and a high capacity for photosynthesis, but when cultivated under 
moderately I'M llumination it has a hi.gh chlorophyll content and a 
low capacity for the Blackman reaction. 
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The effect of the past history of cells of Chlorella on their photo
synthetic capacity was studied by Sorokin (1958). He found that both 
the temperature and light intensity maintained during growth had 
profound effects on the rate of photosynthesis measured under a 
variety of conditions. McAllister ~ !l.(1964) suggest that at low 
light intenSities, kinetic control depends only on the energy 
of illumination and the total number of molecules of all pigment 
types, and is largely independent of the physiological condition of 
the organism. However, at high light intenSities, the photosynthetic 
rate seems more related to chlorophyll ~ concentration than to total 
pigments or a combination of a few pigments. 

When gross photosynthesis is calculated on the basis of net 

photosynthesis and respiration data, the prime assumption is that 

respiration occurs at the same rate in both light and dark. Several 

investigators, including Emerson and Lewis (1943), have conducted 

studies purporting to show that respiration is lower in light than 

in dark. However, when measuring photosynthesis and respiration of 

green algae at the same time in alternate light and dark with a mass 

spectrometer, Brown (1953) found that respiration did not decrease 

during the light period. Brown and Webster (1943) had earlier shown 

the same to be true for blue-green algae. As pointed out by Brackett 

et al.(1953), it is possible for respiration to appear lower in light 

tha;-in dark when very short periods of illumination are used, due 

to a preferential reutilization of photosynthetic oxygen by the cells. 

Therefore it is desirable to allow a sufficient period of equilibra

tion before making manometric readings when periods of light and dark 

are alternated. 


Oxygen tension was shown by Gessner and Pannier (1958) to be a 
significant factor in the respiration rates exhibited by algal cultures. 
Respiration rates were found to double when the oxygen tension was 
increased from 100 per cent saturation to 400 per cent saturation. 
In two rare laboratory studies of note relating to the respiration 
of periphyton organisms (McIntire, 1966, 1968), it was shown that 
increased oxygen tension always produced an increased respiratory rate 
regardless of other environmental conditions. According to Wetzel 
(1965), Felfoldy has used manometric techniques to determine the 
photosynthetic rates of some natural periphytic communities under 
laboratory conditions. Several measures of biomass were found to be 
poorly correlated with photosynthetic rates. 

Field studies aimed at primary production measurement by deter~ 
mining photosynthetic rates have been numerous, but usually have 
been restricted to the investigation of phytoplankton. Much of the 
early work relating photosynthesis and light intensity was summarized 
in 1936 by Smith. Marshall and Orr (1928) used the bottle method to 
measure the photosynthetic rate of diatom cultures at various depths 
in the sea. They found the compensation point at about 20-30 meters 
in Loch StriVen. Simultaneous measurement of photosynthesis in tropical 
OCean waters using the C·,14 method and the light and dark bottle 
oxygen technique was performed by Ryther (1954). The C-14 method was 
said to produce results 10 to 100 times lower than the oxygen technique, 
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due probably to preferential respiration of newly-formed products 
of their photosynthesis by the algae. Later studies (Ryther and 
Vaccaro, 1954; Ryther, 1956; Ryther and Yentsch, 1957; and Yentsch 
and Ryther, 1957) indicated that the oxygen method and the C-14 
method produce favorably comparable results. 

The problem of light adaptation by algae has received the attention 
of several researchers, including Ryther and Henzel (1959), who 
studied the photosynthesis of phytoplankton at the surface, and at 
ten and one per cent light penetration levels in the Sargasso Sea. 
In the winter, the plankton at all three depths behaved like "sun" 
forms, becoming fully light saturated at 5000 foot-candles. In the 
summer, when the water and the plankton were stratified, those at the 
one per cent level behaved like "shade" plants (light saturation 
below 1000 foot-candles), while those at the surface reacted as in 
winter. This adaptation was said to affect the calculation of prod
uctivity based on chlorophyll and light data. Steeman-Nielsen and 
Hansen (1959) and TaIling (1~60) have shown the compensation point 
to be much higher for algae adapted to a high light intensity than 
those adapted to a low intensity. Si.nce light adaptation appears 
seasonally and spatially, Saijo and Ichimura (1.961) believe that 
photosynthesis-light curves must be developed for each sampling area 
under consideration and that these curves must be modified to account 
for differing conditions. Ichimura (1960) has shown that the effects 
of past environmental conditions on algae do not hold for long 
periods, and are important only when the populations are stratified 
in some manner. The effects of such factors as temperature and 
photoperiod on the photosynthesLs-chbrophyll-light relationships 
have been conSidered by Doty and Oguri (1957), Shinada (1958), Curl 
and Small (1965), and Williams and Hurdock (1966). 

Important studies regarding the photosynthetic rates of plankton 
in lakes have been carried out by Manning et a1. (1938) and Manning 
and Juday (1941). Manning and Juday reported-that production in 
Wisconsin lakes varied from fourteen to forty-four kilograms of 
glucose per hectare per day. Many investigations of phytoplankton 
productivity in lakes have been reported by Verduin (1953, 1~54, 

1956, 1957, 1960). According to his calculations, the mean photosyn
thetic rate of lake phytoplankton under optimal light intensity is 
about 0.5 micromoles of oxygen evolved or carbon dioxide consumed per 
microliter of organisms per hour; one to two micromoles per milligram 
ash-free dry weight per hour; and 0.2 micromoles per microgram of 
chlorophyll per hour. Computations for several lakes yielded values 
lying between 150 and 200 millimoles of oxygen per square meter per 
day. Juday (1940) calculated that the organisms of Lake Hendota 
utilized 0.35 per cent of the available light energy during an entire 
year. Reported maximum instantaneous efficiencies in the marine 
environment range from 1.6 per cent (Ryther et a1., 1958) to 7.0 
per cent (Jenkin, 1937). - 

Field investigations of the photosynthetic activity of pcri
phyton communities have been rare. Odum (1956, 1(57), Park et a1. 
(1958), and Hoskin (1959) included periphytic algae in their-;tudies 
of stream metabolism. Pomeroy (1959) estimated the photosynthesis 

10 

of salt marsh algae by the light and dark bell jar oxygen method, 
where the jars were filled with boiled, filtered water. Significant 
oxygen changes within an hour were reported. The productivity of 
exposed algae during low tide was estimated by a flowing-air system 
with C02 absorption columns. In a mountain stream, Kobayasi (1961) 
removed sessile algae by hand, then homogenized and suspended this 
material in bottles of river water. Productivity was estimated by 
the standard light and dark bottle oxygen technique. Light intensity 
was regulated by a graded series of neutral densIty filters. Peri
phytic algae which were adapted to law light intensities reached 
maximum photosynthetiC rates at relatively law intensities. A simtlar 
technique has been used by McConnell and Sigler (1959) to determine 
the productivity of periphyton from a swift river in Utah. The only 
reported investigation relating to the photosynthesis of Great Lakes 
periphyton is that conducted by Jackson (1966). His study involved 
the use of the light and dark bottle oxygen technique to determine 
photosyntheti.c rates of Cladophora in Lake Ontario. There are several 
problems associated with the bottle method for measurement of peri
phyton productivity, including the fact that pH, carbon dioxide 
concentration, and oxygen tension cannot be held constant. Another 
problem, borne out by the work of Whitford (1960) and Whitford and 
Schumacher (1961), is that the bottle technique generally produces 
an underestimation of productivity, since water movement is restricted 
by this method. 
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MATERIALS AND METHODS 

The first phase of the productivity study involved field studies 
in which the biomass, production rates and regrowth capabilities of 
naturally occurring periphyton in selected areas of Lake Superior 
were quantitated and analyzed on the basis of pigment concentrations, 
photosynthetic rates, and other parameters. The second phase was a 
laboratory study in which the effects of light intensity and temper
ature on pigment concentrations and photosynthetic rates of periphyton 
were determined experimentally. Most of the samples for both phases 
of the investigation were taken from a selected area within the confines 
of Stony Point Bay. This bay is situated on the western arm of Lake 
Superior near Duluth, Minnesota, fifteen miles northeast of the 
University of Minnesota Limnological Research Station at Lester River. 
The northeastern boundary of the study area is Stony Point, while the 
mouth of the Little Sucker River serves as the southwestern boundary. 
Two miles to the north, at Knife River Harbor, the research vessels 
~ and Jacobs are moored. 

Stony Point Bay was surveyed to establish depth contours and to 
determine the total area of the bay, thus providing a basis for 
subsequent quantitative calculations of productivity in the periphyton 
community. The details of this survey are reported elsewhere (Fox, 
1969); however, since measurements taken at that time are employed 
in the calculation of certain results in the present study, the basic 
procedures involved in the survey will be reviewed here. The shoreline 
contour was determined by the use of a professional transit and 
stadia rod. After a baseline was established on the shore, the 
relative positions of points along the shoreline between Stony Point 
and the Little Sucker River were determined by triangulation and plot
ted on a master map. These observations provided the basis for a 
shoreline drawing. For the determination of depth contours, a refer
ence buoy was placed in the bay, 2336 feet to the south of a base 
station on the shore. The area delineated by the shoreline from 
Stony Point to the Little Sucker River and from those points to the 
reference buoy was considered to be the total area of the bay. 
Depth readings were made with an electric fathometer aboard the Oneota 
as the vessel traversed the bay. As each depth sounding was made. 
the position of the Oneota was determined by use of the transit on 
shore and a stadia rod aboard the vessel. In shallow areas, depth 
readings were made with a sounding pole from a small dinghy. When 
depths were plotted on the master map, points of equal depth were 
connected to depict the depth contours. The type of bottom, i.e., 
rock or sand, was determined in shallow water by observation with a 
water glass. Where the water was too deep for this procedure, SCUBA 
divers made observations of bottom type. 

Procedures, 1966 

Routine sampling of natural periphyton from Stony Point Bay began 
during the summer of 1966. The samples were taken at depths of 2.5, 
5, 10, 15, 20 and 35 feet along a course perpendicular to the shore
line; each sampling station was marked permanently with an anchored 
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buoy. Divers and sampling equipment were transported on the ~ 
from Knife River Harbor to Stony Point Bay, where the vessel was 
anchored at the thirty-five foot station. Divers employing SCUBA 
techniques obtained three rocks of four to six inch diameter from 
each of the six sampling depths. Each diver carried a plastic bag 
over his right hand and forearm as he dived to the sampling area. 
Upon grasping a rock with his right hand, he pulled the plastic bag 
down over his forearm and hand, enclosing the rock with its attached 
periphyton within the bag. The samples were carried to the surface 
and handed to a person aboard a small boat, whereupon the bags were 
knotted and placed in plastic buckets for transport to the laboratory. 
Water samples were also taken near the bottom at each station to 
determine the magnitude of error resulting from the inclusion of phyto
plankton in the small amount of water accompanying each rock in the 
plastic bag. Samples were uSlially taken between 10:00 A.M. and noon, 
and were carried to the laboratory by automobile within three hours. 

In the laboratory, the bags were placed in small tubs and 
cut open with a scalpel. The periphyton was then removed from the 
rocks with a plastic brush. Small quantities of distilled water were 
used to rinse loosened periphyton from the rocks and bags. The mater
ials taken from all three rocks from a given sampling point were 
combined, yieldinr, an immediate "average mixture" for that station. 
The area on each rock where periphyton had been attached was marked 
by scrap inr, a line around the rock with a du 11 scalpel. After the 
volume of a sample had been measured in a graduated cylinder, the 
slurry was transferred to a small plastic bucket. While the suspension 
\~as mixed by vertical muvement of an inverted funnel, aliquots were 
pipetted for pigment analYSis, identification and enumeration of 
organisms, and for photosyntheSiS, volume, and weight determinations. 

Measurement of the denuded surface areas of the rocks was accom
plished by lubricating the previously marked area with automobile 
grease and coating it with melted paraffin. Heated paraffin was 
applied to the rock with a paint brush until a 1/8 to l/4-inch layer 
was formed. When the paraffin was hardened, yet still pliable, it 
was incised in such a way that it could be removed and placed as a 
single flat layer on a piece of heavy paper. The outline of each 
paraffin model was traced on the paper and the total area covered 
was determined by retracing the outline with a previously calibrated 
polar planimeter. The measurements of the three rocks from each 
sampling station were totaled to produce the basis for quantitative 
calculation of results. 

For the analysis of periphyton pigments in samples taken during 
1966, twenty-milliliter aliquots of suspension were removed from each 
sample. When the suspension appeared less turbid than usual, a forty
milliliter aliquot was used. These aliquots were processed according 
to a modificatIon of a pigment extraction method suggested by Creitz 
and Richards (1955) for the analysis of phytoplankton. The detailed 
procedure is as follows. Each portion of periphyton suspenSion was 
filtered through a glass fiber filter (Gelman, Type A), and the col
lected material was fixed by washing with fifteen milliliters of 
Saturated magnesium carbonate solution. The purpose of this washing 
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was to provide buffering and thus prevent the conversion of chlorophyll 
to phaeophytin. Each filter was ground in a tissue grinder along 
with five milliliters of ninety percent reagent-grade acetone to 
effect pigment extraction. The material was transferred to a grad
uated centrifuge tube and the volume was adjusted to ten milliliters 
with acetone. The suspension was then centrifuged in a stoppered 
tube for ten minutes to produce a clear supernatant solution from 
which a five-milliliter aliquot was pipetted into a cuvette. Total 
chlorophyll was first estimated on the basis of readings made with 
a Klett-Summerson colorimeter, using a No. 66 Klett-Summerson filter 
(640-700 millimicrons) and ninety percent acetone as the zero ab
sorption standard. The following formula was used to calculate 
total chlorophyll concentrations: 

Chlorophyll (Mg/cm2) = 
(0.28) (Klett units) (2~ (L. of sample) 
103 (L. of aliquot) (em surface area) 

Results are expressed in terms of milligrams of chlorophyll per lOO 
square centimeters of rock surface and as milligrams of chlorophyl 
per 100,000 organisms. 

Each of the pigment solutions tested in the K-S colorimeter 
was then transferred to an absorption cell and its spectrum from 
350 to 700 millimicrons was scanned and plotted with the Beckman 
OK-2A spectrophotometer, again using ninety percent acetone as the 
reference. The ratio of reference to sample absorbance (R/S) of 
a split-beam single light source is plotted by the instrument, 
thus removing any error accountable to uneJpected power modulation. 
Sample temperature was held constant at 30 C. by means of a control 
device mounted on the instrument. Absorbance values at wavelengths 
of 480, 510, 630, 645 and 665 millimicrons were taken from the charted 
data and used for calculation of chlorophyll a, band c concentrations, 
as well as for calculation of astaci.n and non-=-astacin carotenoids. The 
formulas developed by Richards and Thompson (1952), which were used 
in these calculations, are shown below. 

Chlorophyll ~ (mg!L) 15.60665 - 2.0D645 - 0.80630; 

Chlorophyll £ (mg/L) 25.40645 - 4.40665 - 10. 

Chlorophyll (MSPU) 109D630 - 12.50665 28.70645; 


where ° is absorbance at a given wavelength 
Ores, 510 ~ D510 - .0026Ca - .0035Cb - .0021Cc ; 

, 480 = 0480 - .0019Ca - .0136Cb - .0054Cc ; 
Ores is the residual absorbance at a given wavelength 

after subtraction of the absorbancies of the chlorophylls. 
Astacin carotenoids (MSPU/L) = 2(4.45Dres , 510 - , 480) 
Non-ast. carotenoids (MSPU/L) = 7.6(Ores, 480 - 1. , 510) 

Results are converted to milligrams (or MSPU) of pigment per 100 
square centimeters of rock surface, and to milligrams (or MSPU) 
per 100,000 organisms at various sampling depths. 3 

JMSPU millispecified pigment unit. It represents a specific, 
but undetermined, weight of the pigment which should be about one 
milligram, based on the weights and absorption coefficients of related 
compounds (Richards and Thompson, 1952). 
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A Gilson differential-volumetric respirometer was used to deter
mine the gross photosynthetic rate of the periphyton. This instrument 
measures volume changes as a gas is absorbed or evolved under constant 
temperature and pressure, producing a digital reading directly in 
microliters. A special cover of black plastic sheeting was constructed 
for the respirometer so that the respiration rate of periphyton 
organisms in total darkness could be determined. The instrument is 
equipped with a bank of floodlights to facilitate photosynthesis 
measurements. Four-milliliter aliquots of the periphyton-water 
suspension were pipetted into acid-cleaned Warburg flasks together 
with 1.92 milliliters of carbonate-bicarbonate buffer solution 
(Warburg Number 11). This solution is composed of 0.1 molar sodium 
bicarbonate (95 percent) and 0.1 molar potassium carbonate (five 
percent). The buffer insures a constant pH (8.2), provides an adequate 
carbon dioxide source for photosynthesis, and incorporates carbon 
dioxide evolved during respirati~n into the carbonate-bicarbonate 
system. The reaction flasks were attached to individual manometers, 
each of which was connected to a common reference flask. A mixture 
of five per cent carbon dioxide in air was introduced into the gas 
spaces above the samples. The flasks were shaken in a 2&C. water 
bath while manometer readings were made during alternate ten minute 
light (1500 foot-candles) and dark periods. A ten-minute equilibration 
interval was allowed before each light or dark test. 

During the light periods, both photosynthesis and respiration 
occur, and manometer readings reflect net photosynthesis (oxygen 
evolution less oxygen absorption, or "P+R"). In the dark, only 
respiration occurs. The manometer readings, therefore, indicate 
oxygen absorption, or "R". The assumption was made that oxygen 
absorption (respiration) in the dark is volumetrically equal to 
absorption in the light. Therefore, gross photosynthesis rate 
could be determined on the basis of the formula P (ten minutes) 
-[R-(P+R)] (from Umbreit, et ~., 1964). A correction factor 
involving barometric pressure and water vapor pressure was applied 
to yield microliters of dry gas at 760 millimeters of mercury. 
The results of three separate runs on each sample were averaged 
and expressed as microliters of oxygen produced per hour per 100 
square centimeter of rock surface, and as microliters per hour per 
milligram of total chlorophyll. 

Dry weights were determined by filtering four-milliliter 
portions of the periphyton suspensions through pre-weighed membrane 
filters; each filter, with its collected material, was dried for 
one hour in an oven at 10YC. and weighed again. Results are 
expressed as milligrams per square centimeter of rock surface. 

Periphyton volume was estimated by settling the material from 
forty milliliters of suspension for three hours in a narrow graduated 
cylinder. Thus the recorded volumes included small and varying 
amounts of sand and clay. R('sults are reported in terms of milli 
liters of periphyton per square centimeter of rock surface. 

Identification and enumeration of organisms collected during the1966 season were performed and reported by Fox (1969). The total 
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counts reported by him have been used in the present study only to 
calculate pigment concentrations on the basis of a standard number 
of organisms. For counting, a twenty-five milliliter aliquot was 
transferred to a sample bottle along with twenty-five milliliters 
of ten percent formalin. One milliliter of this suspension was 
pipetted into a Sedgwick-Rafter counting cell and allowed to settle 
for ten minutes. A binocular compound microscope fitted with a Whipple 
disc was used to count ten random fields at a magnification of 200 
diameters. The total numbers of organisms per square centimeter 
of rock surface for all samples were used for calculation of milli 
grams of pigment per 100,000 organisms. 

Procedures, 1967 

Field studies were continued during the summer of 1967 (June 9 
to September 15) with accelerated routine sampling of the naturally 
occurring periphyton of Stony Point Bay. Three rocks were taken 
twice each week from sampling stations at 2.5, 5, 10, 15, 20 and 
35 foot depths. Water temperature and light intensity readings were 
recorded during each sampling run. The temperature of water near 
the bottom at each sampling station was determined by a diver car
rying a standardized laboratory thermometer. Light intensity at 
each depth was measured with a GM submersible photometer. In 
addition, daily incident radiation was continually recorded during 
the summer by a photometer situated on the roof of the laboratory. 

A study of the rate of establishment of periphyton in Stony 
Point Bay was initiated in June, 1967. In order to present natural 
conditions for growth, rocks from the bay itself which were already 
supporting periphyton growth were chosen for use as a substrate in 
the regrowth experiment. This natural substrate was chosen to avoid 
the deviations in growth which may be expected with the use of an 
artificial substrate. Rocks of four to six inch diameter were obtained 
from shallow water in the bay and transported to the laboratory, 
where they were scrubbed free of periphyton with a plastic brush 
and rinsed with tap water. The rocks were then autoclaved for twenty 
minutes at a pressure of fifteen pounds per square inch (250oF.). 
After sterilization, the rocks were replaced in Stony Point Bay at 
depths of 10, 20, and 35 feet by SCUBA divers. The rocks were lowered 
in a wire basket to the divers, who placed them on the bottom in a 
circle around the anchor for a marker buoy. After predetermined 
"incubation" periods, ranging from eight hours to 101 days, three 
rocks were retrieved from each depth by divers employing the plastic 
bag technique. 

In addition to the regular sampling of Stony Point Bay, an 
investigation of the periphyton of other north shore areas was 
carried out during the summer of 1967. Eleven stations approx
imately ten miles apart along a 107 mile segment of the north shore 
of Lake Superior were selected for sampling of the periphyton 
community. These stations ranged from the southernmost at Lester 
River to the northernmost at Grand Marais, Minnesota. A fourteen
foot aluminum boat equipped with a five horsepower outboard motor 
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was towed by automobile to each sampling area. Each station was 
sampled on two different days by SCUBA divers employing the same 
techniques used in Stony Point Bay. Depths were determined with 
previously calibrated pitot-tube depth gauges carried by the divers. 
Temperatures were taken at the surface and near the bottom at each 
sampling location. Three rocks were taken from depths of 2.5, 5, 
10, 15, 20 and 35 feet except in certain cases where no rocks were 
encountered at the 35 foot depth. 

Sketch maps shOWing the shoreline and prominent landmarks at 
each sampling station were developed to indicate the line along which 
samples were taken. With the exception of Lester River, Tofte, and 
Grand Marais, the general procedures used in developing these maps 
were the same as those employed to determine the shoreline contour 
of Stony Point Bay. From either end of an established baseline, the 
angle formed between a north-south line and several landmarks along 
the shore were established with a transit. The length of the baseline 
was determined with a transit and a stadia rod. After the baseline 

had been drawn to scale, the shoreline points were plotted by tri 

angulation. 


Because the terrain was too rough to establish a baseline at 
either Lester River or Tofte, a single base station was selected 
at each of these locations and its position determined in relation 
to certain landmarks. From this station, angles and distances to 
selected points along the shore were established with the transit 
and stadia rod. These values were used to plot and connect the points 
on graph paper, thus producing a scaled drawing of the shoreline. 
The map of the Grand Marais area was traced from a U.S. Corps of 
Engineers chart (#97). 

Samples collected from Stony Point Bay and the other north 
shore stations during the summer of 1967 were prepared for laboratory 
examination by the same basic procedures as described previously. 
Pigment analyses were performed on all samples in the same manner 
as in 1966, except that the K-S colorimeter was not used to estimate 
total chlorophyll. Photosynthetic rate under standard conditions was 
again determined for each sample from Stony Point Bay. Since the 
addition of carbon dioxide to the reaction flasks seemed to pressurize 
the system and produce high results, none was added during the 1967 
measurements. Due to the large number of samples collected in a 

short period of time from the other north shore stations, photo

synthetic rates of only a limited number of these samples could be 

determined. 

In addition to the determination of total dry weights, the 
samples were analyzed for ash-free (organic) dry weight. A twenty
five milliliter aliquot of each periphyton suspension was drawn 
through a pre-weighed four-centimeter filter paper. The filters 
were placed in pre-weighed porcelain crucibles and dried for one 
hour in an oven at 103°C. After the crucibles had been cooled in 
a deSiccator and reweighed, they were placed in a muffle furnaceo 
at 600 C. for fifteen minutes. After cooling in the deSiccator, the 
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ashed samples were weighed again for the calculation of ash-free dry 
weights. Results are expressed as milligrams of total dry weight 
and ash-free dry weight per square centimeter of rock surface. 

Identification and enumeration of organisms were again carried 
out and reported by Fox (1969). As in 1966, the total counts from 
his study were utilized for the correlation of counts with the 
parameters examined in this study. 

1968 

The second phase of the investigation, which began in June, 1968, 
was designed to provide information regardi.ng the effects of short
term changes in light intensity and temperature on the productivity 
of Lake Superior periphyton. Tile general procedure was to "condition", 
or acclimate, natural periphyton samples to various light intensities 
and temperatures for short periods in the laboratory and then to 
determine the photosynthetic rates of the conditioned samples in 
crossed gradients of light intensity and temperature. AnaLysis of 
photosynthetic pigment concentrations in conditioned samples allowed 
the calculation of assimilation values for periphyton organisms 
under a variety of conditions. The rate of change of pigment concen
trations following an increase or reduction of light intensity was 
also examined. 

To facilitate the conditioning of periphyton organisms in a 
simulated lentic situation, special incubators were designed for use 
in the laboratory. Each of four Precision B.O.D. incubators with 
variable temperature control was modified to enclose a ten-liter 
plastic tub which served as a sample container. Two banks of 
fluorescent lamps (General Electric daylight white, 20 inch) were 
mounted in a vertical position along the inside walls of the incubators. 
The light intensity within the incubators could be altered by adding, 
removing or masking lamps in the lighting system. A Weston light 
meter reading directly in foot-candles was used to measure light 
intensity in the incubators. A continual-flow water circulation 
system was installed in each incubator for the purpose of maintaining 
a steady, slow flow of water through the sample container. A variable
speed peristaltic pump mounted on the top of the incubator circulated 
water through the sample container by means of 3/8-inch Tygon tubing. 
The inlet and outlet tubing reached from the pump to the sample 
container through two small holes drilled in the side of the incubator. 
The inlet tube reached slightly below the surface of the water in 
the container, while the outlet tube was anchored to the bottom in 
the opposite corner of the container. A four-liter plastic aspirator 
bottle was suspended above the sample container inside the incubator 
and tied into the inlet line. This bottle could be disconnected 
and removed at selected intervals and replaced with another bottle 
full of fresh water, thus serving as a means for maintaining a rather 
constant level of nutrients in contact with the samples. 

Rocks with well established growths of periphyton were carefully 
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collected by hand from Stony Point Bay and placed in buckets of water 
for transport to the laboratory. The rocks were transferred to the 
sample containers in the incubators. Water from Stony Point Bay 
was collected daily in a large carboy and used as the medium for 
sustaining growth of the samples in the containers; the rocks were 
submerged in seven liters of water. To simulate the lentic situation, 
the pumps were arbitrarily set to recirculate the water at a rate of 
350 milliliters per minute. This rate allowed a retention time of 
twenty minutes in the sample container. During all experiments, the 
medium was partially changed each day by replacement of the aspirator
bottle. 

Plate Number I provides an exterior view of the incubators, 
showing the position of the water pumps and individual ballasts 
for each fluorescent lamp. These components were located outside 
the incubators in order to disperse the heat developed during operation. 
The interior of an incubator is shown in Plate Number 2. The position 
of the sample container, the fluorescent lamps, and the aspirator 
bottle may be seen. Plate Number 3 provides a close-up view of a rock 
with attached periphyton which had been transported from Stony Point 

Bay to the laboratory and placed in an incubator. 


Four different sets of conditions for incubation could be 
provided at one time by selecting various combinations of temperature 
and light intenSity within the incubators. After a specified time 
period, the rocks were usually removed from the incubators and the 
attached periphyton removed for analysis as previously described. 
Pigment analyses and ash-free dry weight determinations were performed 
as in the field study. Organisms were microscopically examined, 
counted and identified to species if possible. For the determination 
of photosynthetic rates under different conditions, it was necessary 
to alter the respirometer so that various light intensities could 
be produced, This was accomplished by removing certain lights from 
the apparatus and positioning the flasks in such a way as to provide 
different light intensities at nine flask locations (20, 60, 80, 180, 
300, 400, 600, 900 and 1500 foot-candles). These intensities were 
determined with the Weston light meter. Photosynthetic rates of 
conditioned samples were measured at the nine light intensities and 
at a variety of temperatures by employing the automatic water bath 
temperature control on the respirometer. 

Several different experiments were run during the second phase 
of this investigation, each deSigned to examine a separate problem 
and each employing the general procedures described above. These 
experiments will be discussed separately in a section to follow. 
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RESULTS AND DISCUSSION 

Since the sampling was carried out during three consecutive 
summers, the results of this investigation are presented in chrono
logical order. While some quantitative data were obtained in 1966, 
this period was spent mostly in the development of methods. Each 
year certain changes were made to improve field and laboratory tech
niques, and these changes are reflected in the data. The most com
prehensive sampling program was conducted during the summer of 1967, 
when, in addition to routine sampling of Stony Point Bay, the peri 
phyton of other areas as far north as Grand Marais, Minnesota was 
examined. Certain questions regarding the dynamics of Lake Superior 
periphyton arose during the examination of data acquired during 
1966 and 1967. In 1968, laboratory experiments were designed to 
answer these questions. The results of these laboratory experiments 
were needed to convert the data collected earlier under standard 
conditions to a form more nearly approximating the actual situation 
in the lake • 

In the interest of brevity and clarity, this chapter includes 
discussion of results along with the presentation of data. The data 
have been combined and summarized in various ways and are presented 
in the form of figures and tables. The discussion involves general 
interpretation of the data, comparisons between results of the three 
summers and between various sampling areas, and correlations between 
the several parameters employed in the study of periphyton. When 
possible, results will be compared with data reported from other 
studies of periphyton communities. An attempt also will be made to 
establish the relative importance of the periphyton community as a 
primary producer in Lake Superior when a comparison is made with the 
productivity of the phytoplankton. 

I. DESCRIPTION OF STONY POINT BAY 

The relative position of Stony Point Bay on the western arm 
of Lake Superior is indicated in Figure 1. Ftgure 2 is a detailed 
representation of the sampling area, showing the shoreline contour, 
depth profiles, and bottom types. Most of the bottom area was 
Covered by rocks, with only very small scattered sand patches; the 
portion of the bay floor designated by the word "sand" in Figure 2 
was predominantly sandy, although several small patches of rocks 
were encountered in this area also. The rocks ranged in size from 
one inch to five or six feet in diameter, but most of the bottom was 
covered by rocks ranging from four to twelve inches in diameter. The 
triangular sampling area, bounded by the reference buoy 2336 feet 
from shore, the Little Sucker River on the southwest, and Stony Point 
on the northeast, was found to encompass 321,000 square meters. 

Stony Point Bay is located in a sparsely populated area and is 
not easily accessible from the adjacent land because the banks leading 
to the water's edge are very steep. The only persons encountered 
in the bay were commercial fishermen who came by boat to tend small 
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fishnet cribs which are permanently located in the bay. The fishermen 
expressed an interest in the periphyton project, as they often find 
their nets fouled by profuse growths of organisms. 

Turbidity in the water of the bay was quite variable and was 
considerably affected by flow from the Little Sucker River. During 
and following stormy periods, heavy suspensions of silt were carried 
into the bay from the mouth of the river, whereupon the material was 
often carried across the bay in an easterly direction. 4 Periphyton 
organisms and silt from the share area were also suspended in the bay 
when wave action was severe. Secchi disc readings varied considerably, 
the maximum being approximately eight meters. Occasionally, the 
water was clear enough that the bottom could be viewed from the surface 
in depths up to twenty feet. Water color as viewed from shore was 
usually greenish, but atmospheric conditions and turbidity sometimes 
accounted for a tan or grey appearance. 

A heavy, brown layer of periphyton was usually apparent on the 
rocks and sand in the bay. Where the periphyton was not disturbed 
by wave action, small gas bubbles could be seen entrapped in the 
wooly growth. Occasionally, divers reported viewing small fish near 
the bottom of the bay; these fish were found to be sculpins (genus 

Small groups of crustaceans, identified as Mysis relicta, 
were sometimes present. Mayfly nymphs, midge larvae, caddis fly 
larvae, nematodes, snails and leeches were found in association with 
the periphyton on the rocks. A few clumps of the macroscopic, 
filamentous green alga, Nitella, were encountered on rare occasions. 

The rocks taken from Stony Point Bay differed somewhat from one 
another in appearance when the periphyton was removed. An analysis 
of one hundred of these rocks revealed that twenty-two lithic types 
were represented in the bay (Table I). The predominant type was 
found to be basalt (fifty-six per cent), of which twenty-four per 
cent were andesite (sixteen per cent) and diabase (eight per cent). 
Fourteen of the one hundred were diabase, while seven were porphyritic 
trachyandesite to mafic quartz latite. 

II. 1966 FINDINGS 

Data presented are taken from that portion of the study carried 
out between August 9 and September 6. During this twenty-nine day 
sampling period, east or northeast winds occurred on eleven days, 
or thirty-eight per cent of the time. The average velocity was fifteen 
miles per hour. These winds caused very rough water, making it 
impossible to safely navigate the two miles from Knife River Harbor 
to Stony Point Bay. For this reason, only five sampling trips were 
completed. However, in the course of these five trips, a total of 
eighty-one rocks were obtained from depths of 2.5, 5, 10, 15, 20, 

"t--------

RuSchmeyer and Olson (1957) have shown the general circulation 
of water in the western arm of Lake Superior to be counterclockwise. 
However, winds and eddy effects can cause a reversal of flow near 
shore in certain areas. 
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TABLE I 

LI'J'HIC DESCl1IPTION OF ROCK SAHPLES FR011 
STONY POINT BAY. LAKE SUPERIOn 

Number of Lithic descriptionsamples 

2 med1um to coarse gr. gran1tic rocks 

1 porphyritic andesite 

1 massivo graY"'acke 

hornf'els, pel1tic 


porphyritic, red granophyre 


to very fine gr. basalt, aphyric 


gr., basalt with small amygdules 


gr., porphyritic basalt or andesite 


gr., porphyritic trachynndesite to 

mafic quartz latite (1ntermediate) 


porphyr1t1c trachyendesite 


grained porphyr1t1c felsite 


to f1ne- to med. gr. amygdaloidal basalt 

to v~ry finc grained ophitic basalt 

:3 fine grained oph1U.c basalt 

8 f1ne to med. gra1ned basalt or d1abase 

6 fine grained diabase (1ntrusive) 

14 fine to med1Th~ grained d1abase 

2 anorthositic gabbro 

1 anorthosit1c olivine gabbro 

1 porphyritic ~abbro1c anorthosite 

2 arkosic sandstone (one red, one wh1te) 

1 red s1ltstone 
100 
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and 35 feet in Stony Point Bay. 

The average periphyron pigment concentrations per unit area of 
rock surface are plotted against sampling depth in Figure 3. Maxi
mum, min imllm , and mean concentrations are presented in Table II. 
Since the quantity of phytoplankton pigments, in the small amounts 
of water collected along with the rocks in the plastic bags, proved 
to be negligible when compared with that of the periphyton, no 
correction for this factor was necessary. All pigments of the peri 
phyton collected from depths of ten through thirty-five feet decreased 
considerably during the sampling period; this trend was not shown 
by samples taken at depths of 2.5 and five feet. From Table II and 
Figure 3, it can be seen that chlorophyll ~ was the predominant 
pigment in nearly all samples. The minimum mean concentration was 
0.190 milligrams per 100 square centimeters of rock surface at a 
depth of 2.5 feet, while the maximum mean concentration reached 
0.510 milligrams per 100 square centLmeters at a depth vf thirty-
five feet. Chlorophyll £ and non-8stacin carotenoids were present 
in somewhat lower concentrations, attaining minima at the same depth 
and maxima at different depths (see Figure 3). The minimum mean 
chlorophyll £ concentration, 0.068 MSPU per 100 square centimeters, 
appeared at a depth of 2.5 feet and the maximum, 0.340 MSPU per 100 
square centimeters, at a depth of thirty-five feet. The lowest mean 
concentration of non-astacin carotenoids was encountered at 2.5 
feet (0.132 MSPU/lOO cm2 ) and the highest at twenty feet (0.311 MSPU/ 
100 cm2). 

The observed ratio of chlorophyll a : chlorophyll c : non
Bstacin carotenoids, approximately 5:3:3, is to be expe~ted because 
of the overwhelming preponderance of diatoms in the samples. 
According to Fox ~. (1967), six genera, Achnanthes, Synedra, 
Cymbella, Cocconeis, and Gomphonema, accounted for over 
ninety per cent the organisms in samples from all depths. The 
ratio of chlorophyll c/chlorophyll a at the 2.5-foot depth was 
0.35; at five feet, 1~10; at ten fe~t, 0.61; at fifteen feet, 0.51; 
at twenty feet, 0.64; and at thirty-five feet. 0.67. No trend is 
apparent. The ratio of non-astacin carotenoids/chlorophyll ~ was 
more constant with depth. At a depth of 2.5 teet, the ratio was 
0.67; at five feet. 0.76; at ten feet, 0.73; at flfteen feet, 0.74; 
at twenty feet, 0.63; and at thirty-five feet, 0.58. The ratio 
seems to decrease slightly as depth increases. The sampllng period 
was not long enough to indicate any seasonal trends as far as the 
pigment ratios are concerned. 

Chlorophyll band astacin carotenoids were present in smaller 
amounts. Chlorophyll b reached a minimum of 0.036 milligrams per 
100 square centimeters-at a depth of 2.5 feet and a maximum of 0.158 
milligrams per 100 square centimeters at a depth of ten feet; the 
minimum astacin carotenoid value, 0.015 MSPU per 100 square centi 
meters, appeared at 2.5 feet and the maximum, 0.061 MSPU per 100 
square centimeters, at thirty-five feet. The chlorophyll £ peak 
corresponds to a drop in chlorophyll ~ concentration (Figure 3), 
pOSSibly indicating the presence of a relatively higher number of 
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1 Hun1nated 

2 f'ine gr., 

10 aphrulitic 

2 very fine 

16 very f1ne 

7 very f1ne 

2 f1ne gr., 

1 very fine 

6 f'1ne gr. 

11 aphanit1c 
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TABLE II 

PI G;'; !'::]'I' CO'JC;c')'l'I1ATJO::S Or' NATU:l',LLY OCCUJJInG Pi';'lIPHYTO;l 
Chlorophyl a 0 i:iDA'lD WP1'i[S, STOllY POINT LAKE SUPERIOR, 

b El 0 lnLLIG!!A1'IS OIl ~;SPU Pl:H 100 HOCK SURFACE 
c & 0 

Ast Carotenolds <:> / 
Non-astacln *" / De,)th in feet 

2.5 5 10 15 20 35Carotenolds /0 

Chlorop,1yll .§:/" ,-==========& O.9Gyr-Iax. O. 0.275 0.729 o. 1.399 
;·11n, O. 0.120 0.136 o. 0.139 O. 
He[Ul O. 0.198 0.328 O. 0. 1,91 O.,. /:__*4 · 

0.0511 o. 0.1130 O. ~21 O. 0.30 1, 
Nin .. 0.012 O. 0.010 0.015 O. 0.0010107-&--/ HC(ln 0.01;0 0.058 0.158 0.1~9 0.1 0.090*' * /El-El_El__ 

0.091 0.517 0.733 0.401, 0.778 L060/' --El 
~all. 0.027 0.010 0.010 0.011 0.091 0.103& G <:> 
~:e= 0.066 0.197 0.199 0.171 0.316 0.3110~;::::<:> -  Non-llstacln 
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III 

E 
.'.'2 
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X 
f1
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800 
::> 0(L 
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2: ° 0 

0'1 O. 
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c 400a 
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at .::5t:anaara 
,-enpny"on Pigment 

25 355 10 15 20 30 


Depth in Feet 

P1gment Concentrations (per unit area of rock 

~)t()ny Point Bay, Lake- Superior. 

a 0 

b Elcy&0__0 

Non-ast *'Carot~nolds 
,0 0 

/*'--~!-/~,. 
(ik if/ El __El *' 
:-r~/ ~ 

El 

El-El 

5 10 15 20 25 30 35 
Depth in Feet 

Concentrations (per 100.000 Organisms) 
Point Bay, Lake Superior. 1966. 
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carotcnol (If; 

No.x. O. 0.211 0.530 0.520 0.e60 0.595 
~;ln .. O. O. 0.091 0.090 0.085 0.152 
!1eWl 0.130 O. 0.237 0.255 0.312 0.297 

Astac1n 
carotcnolrJs 

NllX. 0.027 0.096 0.143 o. 0.130 O. 
M1n. 0.001 0.001 0.010 o. 0.017 O. 
11ean 0.015 0.044 0.0~6 0.032 0.053 o. 

'J'Anr,E III 

,To COjl'I']<',11' OJ" STONY ponlT nilY pr:ll) l'HY'!'otl 
NID 01'1[;,:, CO,:;WNJTli':S ON A UN)'l' AH);;A BASIS 

Investif"ator F:cosystem Chlorophyll (G!H2) 

Stony Point 
Bay Pcr1phyton 

2.5' .0297 

5' .0453 

10' .0685 
I 

15 .0658 
,

20 .091;.1 

35' .0940 

Average .0660 

RHey (1956) Lont; Island SOU!1d 0.1 - 0.6 
phytoplan\~ton 

Odm:) onil Coral reef 0.5 
(1955 

lchimura (19511) Japanese Inke 0.006 

McConnell 
S1g1er 

Hocley strerun 0.05 - 1.0 

2i 
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periphytic green algae at depths of tcn and fifteen feet than at 
other depths, This hypothesis was not borne out by the routine 
microscopic examination, as little difference was seen in the numbers 
of green algae at the various depths; however, it is possible that 
with the use of a random field counting method and a 200X magnification, 
some small green algae might be missed in a heavy samplc. After 
careful re-examination of several samples, it was concluded that the 
~eported percentage of g~een algae was, in fact, law, 

The minute but persistent astacin carotenoid values observed 
may be attributable to the presence of animal grazers in the samples, 
Little difference can be seen in the concentrations at various depths; 
the minimum and maximum concentrati(lDs during the sampling period 
correspond in general with those of the other pigment groups. 
Part of the apparent astacin carotenoid value may be the result 
of an error in the formulas of Richards and Thompson (1952). This 
possible error (suggested by Parsons and Strickland. 1.963) is due 
to the production of a positive animal carotenoid value by the plant 
xanthophyll, fucoxanthin. 

Further inspection of Figure 3 reveals that all of the periphyton 
pigments tend to increase on a unit area basis from the shallm.} to 
the deeper parts of the bay. However, this increase is not due to 
a proportional rise in numbers of organisms with depth (see Figure 4); 
although peaks occu~ at fifteen or twenty feet, it will be seen 
that when the amount of each pigment per 100,000 organisms is plotted 
against depth, the same general increase in concentration occurs 
with depth, Therefore, higher pigment concentratLons in the individual 
organisms were found to correspond directly to decreasing light 
intensity. The peaks observed at fifteen or twenty feet could be 
explained on the basiS that large~ aliquots were used to compensate 
for a relative scarcity of organi.sms pre-sent on the rocks from these 
depths. Such aliquots, when fine colloidal clay is present, may 
lead to slightly increased absorption readings, as centrifugation 
of the colloidal clay is difficult. If an adjustment is made for 
this factor, the amount of pigment per organism when plotted against 
increasing depth will approximate a Sigmoid curve which reaches 
an asymptote at fifteen or twenty feet. It was assumed that the 
higher pigment concentrations in deeper water were a resul t of con
ditioning to a lower light intensity. This "sun and shade" reaction 
has been reported on several occ~sions as a phenomenon occurring in 
phytoplankton populations (Kozminski., 1')33; Burkholder and Siebnrth. 
1961); however, the cond it ion ing i.s much more apparent in the Stony 
Point Bay periphyton, because organisms ~ttached at one depth must 
remain at that depth unless broken loose by violent currents, and 
are not continually mixed as phytoplankton organisms arc. Thus the 
periphyton growing at a certain depth has a greater opportunity to 
adjust to light intensity than does the phytoplankton. 

In order to compare the results of chlorophyll analyses performea 
with a broad spectrum instrument with those based on readings from 
a narrow-band spectrophotometer, the observed ch1orophyll 2" ~ and £ 
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concentrations (DK-2A) were added together and plotted against 
depth along with the Klett-Summerson total chlorophyll concentration 
values (Figure 5). The chlorophyll results based on readings with 
the Klett-Summerson colo ~imeter were cons iderab ly 1 m'ler than the 
corresponding total chlorophyll concentrations obtained with the 
DK-2A method, This discrepancy may be due to the fact that the 
Klett lf66 filter a1101's the passage of light only in the 640 to 
700 millimicron range, thus effecting no measurement of chlorophyll c, 
which does not absorb visible light of wavelength greater than 
635 millimicrons. Therefore, these observations do not lend support 
to the contention by Parsons and Strickland (1963) that R'chards' 
formulas yield chlorophyll values tohich are too high. The data 
from the six standard sampl ing depths show that the narrow-band 
instrument produced total chlorophylL figures which averaged 1.7 
times as high as those from the broad spectrum instrument. This 
factor, Hhen calculated on the basis data from each del'th, varied 
from 1.49 to 1.90. It is interesting to note that the LHO methods 
agreed best on samp les fron1 2.5 and f i [teen feet. where the amounts 
of chlorophyll c were lowest in relati,m to the Dther igments. 

Many invest igators have reported ch ]:)rophyll concentrations on 
a unit area basis as a reflection the genera magnitlldr> of binmass. 
In order to compare thc data for St:my Point Bay with those reported 
for certain other ecosystems, the t(ltal chlorophyll values obtained 
by the DK-2A method were converted t:o grams per square meter (see 
Table 111). These values ranged fre)m n.0297 at the 2. foot depth 
to 0.0941 at the twenty-foot depth. The average for the entire bay 
was 0.0660. Table III includes values calculated for some ecosystems 
studied by other workers. Those figuTes range from 0.006 grams of 
Chlorophyll per square meter in a Japanese lake (Ichimura, 1954) 
to 0.6 grams per square meter, the upper limit reported for the 
phytoplankton of Long Island SDund by Riley (1956). The mean con
centration for Stony Point Bay (0.0660) fits nicely wllhin the range 
calculated for a rocky stream in Utah (McConnell and Sigler, 1959) 
It should be noted that since the reported concentrations for Stony 
Point Bay arc based on the surface area of rocks which protrude 
above the bay floor, these figures cannot be compared d'rectly with 
Concentrations based on a unit area of water surface. The total 
surface area of the rocks in Stony int Bay is greater than the 
area of the water surface above. Therefore, in directly comparing 
chlorophyll concentrations of phytoplankton with those of the peri 
phyton within a given region, an allm~ance must be made for this 

factor. 


Photosynthetic rate as measured by the Gilson respirometer \~as 
shown to be lowest for samples taken from a depth of 2.5 feet 
(39 microliters of oxygen evolved per square centimeter of rock 
surface per hour) and highest for samples from five feet (85 micro
liters of oxygen evolved per square centi.meter per hour). Values 
obtained from samples taken from ten, fifteen, twenty, and thirty-
five foot depths fell consistently bet1~een fifty and ixty micro
liters of oxygen evolved per square centimeter per hour (see Figure 6). 
These values represent gross photosynthetic rate at 200 centigrade 
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and a light intensity of 1500 foot-candles, and do not account for 
losses due to respiration. The mean value for the five-foot depth 
was influenced greatly by a single very high reading on one sampling 
day and is probably higher than the true average for the sampl 
period. This probable 	error is borne out by the photosynthes 
respiration ratios (Table IV). The ratio for the five-foot sample 
(4.40) is inconsistent with the values calculated for samples from 
the other depths (3.03 to 3.43).5 The overall mean PIR ratio for 
Stony Point Bay periphyton under the test conditions was found to 
be 3.39. Published data relating the photosynthetic and respiration 
rates of periphyton are rare. However, a striking comparison may 
be made between the average PIR ratio for Stony Point Bay periphyton 
(3.39) and that calculated from the data of Jackson (1966) for 
Cladophora fracta in Lake Ontario (3.42). Riley's (1957) data for 
the algae of the Sargasso Sea yield a PIR value of 3.06. A value 
of 2.91 has been calculated for the photosynthetic organisms of 
Silver Springs,Florida (Odum. 1957). 

Since the PIR ratios for samples from all depths in Stony 
Point Bay are similar except for the five-foot samples, the net 
photosynthetic rates follow nearly the same pattern as the gross 
rates (Table IV). The net rates ranged from 27.5 microliters of 
oxygen evolved per square centimeter of rock surface per hour for 
the samples from 2.5 feet to 67. microliters of oxygen per square 
centimeter per hour for the five-foot samples. Values for the 
remaining depths varied between 35.9 and 45.3. The overall mean 
rate for net photosynthesiS in samples from all depths was 43.3 
microliters of oxygen evolved per square centimeter per hour. 

Assuming fifteen hours of daylight per day, the photosynthetic 
rates were converted to production rates in terms of carbon fixed 
(Table IV). Net produc t ion va ried bett'leen 1. 62 grams of carbon 
fixed per square meter per day at a depth of 2.5 feet and 4.49 
grams of carbon fixed per square meter Df rock surface per day at 
five feet; the average value for all sampling stations was 2.63 
grams of carbon fixed per square meter per day. These values take 
into account losses due to daytime and nighttime respiration, and 
represent true net production figures under the test conditions. 
The figures were again converted to reflect net production in terms 
of organic matter. For purposes Df calculation, it was assumed that 
all carbon was fixed in the form of glucose (see Table IV). Thus 
the production rates ranged from 4.05 grams production (as glucose) 
per square meter per day to 11.22 grams per square meter per day; 
the average rate for samples from all depths was (,.58 grams (as 
glucose) per square meter per day. Again, these values are corrected 
for respiration losses and are net production rates for the test 
conditions (200 C., 1500 foot-candles). 
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TABLE IV 

PHOTOSYtJT!lESIS DA'rA FOn PERIPHYTON SMIPLED AT 

DIFFEREN'l' DEP'r'!S, S'1'0IIY POIN'l' BAY, 1966; 


RUN Nt' 20°C. 1500 FOOT-CANDLES 


Sampling depth in feet 

2.5 5 10 15 20 35 Nean 

Gross photo
synthesis 

ul 02/cGl2/hr +39.7 +87.9 +66.3 +53.6 +61.5 +55.6 +60.7 

Respiration 

ul 02/cm
2
Ihr -12.2 -20.0 -21.0 -17.7 -17.9 -16.0 -17.3 

Net photo
synthesis 

2 +27.5 +67.9 +45.3 +35.9 +l'3.6 +39.6 +43.4ul 0lcm Ihr 

p/R 3.26 4.40 3. 1 4 3.03 3.43 3.10 3.39 

Net production 

Gram s earbo2fixed per H 
per day 1.62 4.49 2.63 2.03 2.64 2.41 2.6) 

Grams {as g~u-
cose) per ~! 
per day 4.05 11.22 6.57 5.07 6.60 6.02 6.58 

TABLE V 

PERIPHYTON VOLUi':ES AND DRY WEIGHTS AT THE S1'ANDARD 
DEP1'HS, STONY POIWr BAY, LAKE SUPERIOR, 1966 

Depth in feet 

2.5 5 10 15 20 35 

Dry weight 
(!l~. per 
em rocl~ 
surface) i'iD...,,(. 

Nin. 
10.0 
2.5 

15.1 
3. 1 

19.7 
5.1 

30.0 
6.0 

32.0 
2.1 

24.3 
5.3 

Volume Mean 6.5 7.1 10.7 14.0 13. 1• 11.6 

Un. p~r
100 em ) Nax. 3.35 2.98 9.27 8.55 4.89 6.74 

Nin. 2.62 2.20 2.29 1. 72 2.80 1.85 
~!eo.n 3.00 2.56 4.05 3.71 3.36 3.98 
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An interesting relationship between oxygen yield, chlorophyll 
concentration and sampling depth is suggested by Figure 7. The 
volume of oxygen evolved per mi 11 igram of total chlorophyll begins 
at 13.5 x 103 microliters per hour at 2.5 feet, rises to 22.3 x 10 3 

microliters per hour at five feet, and then falls off asymptotically 
through the remaining depths. If the five-foot value is ignored 
(this figure is probably too high), a smooth, slowly descending curve 
is produced. If photosynthet ic ra te increases proportiona te ly IV j th 
increased pigment concentration, then the oxygen: pigment ratio 
should approximate a constant value in all samples, regardless of 
their source, when the samples are exposed to excess light. Hlruever, 
recalling that pigment concentrations were shown to increase Hith 
depth, and notlng from Figure 1 that the oxygen : pigment ratio is 
not constant for organisms taken from different depths, Qne may assume 
that once a certain low light level i.s reached, the further addition 
of pigments by an algal cell in decreased light will not necessarily 
maintain the expected photosynthetic rate. Apparently, conditioning 
to a certain light intensity affects the photosynthetic capacity 
of a pigment unit as well as influencing pigment concentrations. 
This factor is important in the consideration of the effects of 
short-term and long-term increases in turbidity on periphyton pro
ductivity, whether such turbidity is caused by natural runoff from 
the land or by advancing water pollution. 

The photosynthesis and chlorophyll data from Figure 7 '·Jere also 
calculated as grams of carbon fixed per gram of chlorophyll so that 
comparisons of these "assimilatil)Il numbers" could be made ,~ith those 
reported elsel~here for other comanmiti.es. The assimilation value 
determined for Stony Point Bay at a depth of 2.5 feet was 7.2 grams 
of carbon fixed per hour per v,ram [chlorophyll; at five feet, 
11.9; at ten feet, {1.S; at fifteen feet, 3.7; at twenty feet and 
thirty-five feet, 3.2. The average c)f these figures is 5.7 grams of 
carbon fixed per hour per gram of chl.>rophyll. Discarding the five
foot value, which is prDbably en err"r as previously explained, the 
average becomes 4.1.. This figure compares quite well with the 3.7 
reported by Ryther and Yentsch (1957) for marine phytoplankton. It 
is, however, considerably higher than assimilation numbers calculated 
for various ecosystems by certa in otile r Horkers. For examp Ie 
Ichimura (1954) reported 2.36 grams of carbon fixed per hour per 
gram of chlorophyll in Lake SUHa, Japan. Odum and Odum (l'.l55) 
found the value for a coral reef to be 1.5, while the data of 
McConnell and Sigler (1959) ShOH 0.15 grams of carbon fixed per hour 
per gram of chlorophyll in a rucky ~trcam in Utah. 

The dry ,"ei.ghts of the 1')h6 pcriphyLOl1 samples arc presented in 
Table V. The average weights correlate rather ,Jell HUh the pigment 
concentrations, but this relati(lIl,-;hip f"ay be purely coincidental. 
Since the relati'lIlship between pigment c(lIlcentrations and numbers 
of organisms has been Sh01·JO t" depend on the depth from ,!hich the 
sample was taken, there is reason tn believe that the amount of 
pigment per unit of dry weight 1Vc>uld also vary from one depth to 
another. The mean dry weight ,,,as b,.est at the 2.5-foot depth 
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(6.5 milligrams per square centimeter of rock surface) and highest 
at the fifteen-foot depth (14.0 milligrams per square centimeter). 
The total number of organisms Has lO\4est at fifteen feet (Fox et al., 
1967). The weight of the periphyton Has less at thirty-five f;;t
than at the intermediate depths. This pattern can be explained on 
the basis that the organisms near shore are sometimes removed from 
the rocks by wave action while the organisms in the deeper areas 
are not affected. The lower biomass at thirty-five feet is probably 
due to relatively low light intensity and temperature. Varying 
amounts of sand and silt accompan ied the organ isms in the samp les ; 
apparently, a larger proportion of sand and silt was present in 
the samples from the fifteen-foot depth than those from other depths. 
This point Has borne out by visual examination of the samples. On 
the basis of the 1966 mean dry weights for all depths, the standing 
crop of periphyton in Stony Point Bay was calculated to be 104 grams 
per square meter or 37.1 tons for the entire bay. 

The volumes of the settled periphyton samples are also shown 
in Table V. The mean values range from 3.00 milliliters of periphyton 
per 100 square centimeters of rock surface at the five-foot depth to 
4.05 milliliters per 100 square centimeters at the ten-foot depth. 
These results compare reasonably well wi.th the dry weights, inasmuch 
as the volume determinations were also subject to the influence of 
sand and silt in the samples. Dry weight and volume determinations 
would appear to be useful in the estimation of the general magnitude 
of biomass in the periphyton community. 

Enough quanti.tative data were gathered during the summer of 
1966 to albw the formulation Df certain tentative conclusions 
regarding the bi.omass of Stony Point Bay periphyton and the relation
ships between the various parameters which were observed The peri
phyton pigments were dominated by chlorophyll a, with chlorophyll c 
and non-astacin carotenoids approximately equal as secondary pigme~ts 
Low chlorophyll b concentrations indicate the presence of a relatively 
bw proportion of green algae to diatoms. It is apparent that the 
organisms increased their pigment c:mcentrations in deeper water, 
probably in response to lower light intensi.ty. Chlorophyll per 
square meter and carbon fixed per square meter were shown to be of 
the same order of magnitude as for other ecosystems. Astacin carotenoid 
values, while qui.te low, probably reflect the association of certain 
animal forms with the periphytic algae. The data indicate that any 
single measurement, such as pigment analysis, enumeration ot organisms, 
or the determination of weight, volume or photosynthetic rate, will 
probably not show the true productivity of the periphyton. 

It was deemed necessary to confirm the 1966 results by obtaining 
more data on the same bay with similar techniques. In addition, the 
1966 data raised a number of questions which could be answered only 
by a more extensive sampli.ng program. Among these questions were 
the following: Are periphyton pigment concentrations actually so 
variable with depth as indicated by the 1966 data? Are there seasonal 
changes in concentration on an area basis, and do consistent differences 
In pigment ratios occur with depth? What is the relationship between 
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organic weight, total dry weight and other parameters of biomass? 
Would further sampling confirm the apparent decrease in efficiency 
of the pigment unit as the pigments become more concentrated? 

Ill. 1967 FINDINGS 

The experience gained in sampling and analysis of periphyton 
in 1966, when added to the information obtained on the various aspects 
of periphyton ecology, made a much more comprehensive investigation 
possible in 1967. The weather, too, during the summer of 1967, 
was very favorable and the sampling program was not seriously inter
rupted by storms. For this reason, greater emphasis should be given 
to the data obtained during that year. For greater clarity and 
effectiveness, this chapter has been divided into three parts, each 
dealing with a separate approach to the investigation of Lake Superior 
periphyton. The first section is concerned with the naturally occur
ring periphyton of Stony Point Bay, and the second with the regrowth 
study conducted in the same bay, while the third section deals with 
an investigation of the periphyton communities of north shore areas 
other than Stony Point Bay. 

Naturally Occurring Periphyton, Stony Point ~ 

Routine samples of the periphyton were collected in Stony Point 
Bay from July 11 to September 15, 1967. An additional sampling 
trip was made on November 10. As in 1966, three rocks were taken 
from each standard depth (2.5, 5, 10, 15, 20 and 35 feet) during each 
sampling run. Sampling trips were made on seventeen days (twice each 
week) during which a total of 306 rocks was collected. 

The pigment concentrations, on a unit area basis, for each depth 
are shown in Figure 8. Each point represents the average concentration 
of one pigment type at one depth during the entire sampling period. 
Chlorophyll ~ was the predominant pigment at all depths, ranging from 
a minimum mean concentration of 0.330 milligrams per 100 square 
centimeters of rock surface at a depth of fifteen feet to a maximum 
of 0.976 milligrams per 100 square centimeters at a depth of 2.5 feet. 
The mean concentration for samples from the thirty-five foot depth 
was 0.583 milligrams per 100 square centimeters. The same pattern 
was exhibited by the other plant pigment groups. The chlorophyll £ 
concentration began at 0.386 MSPU per 100 square centimeters at a 
depth of 2.5 feet, fell to 0.163 MSPU per 100 square centimeters at 
fifteen feet, and then rose to 1).298 MSPU per 100 square centimeters 
at thirty-five feet. The non-astacin carotenoid values were similar 
in magnitude, varying from 0.475 MSPU per 100 square centimeters at 
the 2.5 foot depth to 0.132 MSPU per 100 square centimeters at fifteen 
feet. At the thirty-five foot depth, the mean concentration was 
0.201 MSPU per 100 square centimeters. Chlo;rophyll Q ,~as present 
at all depths in considerably lower concentrations than the other 
plant pigments. The maximum chlorophyll Q concentration appeared at a 
depth of 2.5 feet (0.146 milligrams per 100 square centimeters) 
while the minimum concentration occurred at fifteen feet (0.064 
mg./100 cm2 ). The concentration at the thirty-five foot depth was 

36 

intermediate in magnitude (0.096 mg./100 cm2 ). Astacin carotenoids 
were present in small amounts, but did not follow the pattern of 
concentration exhi.bited by plant pigments in terms of sampling depth. 
The highest mean concentration of astacin carotenoids was found in 
samples from a depth of thirty-five feet (0.035 MSPU/100 cm~ and the 
lowest in samples from 2.5 feet (0.015 MSPU/100 cm2 ). 

The curves representing the relationships between periphyton 
concentrations on an area basis and sampling depth in 1967 (Figure 8) 
bear little resemblance to those of 1966 (Figure 3). Differences in 
both shape and magnitude are obvious' however, it will be noted that 
the major differences occur only at depths from 2.5 feet to ten feet. 
The mean chlorophyll a concentration found at the 2.5 foot depth in 
1967 (0.976- milligram~ per 100 square centimeters) was more than 
five times as high as the corresponding figure for 1966 (0.191 mg./100 
cm2 ). The amounts of chlorophylls Q and £ and non-astacin carotenoids 
were four to five times higher at 2.5 feet in 1967 than in 1966. 
At the five foot depth, all plant pigment groups were two to three 
times higher in 1967. The mean chlorophyll ~ concentration at the 
ten foot depth was th irty per cent higher in 1967 than in 1966, 
but the other plant pigment concentrations were not significantly 
different at that depth. At the remaining depths (15, 20 and 35 
feet), chlorophylls ~, Q and £, and non-astacin carotenoids occurred 
in approximately the same concentrations in 1967 as in 1966. Although 
the mean concentration of astacin carotenoids was low for both summers, 
the averages for 1966 were somewhat higher than those for 1967 at 
all depths except 2.5 feet, .]here the va lues were ident i.ca 1. The 
pigment concentration values of 1967 are considered to be more accurate 
than those obtained in 1966, because a correction was made for tur
bidity in the acetone-pigment solutions. This correction was accom
plished by subtracting the absorbance reading at 750 millimicrons, a 
wavelength at which none of the pigments absorbs any light, from the 
absorbance values at 480, 510, 630, 645 and 665 millimicrons, before 
these readings are used for calculation of pigment concentrations. 

As in 1966, the pigment concentrations calculated on an area 
basis do not directly reflect the amount of periphyton growth at 
each depth in the bay. This point is illustrated by the relationship 
between total chlorophyll and ash-free dry weight of peril'hyton at 
the standard depths (see Figure 9). The amount of total chlorophyll 
rose from 5.58 x 10- 3 milligrams per milligram of ash-free dry weight 
at 2.5 feet to 8.14 x 10- 3 milligrams per milligram of ash-free dry 
weight at thirty-five feet. The major increase in concentration 
occurred between the fifteen and twenty foot depths (6.12 x 10- 3 mg. 
chlorophyll/mg. ash-free dry weight to 7.85 x 10- 3 mg. chlorophyll/mg. 
ash-free dry weight). The relationship between chlorophyll concentra
tion and biomass is further established by consideration of the total 
numbers of organisms at each depth. A continuous downward trend in 
the counts as depth increased was obvious. The organisms in deeper 
water apparently had increased their pigment concentrations in response 
to 10\~er light intensity as in 1966. However, the relationship 
between total chlorophyll and ash-free dry weight (Figure 9) indicates 
that this increase was not so marked in 1967 as the pigment per 
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trations of all five pigment groups occurred early in the season; 

all of the pigments peaked on July 13, except the astacin carotenoids, 

which wer-e highest on the first sampling day (July 11). The minimum 

~, t:. values for each pigment type at 2.5 feet were obtained near the end 
"A / 	 of August. The maximum concentrati;)!ls were about thLeQ t i 35 high 

as the minimum concentrations. F,r example, the maximum chl:)rophyll ~ 
value ,vas 1.863 milligrams per IUu square centimeters on July 13, 
while the minimum was 0.547 milligrams per 100 square centimeters 
on August 28. \-,Ihile major peaks in th" curv.'s apPciln'd on July 20, 
Augu st 17 and September 15, the genera 1 downwa rd t rend each 0 f the 
pigment groups durLng the season is ai'parent.to! '*'-* :t:. '*' A...../ 

There is no suggestion of a d0l1mJard trend in pigment concentra
tions during the summer- at the fLve foot d"pth (sec F:gures 12 and/0\*;\ /o~ /*..... --*A'" '\.-*>w.L:~ 

o ~* * 0 _0 ~~ 	 13). The concentration of total pigm"nts per unit area remained0-0-0- -o_?_o i -' ....., o j i i ; iii i , ii' rather constant throughout the sampling period. The maximum concen
<::> <0 <"'I ~ co <::> ~ Ln Ln Ln-t 'I'" <"'I 'jf '" I I I I '" ~ <::> 	 tration of chlorophyll ~ (0.930 mg. /lvO cm2 ) and non-astacin carotc~noLds;C to!. - '1" I I" ~ 00 00 00 00 ~~ 00 ~ 0) 0) (0.465 MSPU!lOO cm2 ) occurred on July 27. Slight ly lCl<1er peaks~'" '" '" Date appeared on August 10 and 28. The concentrations of chlorophylls 


.s.. and astac.Ln carotenoids reached their highest levels :m August 
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® 	 organism ratios of 1966 would suggest. 
® 

The increased periphyton biomass in the shallow water of Stony 
Point Bay in 1967 (indicated by pigment concentrations) may be 

/ explained on the basis of weather. Very few violent storms arose 
®--®-- ® .-- ® 	 during the summer of 1967; the organi.sms growing in the shallow waters 

were disturbed much less often by currents and wave action than in 
1966. East and northeast winds cause the most severe turbulence along 

Average Perlphyton the north shore of Lake Superior because their course parallels the 
Concentration long axis of the lake. United States Department of Commerce localweight) at 

Point Bay, climatological data show that no northeast winds occurred in the 
general area during the 1967 sampling period. East winds occurred 
on only eleven of the Sixty-seven days, or sixteen per cent of the 
time. During the summer of 1966, east and northeast winds prevailed 
thirty-nine per cent of the time. These data reinforce persona 
observations which indicated that the waters of Stony nt Bay 
were much more calm during the 1967 season than in 1966. The 
hypothesis is that many periphytic organisms were washed away from 

2.5 5 10 15 20 25 30 35 	 the shallow areas in 1966, while those in relatively deep water weH' 

Depth 	in Feet not affected by wave action. Thus the biomass in deep water was of 
approximately the same magnitl1de during both summers. 

The variations in pigment concentrati:ms at each depth (on a 
unit area basis) according to samplin~ date are presented in Figures 
10 through 21. The points represent tlw individual measurements 
from wh ich the average concent rations at each depth (Fi gu re 8) 
were calculated. While the general pattern of Figure 8 may be seen 
by superimposing the individual graphs and obscrvi.ng tl1" area under 
each curve, it is obvious that the variation in terms of time is 
not the same at each depth. In discussing these variati, n5, the »ample 

Chlorophyll a- t:. 	 taken on November will be considered separately.t:. 	 10. Periphyton 
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The most obvious depression in the 
on August 4. 

Two major peaks were observed 
periphyton pigments in samples from 
14 and 15). The maximum values 
chlorophyll c (0.472 MSPU/100 

major 	plant pigment curves occurred 

in the concentrations of all the 
a depth of ten feet (Figures 
chlorophyll a (1.102 mg./IOO cm2), 
and non-asta~in carotenoids 

(0.463 MSPU per 100 cm2 ) occurred on August 2. Chlorophyll band 
astacin carotenoid concentrations \,ere highest on August 25.- Between 
these t\<o dates, the level of all the pigment groups remained quite 
low. No general trend during the sampling period is apparent. 

The pigment concentrations at fifteen feet were lower and less 
variable than at all other depths during most of the summer (Figures 
16 and 17). The chlorophyll a curve includes two peaks of nearly 

2equal 	magnitude (0.468 mg. pe-;:: I em on July 27, and 0.490 mg. / 
2100 cm on August 17). The non-astacin carotenoid values show a very 

similar pattem, peaking on the same two days. Chlorophyll £, however, 
peaked on July 20, while chlorophyll reached its maximum level 
on August 28. The concentrations of a 1 the pigment types were lowest 
in September. 

Figures 18 and 1'1 show that the periphyton pigments generally 
incrcased on a unit area basis at a depth of twenty feet during 
the sampling period. Chlorophyll!! rose from 0.201 milligrams per 
100 square centimeters on July 11 to a maximum of 0.784 milligrams 
per lOu :.:quare centimeters on Augu:;t 25. In similar fashion, the 
non-astacin carotenoid level increased from 0.036 MSPU per 100 square 
centimeters on July II to 0.319 MSPU per 100 square centimeters ~n 
September 5 The maximum ch lorophyll .£ value (0.473 MSPU/IOO cm ) 
appeared on August 25, as did the highest chlorophyll ~ level 
(0.11!2 mg. /100 cm2 ). The rna jor pigments underwent a series of con
tinuous increases and decreases between August 10 and September 15. 

The pLgment concentrations at .thirty-five feet a lso exhibited 
a general increase during the summer (see Figures 20 and 21). The 
minimum chlorophyll!! value, 0.303 milligrams per 100 square centi 
meters, occurred on July 17 and the maximum, l.046 milligrams per 
lOO squa re cent imeters, on September 5. eh lorophy 11s ~, .£' and non
astacin carotenolds reached their highest levels on September 5 or 
15. The seasona 1 rise in the maj ()r ]J i gmcnt concent rat ions was 
generally smooth, the only arparent derression occurring on August 28. 
The astacin carotenoid values for the thirty-five foot samples, as 
for those from all other depths, remained very low and varied little 
during the sampling period. 

It is not possible to account for each rise and fall in the pig
ment concentrations at the various depths throughout the summer. 
Ho,4evl2r, there are reasonable explanations for differences between 
the trends exhibited by the pigment concentrations at various depths, 
and for SOme decreases in concentration on specific days. The rather 
large variation in pigment concentrations at the shallower depths 
(2.5 to 10 feet) during the sampling period probably reflects the 
action 	of waves on the periphyton. The depressions and peaks rep
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I!J.Non-Astacin 
Figure 19. Periphyton 

C~tenold Concentratlons (perAslacin o unit area) at Twenty Feet, Stony 
Po1nt Bay, Lake Superior, 1967. 
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resent removal of organisms as a result of turbulent water and sub
sequent regrowth during relatively calm periods. However, the high 
mean pigment concentrations in the shallow water indicate that the 
biomass in these areas was never seri8usiy reduced by wave action. 
Some of the va r iabil i ty in biomas sin sha 11 ow wa ter may a Iso have 
been due to a relatively lesser degree of homogeneity in the community 
i.n terms area than in deeper water. The continual ri.se i.n pigment()f 

concentrations at the twenty and thirty-five foot depths during the 
summer is probably indicative of a true seasonal increase in biomass, 
which reached a maximum on September 5. Presumably, the turbulence 
in shallow water was more severe than that occurri.ng elsewhere, and 
at the twenty and thirty-five foot depths the turbulence was not of 
sufficient strength to disturb the periphyton organisms. However . 
the depression in pigment concentrations on August 28 at all depths 
indicates that a current affecting all parts of the sampling area 
developed between August 25 and 28. Such a current might be produced 
by strong, shiftLng local winds. l.Jeather data show that ra instorms 
and winds in excess of twenty-five miles per hour occurred in the 
sampling area on August 26 and 27. !.luring this period, the wLnds 
shifted from south to northwest, and probably produced pnough "ater 
movement to remove part of the periphyton at all depths in the bay. 

Analysis of samples collected on N,'vember 10 revealed that the 
pigment concentrations on a unit area basis had decreased conSiderably 
at all depths except ten and fifteen feet, where the concentrations 
were never particularly high. The highest concentration of ptgments 
was present at a depth of thLrty-five feet, while the lowest concen
tration was encountered at 2 5 feet. For example, chlorophyll ~ 
ranged from 0.le5 milligrams per 100 square centimeters at 2.5 feet 
to 0.752 milligrams per 100 square cent~neters at thirty-five feet. 
Part of the general decrease in pigment concentrations between 
September 15 and November 10 may have been due to seasonal reduction 
in gr~th; however, since the pigment concentrations were highest at 
thirty-five feet, it is more likely that a severe storm removed much 
of the periphyton from the rocks in the shallow water . 

The foregoing explanations regarding the varIations in pigment 
concentrations during the summer are valid only if the pigment values 
are correlated well enough with the numbers of organisms to indicate 
the general magnitude o[ bbmass at each depth. Correlation coef
ficients were calculated for total counts and total chlorophyll values 
for samples from each sampling depth. In addition, to facilitate 
future estimations of numbers o[ periphyton organi.sms based on total 
chlorophyll concentratton, regression lines were constructed using 
the least squares method. Counts (y axis) were plotted against 
total chlorophyll values (x axis). The regression lines are presented 
in Figures 22 through 27, along "ith the correlation c0efficients (r), 
the probability values (P), and the equations for the slope of each 
line. The procedures foll~ed in the calculation of correlati.ons 
and regressions are described in Appendix D. The two parameters 
were found to be positively correlated at all depths, the correlation 
coefficients (r) ranging from 0.639 (P=O.OI) for samples from the 
2.5 foot depth to 0.921 (P=O.OOl) for samples from a depth of thlrty
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F1gure 24. Regression Line, 
Counts Versus Total Chlorophyll, 
Naturally Occuring Perlphyton at 
Ten Feet. Stony Point Bay, Lake 
Superior, 1967. 
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Figure 2). Regression Line. 
Counts Versus Total Chlorophyll, 
Naturally Occurring Periphyton at 
Five Feet. Stony Point Bay, Lake 
Superior. 1967. 
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Ftgure 25. Regress10n Line, 
Counts Versus Total Chlorophyll; 
Naturally Occurring Periphyton at 
Fifteen Feet, Stony Point Bay, Lake 
Superior, 1967 • 
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27. Regression Line. 
Total Chlorophyll; 

Naturally Occurring Periphyton at 
Thirty-Five Feet, Stony Point Bay. 
Lake Super1or. 1967. 

y ~ -571.304 + 1,641,849 X 

five feet. The correlation was genera ly better for samples from 
the deeper water, It should be understood that these rather close 
correlations do not contradict the fLndings which show differences 
In amount of pigment per unit of ash-free dry weight from one depth 
to another. The corre la t ions and regress ions were determ Lned for 
each depth and do not reflect any differences related to depth. 
A regression line based on all counts and pigment concentrations 

r 
irrespective of depth would be useless in light of the fact that 
different relationships exist between the two values at each depth 
However, numbers of organisms in St::my Point Bay may be predicted 
from total chlarophyll data when the sampl ing depth is known and the 
proper regression line is used. Thc results of such predictions may 
be expected to be more accurate for samples from deep water than for 
those from shallow water. 

The mean ratio f chlorophyll .s:/chbrophyll ~ was 0.459 for the 
entire bay in 1967. However, the values calculated for each depth 
range from 0.395 at 2.5 feet to 0.511 at thirty-five feet (see Figure 
28). In contrast, the ratio of nnn-astacin carotennids/chlorophyll ~ 
decreased with increasing depth, varying from 0.480 at 2.5 feet to 

0.5 	 1.0 15 2.0 0.344 at thirty-five feet (Figure 29); the mean for th~ entire bay 
was 0.415. The same phenonlenon, i.e., a decrease in the ratio f

Mg Total Chlorophyll per TOO crrl carotenoids/chlorophyll ~ as depth increases, has been reported for 
stratifi.ed marine phytoplankt'lD by Hyther (l95C\). If the species 
composition of the periphyton were very simi r at all depths in the 
bay, it cnuld be assumed that observ('tl differences i.n igmpnt ratios 
in large sample5 of the community w('rp a result of differences in the 
pigment ratios in individual nrganisms of the same type. It could 
be further assumed that these differences were due to environmental 
factors. The species compositLll1 cor the periphyton community at all 
depths in Stony Point Bay was very c-.lDstant (Fox, IlJGlJ), wHh diatoms 
making up over ninety per ~t of the population. Percentage's e>f the 
various types of organisms varied little with depth, so the composition 
of the commun ity at di f ferent deptltE; no t i.mportant in exp la in ing 
varying pigment ratios. With this fact established, other possible 
reasons for differences in pif';ment rat at various depths can be 
explored. Table VI shows that both chloropbyll and chlorophyll 
increased in relation to ash-free dry weight as became greater;/.---. 
however, the amount of chlorophyll a per llni.t of organic weight is 
increased by only thirty-four per c~nt [rom 2.5 feet tel tilirty-five 

Pigure 28. Ratio of Peri  feet, whUe chlorophyll is increased by seventy-four per cent. 
phyton Chlorophyll This difference accounts the rising chlorophyll ratio asat Standard Sampling 

Point Bay, Lake Superior, depth is increased. There is vi.rtuB Iv no difference in the CClflcentra
.--.~. 

tion of non-astacin carotenoids in relation to ash-free dry weight 
at the standard sampling depths (a decrease of live per cent [rom 
2.5 feet to thirty-five feel). The decreasing ratio of carotenoids/ 
chlorophyll as depth increased is a result only ot tbe risiug 
chlorophyll ~ concentration. 

The rise in pigment concentrations in relation to organic weight 
25 5 10 15 20 25 30 35 as depth is increased may be vie'ved as a responSl' U) lm,er 1ight 

intensity. Th2 average mid-day light intensity at each snmpling 
Depth in Feet depth for 1967 is shown graphically i.n Figure 30. Each point represents 
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an average of the readings taken on each of the seventeen sampling 
days. The average intensity at the surface of the water was 7275 
foot-candles. Six inches of water lowered the reading to ')600 foot
candles. From this point the average readings decreased gradually 
with depth, reaching a minimum of 265 foot-candles at a depth of 
thirty-five feet. The readings at each depth were quite variable. 
depending on atmospheric conditions and the effects of turbidity on 
the day a measurement was made. It has been shown that visible 
light of relatively short wavelength penetrates deeper into pure 
water than light of longer wavelength: the same phenomenon, with 
certain variations, occurs in water containing dissolved and sus
pended solids (Clarke, 1954). Since the major absorption peak in 
the red band for ch I orophy 11 c is at a lower wave length than the peak 
for chlorophyll~, the prefer;ntial increase in chlorophyll .£ by 
the periphyton as light intensity decreases may be a response to the 
greater proportion of shorter wavelength light in deep water. 

In order to determine whether or not the various pi,gment ratios 
changed during the season, the ratios were calculated on the basis 
of combined pigment concentrations from all depths br each sampling 
day. The ratios of chlorophyll .£' chlorophyll ~, and non-astacin 
carotenoids, respectively, to chlorophyll a for each day are presented 
in Table VII. The chlorophyll .£/~ ratios ;xhibit considerable vari 
ation, but no seasonal trend is apparent. The ratio of non-aatacln 
carotenoids to chlorophyll ~ is quite constant; a slight upward 
trend during the su1lU1ler is indicated. It is reasonable that the 
chlorophyll .£/~ ratio was much more erratic on a seasonal basis than 
the carotenoid/chlorophyll ~ ratio, since the concentration of chloro
phyll seems to be subject to control by the intensity or spectral 
composition of light. The changes in the ratio during the samp
ling period may be indicative of variable ight intensity due to 
turbidity. The ratios of chlorophyll ~ to chlorophyll a, which should 
reflect the relative numbers of green algae present in the samples, 
are quite variable and show no part cular trend. The highest ratio 
occurred on August 28 and the lowest on August 17. 

The dry weights and ash-free dry weights of all periphyton 
samples collected from Stony Point Bay in 1967 are presented in 
Tables VIII and IX. The seasonal variation of the ash-free dry 
weights at each sampling depth is shown graphically in Fi.gures 31 
through 36. Each weight may be compared directly to a corresponding 
pigment concentration, since samples for both determinations were 
taken from the same periphyton suspension. The mean dry weight 
per unit area of rock surface was highest for samples from a depth 
of 2.5 feet and lowest for those from thirty-five feet (Table VIII). 
The dry weights decreased with increasing depth, except between fif 
teen and twenty feet, where the average weights were nearly identical. 
The highest mean ash-free dry weight, 2.7 milligrams per square 
centimeter, occurred at 2.5 feet, while the lowest, 0.91 milligrams 
per square centimeter, was recorded at fifteen feet (Table IX). 
The weights increased slightly from fifteen to thirty-five feet. 
The ash-free dry weights of the 1967 samples were found to be weI 
correlated with total counts of organisms. However, as shown by 
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Figure )1. Periphyton Ash-Free 
Dry Weights (per unit area) at 2.5 Feet. 
stony Point BaY. Lake Superior. 1967. 

, ,
i i 	 l()i MK 6 (1) N ~ OJ 0 ~ ~ ID en to 0 

~ 

N , ,-	 N . 
~ 	 ~';;.: ;:t: ~ ~ " r-t.. OJ 	 cb <b Q) a; d; <b ~ m (}; 


Dote 


Figure )2. Periphyton Ash-Free 
Dry Weights (per unit area) at Five Feet, 
Stony Point Bay, Lake Superior. 1967. 
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Figure )). Periphyton Ash-Free 
Dry Weights (per unit area) at Ten Feet, 
Stony Point Bay, Lake Superior. 1967. 
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Figure )4, Periphyton Ash-Free 
Dry Weights (per unit area) at Fifteen 
Feet, Stony Point Bay, Lake Superior, 1967. 
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Figure 35. Periphyton Ash-Free 
Dry Weights (per unit area) at Twenty 
Feet. Stony Point Bay. LaKe Superior. 1967. 
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F1gure )6. Periphyton Ash-f'ree 
Dry Weights (per unit area) at Thirty
Five Feet, Stony Point Bay. Lake Superior. 
1967. 
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Figure 9, the relationship between the organic weights and pi.gment 
concentrations was not constant at all depths. 

On the basis of the average dry weight of all samples taken 
during 1967, the total dry weight of the periphyton in Stony P0int 
Bay was calculated to be 55,5 tons (156 grams per square meter). 
The correspondLng ash-free dry weight was 4,1, tons (12 grams per 
square meter), or 7.9 per cent of the total dry weight. The mild 
weather of 1967 was probably the main reason why the tota dry weight 
(55.5 tons) was higher than that produced in 1966 (37.1 tons). Since 
the 1966 samples seemed to contain more sand and clay than the 1967 
samples, the actual difference in v)eight may have been somewhat 
greater. 

It has been liuggested that 1a") temperature may be part of the 
reason for less extensive growths of periphyton in the deeper water 
of Stony Point Bay, Temperature data for 1967 show that the deeper 
water ,,)as in fact colder than the sha llnw water (see Table X). Hater 
temperatures were taken each sampling day at every ,'ampling depth 
as well as at a point just below the surface af the 'vater. It is 
obvious that the water temperatures decreased with iucreasing depth 
throughout the summer. The va lues at 2.5 feet ranged from (, 50 C. to 
19.5 0 C. The minimum and maximum temperatures were slightly lower 
at each depth from five feet to twenty feet. The biggest difference 
was usually between twenty and thirty-five feet. The tcmperatl1res 
at all depths increased continually during the first two-thirds of 
the sampling period, reaching a maximum on August 14 After that 
date, the temperatures tended tu decrease slightly at all depths 
except t,,,enty and th i rty- five feet. At tllt> twenty foot depth, the 
maximum temperature, 14.00 C., I.as rec(lrded August Ii" and again 
on September 15. The thirty-five foot maximum, 'l.5° c., occurred on 
August 14, 25, 28, and September 5, Even at these times, the tem
peratures at 2.5, 5, and 10 feet were about twice as high as the 
thirty-five foot value. On November 10, the temperatures at all depths 
in the bay were very similar to those recorded an the first day 0 

the sampling period, July 11. 

The average gross photusynthetic rate f perlphyton organisms 
taken from each depth in Stony Point Hay Is presented in figure 37. 
The values are reported in terms of Lcraliters of oxygen cvalved 
per hour per square centimeter ()f rock surface and ,"erc' determined 
manometrLcally at 200 C. and at a light intensity of 150(' faot
candles. Samples from 2.5 feet praduced the highest mean rate of 
oxygen evolution (44.6 microliters per hour per square centimeter). 
Samples from each successive depth evolved less axygen per hour thou 
the preceding ones, except the twenty foot samples, which produced 
slightly more than the fLfteen foot samples. The mean prodtlcti.cn 
rate for the samples from thirty-five feet was only 15,: micral ters 
of oxygen per hour per square centimeter. The 1967 values lCere lower 
than those recorded for Stony Point Bay in 1906, This difference 
probably occurred because no carbon diaxlde was added to the atmas
phere above the reaction flasks in the respirometer. N~ne was added 
because 1.t seemed to slmv the equLlibration of gas phasN; in the system 

59 

http:prodtlcti.cn


TABLE X "1J 

TENPERATUl1ES A'l' ntE S'l'ANDARD DEPTHS 
STONY POIN'l.' BAY. LAKE SUPEflIOR. 1967 

DF~GREE;S CEWi:'IGRADE 50 1 

Depth in Feet ' ..c: 1.0 

Date 

7-11 

7-13 

7-17 

7-20 

Surfnee 

6.5 

6.0 

6.5 

7.5 

2.5 

6.5 

6.0 

6.5 

7.5 

5 

6.0 

6.0 

6.5 

7.0 

10 

5.5 

6.0 

6.5 

7.0 

15 

5.5 

5.0 

5.5 

6.0 

20 

5.0 

4-.5 

5.5 

5.5 

35 

4-.5 

4-.5 

5.0 

5.0 

~ v-0"1, 
c: 
1:1 
Cb 

~ 

30 

20 

10 

7-26 

7-27 

8.0 

9.5 

8.0 

9.5 

7.5 

9.0 

6.5 

7.5 

5.5 

6.0 

5.0 

5.0 

5.0 

5.0 
0 

8-2 11.0 10.5 10.5 10.5 9.5 6.5 5.5 

U-li· 12.5 12.5 12.5 12.0 10.0 8.0 7.0 

I:3-U 16.5 16.0 15.0 15.0 15.0 10.0 8.5 

1:3-10 

8-14 

18.0 

19.5 

18.0 

19.5 

17.5 

19.0 

15.0 

17.5 

14.5 

16.0 

13.5 

14-.0 

9.5 

9.5 
80 

8-17 17.7 17.0 17.0 16.0 14.0 11.0 8.5 
70 

1:5-25 16.5 16.0 15.5 15.5 12.0 11.0 9.5 60 

tl-21:l 15.5 15.5 15.5 15.0 l3.5 12 • .5 9.5 '  50 

~-9-5 16.0 15.5 15.0 15.0 14-.0 13.5 9.5 "I
E 

I. 0 
v 

9-15 15.5 15.0 14.5 14-.5 14-.5 14-.0 7.0 ~ 3D 

11-10 7.5 6.5 5.5 5.0 4-.5 4-.5 4.5 
0 

'\ 20 

10 

I 

60 

J<'igure 37. Average Perlphyton 
Gross Photo"ynthetic Rates (per unit 

\. 

area) for Samples from Standard Depths, 


Polgt Bay. Lake Superior. 1967: 
Run 20 C •• 1500 Foot-Candles. 
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rather than to speed the process. It was difficult to add the gas 
mixture without pressurizing the system. The introduction of normal 
atmospheric air to the gas spaces above the samples probably produced 
more accurate readings. 

The variation in oxygen production by the periphyton samples 
from each depth during the entire summer may be seen in Figures 38 
through 43. IVhile the total amount of pigment per unit area seemed 
to decrease during the season at the 2.5 foot depth, the amount of 
oxygen produced tends to increase with time. After an initial reading 
of 58.4 microliters of oxygen per hour per square centimeter on 
July 11, the rate dropped to 15.6 microliters/hour/cm2 on July 17 
before rising eventually to the maximum value of 70.6 microliters/ 
hour/cm2 on August 25 (see Figure 3il). Gross photosynthesis also 
increased during the summer at all the other depths, even though 
the counts and pigments increased during the period only at the 
twenty and thirty-five foot depths (Figures 39 through 43). This 
increased efficiency may have been due to an adaptation to warmer 
temperatures as the summer progressed. The test temperature for the 
determination of photosynthetic rate, 200 C., exceeded the highest 
temperature recorded in the bay. H~wcver. as the water in the bay 
became warmer during the summer, the organisms became accustomed to 
temperatures more nearly 1ike the test temperature, and therefore 
performed the photosynthetic reactions more efficiently at that 
temperature. 

Hhen the production rate i.n terms of oxygen produced per hour 
per unit of ash-free dry weight is plotted against sampling depth 
(Figure 44), it is seen that photosynthetic efficiency depends on 
the depth from which the sample Is taken, as well as on the time of 
year. The photosynthetic rate is highest (28.8 mi.croli.ters of oxygen 
per hour per milligram of ash-free dry weight) for samples from a 
depth of 2.5 feet, and lowest (13.2 mi.croliters/hour/mg. a.f.d.w.) 
for samples from thirty-five feet. This trend exactly opposes that 
exhibited by the amounts of pigment per unit of ash-free dry weight 
at each depth. w'hen the amaunt of oxygen produced per unit of chloro
phyll ~s plotted against sampling depth (Figure 45), it may be seen 
that the values are considerably lawer at the twenty and thirty-five 
foot depths than at the sha llo,~er samp 1 Lng depths. The rates rema i ned 
qu it e constant from 2.5 feet to fi. fteen feet, averaging about 3000 
microliters of oxygen per hour per milligram of total chloraphyll. 
The twenty foot samples evolved 2516 microl iters 02/hour/mg. total 
chlorophyll, while the thirty-five foot samples produced only 1566 
microliters/hour/mg. total chlorophyll. The amount of oxygen evolved 
per haur per unit of chlorophyll ~ produced about the same pattern 
when plotted against depth. 

For purposes of comparison with other reported assimilation 
values, the production rates were also calculated in terms of grams 
of carban fixed per hour per gram of total chlorophyll. The value 
at 2.5 feet ,~as 1.58; at five feet, 1.59; at ten feet, 1. 70; at 
fifteen feet, 1.65: at twenty feet, 1.55; and at thirty-five feet, 
0.84. These assimilatian numbers are considerably lm~er than the 
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ones calculated for Stony Point Bay periphyton in 1966. The differences 
are probably due to the change in methodology employed in the deter
mination of photosynthetic rate. The 1967 mean values represent many 
more analyses than were run in 1966, and are therefore considered 
to be more accurate. 

The apparent decreased efficiency in photosynthesis with in
creaslng depth may be due to adaptation to both temperature and 
light intensity. It has been shmm that temperature decreased Hlth 
depth; therefore, the organisms gn:)\.!ll in the shallow, "armer ~~ater 
would be more apt to function at a more rapid rate at the test tem
perature (200 C.) than those grO\~n in deep, colder water. Average 
light intensity has aLso been shown to decrease as depth increases 
in the bay. The average intensities at fifteen, twenty and thirty
five feet were lawer than in the standard test procedure; the samples 
from these depths, then, \Vould not be as accustomed to the test 
intensity as those taken from the shallaw depths. In order to further 
determine the magnitude of variabl llity i.n the relationship between 
pigment concentrations and photosynthetic rate, a correlation coef
ficient vlas calculated for these t,~o ;'ilrametcrs uf I'r~dl1cti.vi ty. 
The cClrrelation cOf>fficient Jor the combi.ned data for all depths 
was 0.573 (P"O.OOl), indicatin;~ a rathc'r weak positive c()rrelation. 

Correlation coefficient were als() calcuLated for totlll counts 
and photosynthetic rate for each sampling depth, to test the seasona 
variation in this relationship. Regression lines were also constructed 
as a means for estimating production rates from numbers of organisms. 
The regression lines, correlation coefficients (r), and probability 
values (P) are shown in Flgures 46 through 51. The cor[(~lations 
were positive at all depths, but were rather poor except fur the 
thirty-five foot samples. The data [or the fifteen foot samples 
produced the lowest coefficient (r"0.249, 1'''0.10); the two measurements 
correlated best at thirty-five feet (r=0.844, P-0.(01). Generally 
speaking, one could not expect very accurate predictions uf production 
rates based on enumeration of organisms, even when the sampling depth 
is known. If the depth were not known, such a prediction would not 
be at all advisable. The relationship between pigments and counts, 
and between photosynthesis and counts are apparently variable with 
respect to time. There are obvious differences in the relationships 
in terms of the depth at which the organisms grew. These statements 
should not imply that the differences occur randomly; work pprformed 
in 1968 has shown that these differences may be ascribed to environ
mental factors. As will be seen in a following section, measurements 
made under standard laboratory conditions may be adjusted to account 
for existing environmental conditi at the time of sampling. 

The 1967 photosynthesis data are presented in several ways in 
Table XI. The average net photosynthetic rate for periphyton samples 
from all depths was 17.3 microliters of oxygen evolved per hour per 
square centimeter of rock surface. The ratio of gross photusynthesls 
to respiration ranged from 2.96 for samples from a depth of fifteen 
feet to 3.46 for samples [rom five feet, and averaged 3.l7. The 
photosynthetic rates \Vere converted t net daiiy production values, 
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TABLE XI 

PHOTOSYNTHESIS DATA FOR PEnIPHYTON SAHPLED AT 

DIFFERENT DEPTHS, STONY POINT DAY, 1967 


RUN AT 20oC. 1500 FOOT-CANDLES 


Sampling depth in feet 

2.5 5 10 15 20 35 11ean 

Gross photo
synthesis 


ul 02/cm2/hr +44.6 +31.8 +23.0 +17.2 +19.2 +15.3 +25.2 

Respiration 

2
ul 02/cm /hr -13.9 -9.2 -7.6 -5.8 -5.7 -5.1 -7.9 

Net photo
synthesis 


2
ul 02/cm /hr +30.7 +22.6 +15.4 +11.4 +13.5 +10.2 +17.3 

P/R 3.21 3.46 3.03 2.96 3.36 3.00 3. 17 

Net production 

Grams carbo~ 
fixed per N 
per day 1.79 1.36 0.87 0.63 0.81 0.57 1.01 

Grams (as G~U-
case) per l1 
per day 5.96 4.53 2.90 2.10 2.70 1.90 3.35 
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as carbon fixed per unit area and as glucose produced per unit area. 
Net production in terms of carbon fixed varied from 0.57 grams per 
square meter per day at thirty-five feet to 1.79 grams per square 
meter per day at 2.5 feet; the average value was 1.01. The mean 
production rate (as glucose) for all depths was 3.35 grams per square 
meter per day. For the purpose of calculating mean production rates 
for the entire bay, it was decided that the data for each of the 
sampling depths would apply to a strip of the bay as wide as half 
the distance to the next shallower sampling point plus half the dis
tance to the next deeper sampling point. Since the sampling area 
was pie-shaped, and since the sampling points were progressively 
further apart toward the deeper water (see Figure 2), the area 
corresponding to each sampling depth was virtually the same size; 
therefore, each production value was given equal weight in the deter
mination of the mean. All of the net photosynthesis data was cal
culated on the basis of a fifteen-hour day, and takes into account 
daytime and nighttime respiration. 

The production rates calculated for Stony Point Bay in 1967 may 
be compared with those reported for other periphyton commun i.t ies and 
certain phytoplankton communities. In making such comparisons it 
is realized that the methodology varies in each investigation and 
that differences or similarities may often be attributed to method
ology. The average rate of carbon fixation by Stony Point Bay peri
phyton, 1.01 grams/M2/day, compares rather well with the value reported 
for the periphyton of the Logan River in Utah (0.6 grams/M2/day) by 
McConnell and Sigler (1959). Kobayasi (1961) found a production rate 
of 0.33 grams of carbon fixed/M2 /day in the natural epilithic peri
phyton of the Arakawa River in Japan. In both of these investigations, 
the light and dark bottle oxygen technique was used, possibly 
producing lower results than would be obtained with a manometric 
method. In addition, incubation of samples by Kobayasi and by 
McConnell and Sigler was accomplished by submerging the bottles in 
water at approximately 11° C., considerably lower than the test 
temperature (200 C.) used in the Stony Point Bay study. On this 
basis, one might logically invoke Van't Hoff's law, namely, that the 
reaction rate doubles for each 100 C. increase In temperature, and 
raise the Logan River value to 1.2 and the Arakawa River value to 
0.66. The nutrient cancentrations in the two rivers were quite low, 
as are those found in Lake Superior. Wetzel (1963) has reported a 
mean production value of 0.73 grams of carbon fixed/M2/day for the 
periphyton of Borax Lake, in California. The actual production 
rates in the four periphyton communities compared above are probably 
very similar. 

Carbon fixation rates for communities other than perl.phyton 
are quite variable and include a wide range of reported values. 
For instance, Odum (1957) has shmm the producti.on rates in eleven 
Florida springs, including the plankton a~d the periphyton, to range 
from 0.17 to 18.1 grams of carbon fLxed/M /day. A value of 0.49 
grams of carbon fixed/M2/day for the phytoplankton of vJeber Lake, 
in WLsconsin, has been reported by Manning and Juday (1941). Hogetsu 
and Ichil,mra (1954) determined the mean product Lon rate for the phyto
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plankton of Japan's Lake Suwa to be 0.44 grams of carbon fixed/M2/day. 
Data provided by Olson and Putnam (1961) show that the phytoplankton 
of Lake Superior at Larsmont, not far from Stony Point Bay, fix an 
average of 0.17 grams of carbon per square meter per day during the 
summer months. Based on this result, it is concluded that the peri
phyton of Stony Point Bay can produce five to six times as much 
organic matter as the phytoplankton in the area within one-half 
mi Ie of shore. 

In 196/, the periphyton of Stony Point Bay contained 0.097 
grams of chlorophyll per square meter of rock surface. This value 
is lower than the mean yearly chlorophyll concentration in the peri
phyton of the Logan River (0.30 grams/M2 ) as measured by McConnell 
and Sigler (1959), and somewhat higher than the 0.040 grams/M2 

reported by Kobayasi (1961) for the Arakawa River periphyton. The 
periphyton growing in the Arakawa River at the time of Kobayasi' s 
investigation was made up primarily of diatoms. Wetzel (1963) 
found the mean concentration of chlorophyll in the periphyton of 
Borax Lake to be 0.32 2rams/M2. Values ranging from 0.43 to 2.01 
grams of chlorophyll/M in laboratory streams have been recorded as 
the communi.ties changed from those dominated by diatoms to those 
dominated by Phormidium (McIntire and Phinney, 1965). 

According to Odum (1959), Gessner has stated that the chlorophyll 
of diverse communities develops in very similar amounts on a square 
meter basi_s, thus providing an example of "community homeostasis." 
In light of this contention, it is interesting to compare the chloro
phyll eoncentration of Stony Point Bay periphyton (0.097 grams per 
M2) with the concentrations in phytoplankton communities. The con
centration af chlorophyll In Lake Superior phytoplankton at the Lars
mont station during the summer of 1961 averaged 0.017 grams/M2 

(calculated from data presented by Putnam and Olson, 1961). Accord
ing to Hogetsu and I ch imura (1954), the phytoplankton of Lake Suwa 
also supported less chlorophyll (0.066 grams per M2) than Stony Point 
Bay periphyton. H:Jwever, a much higher value, 0.27 grams/M2 , has 
been reported for the Gerlache Straits of Antarctica by Burkholder 
and Sieburth (1961). 

Very 1ittle information is available regarding assimilation 
values for periphyton communities. The mean assimilation value for 
Stony Point Bay periphyton was 1.4 grams of carbon fixed per hour 
per gram of chlorophyll, according to the 1967 data. This figure 
compares well with those reported for the epilithic periphyton of 
the Arakawa River by Kobayasi (1961). When measured at a light 
intensity of 30,000 lux (2778 foot-candles), the organisms fixed 
0.75 grams of carbon/hour/gram of chlorophyll at 12 0 C. and 1.9 
grams of carbon/hour/gram of chhrophyll at 260 C. McConnell and 
Sigler (1959) report an assimilation value of 0.75 grams of carbon 
fixed/hour/gram of chlorophyll in the peri.phyton of the Logan River. 
These figures agree very well with the assimilatIon value calculated 
for Stony Point Bay periphyton under the test conditions. Since 
certain accessory pigments have been shown to be active in photo
synthesis, an assimilation value based on total pigments should be 
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calculated for all communities studied, so that the photosynthetic 
efficiencies of diverse communities can be more accurately compared 
in the future. For the periphyton of Stony Point Bay this value 
would be 1.12 grams of carbon fixed/hour/gram of total pigment. 

It is difficult to compare the weights of Stony Point Bay 
periphyton with weights reported for other periphyton communities 
because most other investigations have involved the use of suspended 
glass slides for the accumulation of organisms. Periphytic com
munities developing on these slides do not contain the significant 
amounts of sand and clay that are found in natural communities. 
The periphyton developing on glass plates in several freshwater lakes 
in Washington produce an average dry weight of only 0.15 grams per 
square meter, compared to 156 grams per square meter for Stony Point 
Bay periphyton. Corresponding organic weights were 0.015 and 12 
grams per square meter. The organic weight of the material in the 
Washington lakes was 34 per cent of the dry weight, while the organic 
weight of the Stony Point Bay periphyton was only 7.7 per cent of 
the dry weight; this discrepancy emphasizes the fact that natura 
communities contain large amounts of sand. Newcombe (1950) reports 
that the periphyton developing on glass slides in Sodon Lake, Michigan, 
produced dry weights ranging from 0.5 to 2.0 grams/M2 and ash-free 
dry weights varying between 0.16 and 0.95 grams/M2 (32 to 49 per cent). 
The average dry weight of the natural epilithic community in the Logan 
River was shown to be 25 grams/M2 (McConnell and Sigler, 1959), 
while the periphyton community of Sedlice Reservoir, in Czechoslovakia, 
weighed 15.9 grams/M2 (Sladecek and Sladeckova, 1963). According to 
Atkins and Parke (1951), the chlorophyll of many marine algae makes 
up from 2.3 to 2.9 per cent of the organic weight. The chlorophyll 
of Stony Point Bay periphyton accounts for only 0.8 per cent of the 
organic weight. 

Considering the data as a whole, the periphyton of Stony Point 
Bay as measured by several parameters seems to be indicative of an 
oligotrophic situation. The pigment ratios indicate a community 
dominated by diatoms. The measures of biomass show that the growths 
are of average magnitude when compared with the communities of other 
bodies of relatively clean water. The production rate in the bay, 
based on photosynthetic activity, is also similar to the rates ex
hibited by the periphyton of mountain streams, springs and other 
cold lakes. 

Periphyton Occurring as Regrowth, Stony Point ]!y 

From July 31 to November 9, 1967, a study to determine the rate 
of establishment of periphyton organisms on denuded, autoclaved rocks 
was conducted in Stony Point Bay. In the course of the study, eighty
four rocks were recovered from the three stations where they had been 
placed on July 31. These stations were at depths of ten, twenty and 
thirty-five feet. Selected "incubation times" ranged from eight hours 
to 101 days. On the final sampling day, November 9, samples were 
collected only at the thirty-five foot depth, because the marker 
buoys for the other two stations had been dislodged by a storm. 
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The amounts of chlorophylls ~, £, and.£ per uni_t area of rock sur
face at each sampling time are presented in Figures 52 through 54. In 
general, the chlorophyll concentrations increased continually during 
the study period, rising to a maximum at all three depths on September 
15. the last day on t~hich all depths Ivere sampled. On any given day, 

the amount of chlorophyll per unit area was found to be about equal at 

the three depths. At the ten foot depth, chlorophyll a increased from 

0.004 milligrams per 100 square centimeters to 0,165 mi'"lligrams per 100 
square centimeters during the forty-six day period, chlorophyll ~ 
concentration at twenty feet began at 0.004 mg /100 and rose t 

20.213 mg./IOO cm , while at thirty-five feet, the concentration in
2 2creased from 0.003 mg./lOO cm to D.lU5 mg./IOO cm The concentration 

of chlo~ophyll ~ at the thirty-five foot depth had dropped to 0.108 mg. 
/100 cm by November 9 (101 days). The only other depression 8ccurred 
on August 28, and was apparent [n both the ten and thirty-five foot 
samples. 

Chlorophyll chlorophyll and non-astacLn cClroten:lids were 
present in about same relative amounts as in the nat rally occur
ring periphyton of Stony Point Bay, indicClting that the Rame types of 
organisms were present. All of the igment grmlJ's i.ncrea~ed ~J ith time 
except the in carotenoLds, which varied between O.Oll2 and 0 OIS 
MSPU/lOO at all three depths and as 10t,1 on Septemher 15 as 
they were on August 4 (0.O()4 HSPU/lOl The varyi_np, astac in 
carotenoid concentrations are probably indicative of the presence of 
i_nconsistent numbers of Cladocerans in association with the attached 
algae. The ratio of chlorophyll to chlorophyl I ~ varied widely 
during the samplcng period, occasl.onally exceeding unitv wh('n the 
total concentrations I,/ere very low. On the other hand, the i_ncrease 
in the concentration of non-ilstac'n carotenoids during the summer 
closely paralleled that of the chloropllyll ~ concentration- the r:Hio 
of non-astacin carotenoids to chlorophy ~ did not vary significantly 
from 0.360 at ten feet. 0.312 at tlvCl1ty feet_ and ll.3\)2 at thirty-
five feet. Chlorophyll E. concentratiims remained qlll 1"14 thnlllgh"ut 
the peri.od, reaching a maximum ()f 0.035 IItf" pC'r lOll al the t,",('ntv 
foot dcpth on August 28. Since the chlorc;phyl b conc[]nt:riltiot1 
also peaked on the same date at the other samp] i;:;-g depths, it ,1J1pears 
that the relati_ve number of (',recn ill in the regrowth material 
reached a maxi_mum on that date. 

1)hen the total chlorophyll concentrati.ons oblained on the last 
regular day of samplLng (S('ptember 15) are divided by thel.r "incuba:, l(1n" 
time (forty-si_x days), daily producti.cm L1tes are pr<Hluecd. The dill I 
rates for accumulation of chlorophyll ilt ten, twenty and tiJirt'l-five 
feet are 0.00046, 0.00Ub9, and O. ,',rams per square meter J1(.r 
day. No other investigations have been encountered in ,,,ili.ch the 
measurement of chlorophyll has been empLlyed to determine the rate of 
periphyton accumulation on a natural substrate in the lentic situation 
However, "hile observing the grOl,/th of periphyton ()n concrete cvllnders 
in a river, Waters (1962) found that three to eLght ,,'ere required 
for the chlorophyll concpntration to reach a maximum level. Past 
that poi.nt, seasonal variations were shOl"n, 
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TABLE XII 

DRY .AND ASH-PIllE DRY WEIGHTS OF PEnIPHYTON OCCURRING 
AS REGl101-J'rIi, '::;TO;JY POIN'l' BAY, LAlCE SUPERIon, 1967 
MILLIGRAJ.1S PER SQUARE CENTnmTER OF ROCK SURFACE 

The total dry weights and ash-free dry weights of the regrowth 
periphyton are shown in Table XII. The weights generally increased 
during the regrowth period at all depths. The daily production rate 
in terms of total dry wei~ht at ten feet was 5.76 grams/M2/day; at 
twenty feet, 2.26 grams/M /day; and at thirty-five feet, 2.77 grams/ 
M2/day. Comparable figures for the rate of ash-free dry weight 
production are 0.09, 0.05, and 0.06 grams/M2/day. It is believed 
that the varying types of rocks which made up the substrata did not 
affect the growth of periphyton in any \vay. All rocks "incubated" 
for a given length of time at a certain depth supported approximately 
equal amounts of biomass per unit surface area. 

Several investigators have reported the rate of increase in 
organic weight as periphyton accumulated on glass slides or plates. 
For instance, Kevern ~~. (1966) have shown that the communities 
colonizing plexiglass plates in their laboratory streams produced an 
average of 0.6 grams of organic matter per square meter per day. In 
their study of the Red Cedar River, in Michigan, King and Ball (1966) 
found that growth on plexiglass plates amounted to about 0.3 grams 
per square meter per day. Using glass slides as a substrate, Casten
holz (1960) reported production rates up to 0.5 grams of organic weight 
per square meter per day for lakes in the state of Washington. He 
believed that glass was not too selective as a substrate for growth 
of periphyton and that submergence for two weeks was sufficient for 
the determination of production rates. Foerster and Schlicting (1965), 
on the other hand, working with glass slides, stated that "the artifici
al surface gave a false impression of the productivity trends and 
indicated only some of the significant genera present in the eco
system." Thus, in spite of the fact that in general, one might expect 
that artificial media would result in lower production figures, the 
production rates reported for stream periphyton growing on artificial 
substrata are often higher than those for Stony Point Bay periphyton. 
The average increase in organic weight at the three sampling depths 
in the bay was 0.066 grams per square meter per day. It must be 
remembered, however, that the regrowth substrata were placed at depths 
of ten, twenty, and thirty-five feet in Lake Superior; the light 
intensities and temperatures at these depths were lower than those 
reported for streams in which production was very high. 

The ash-free dry weights of the Stony Point Bay regrowth were 
lower at twenty and thirty-five feet than at ten feet during the entire 
sampling period. Since the chlorophyll concentrations were of virtually 
the same magnitude at all depths, the amount of chlorophyll per unit 
of ash-free dry weight was higher at the twenty and thirty-five foot 
depths than at the ten foot depth. This difference occurred on nearly 
every sampling day. In order to test the significance of the chloro
phyll concentration as a measure of biomass accumulation, correlation 
coefficients were calculated for total chlorophyll and total numbers 
of organisms at each depth. The two parameters correlated very well, 
the coefficients ranging from +0.782 (P=0.02) at the thirty-five 
foot depth to +0.992 (P=O.OOl) at the twenty foot depth. The 
coefficient for the ten foot samples was +0.950 (P=O.OOl). Regression 
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Dry Height 

Depth in Feet 

Date 10 20 35 

7-31 0.68 0.28 0.62 

8-2 0.54 0.27 0.30 

8-4 1.65 0.80 0.59 

8-8 1.92 1.83 0.78 

8-14 5.03 6.96 5.36 

8-25 13.18 7.49 12.82 

8-28 16.53 11.71 6.10 

9-5 7.97 9.48 4.22 

9-15 26.49 10.41 12.75 

11-9 -1: if 7.02 

*No sample collected 

Ash-free Dry Ileight 

Depth in Feet 

Date 10 20 35 

7-31 0.06 0.02 0.04 

8-2 0.17 0.01 0.09 

8-4 0.23 0.18 0.17 

8-8 0.45 0.18 0.13 

8-14 0.64 0.57 0.54 

8-25 1.21 0.52 0.77 

8-28 0.49 0.37 0.26 

9-5 1.03 0.40 0.75 

9-15 0.43 0.24 0.29 

11-9 * oN 0.13 
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lines for the estimation of numbers of organisms from the regrowth ICXXl 
chlorophyll concentrations at each depth are shown in Figures 55 
through 57. Good correlation at each depth indicates that chlorophyll 
concentration is a good parameter of the biomass of periphyton as 
long as sampling is always done at the same depth. 1 

l.
The photosynthetic rates exhibited by the regrowth samples did ll> 

CL 
not increase smoothly on a unit area basis as did the pigment concentra

tions and weights (see Figure 58). For the first five days of in ~ 

cubation, no oxygen production could be demonstrated by use of the l( 


respirometer. However, on August 8, the photosynthetic rate for the 

ten foot sample was 5.54 microliters of oxygen per hour per square VI 


E
centimeter; for the twenty foot sample, 4.65 microliters/hour~cm2; VI + 1.5)9.566 x'cand for the thirty-five foot sample, 3.85 microliters/hour/cm • 

Q 

Corresponding ~alues for August 14 were 23.1, 19.5, and 21.1 micro ~ 
liters/hour/cm. After August 14, the rates decreased rather than o 
following the general pattern of increase exhibited by the parameters 
of biomass. The rates at ten, twenty, and thirt2-five feet on September 
15 were 14.8, 12.6, and 17.6 microliters/hour/em. Until August 14, 
the ten foot samples produced the highest photosynthetic rate; after 
that date, the thirty-five foot samples showed the greatest photosyn

o 0.25 0.50 0.75 1.00 
thetic activity. The photosynthetic rates, on a unit area basis, Mg Tolaf Chlorophyll per 100 cd
did not correlate well at all with total numbers of organisms. In 
fact, the correlation coefficients were negative at all depths, ranging 
from -0.213 (P=0.10) for the twenty foot samples to -0.791 (P=O.Ol) 
for the ten foot samples. 

When the photosynthetic rates were expressed as assimilation 
values rather than on a unit area basis, the inconsistency in photo
synthetic efficiency during the regrowth period became obvious. For 

TOOOexample, the assimilation value for the twenty foot sample on August 
8 was 3.01 grams of carbon fixed per hour per gram of chlorophyll; 
however, by August 14 the value had risen to 8.53 grams C/hour/gram 
of chlorophyll. The assimilation value returned to 3.04 grams C/ 1:hour/gram of chlorophyll on August 28, and then fell further to 2.06 t.. 750 y + 872~1l-5J xgrams C/hour per gram of chlorophyll on September IS. All of these l.

II> 
values are higher than those calculated for naturally occurring peri  CL 

phyton in Stony Point Bay in 1967, although by September IS the figures 1?are not significantly different. By comparing the highest total 
chlorophyll concentrations attained during the regrowth study (Septem >c 
ber IS) with the average concentration for the naturally occurring VI 
periphyton of Stony Point Bay, it is seen that the regrowth never E 
approached the natural level. At ten feet, the amount of chlorophyll .;:;III 

in the regrowth sample was only twenty-nine per cent of that present Q 

in the naturally occurring grm~th; corresponding figures for the twenty ~ 
and thirty-five foot depths are forty-two and twenty-seven per cent. 0 

However, the photosynthetic rate of the regrowth samples, on a unit 
area baSiS, reached ninety-nine per cent of the rate exhibited by the 
natural population at the ten foot level. At the twenty foot depth, I Ithe figure was 101 per cent, and at thirty-five feet, seventy-two b 

o 0.25 0.50 075per cent. It is not surprising that the regrowth population reacted lOO 
in a different manner to the test conditions than did the natural Mg Tolaf Chlorophyll per 100 cm2 
population. Waters (1961) states that developing populations cannot 
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be expected to reflect the same relationship to external factors as 
those which have long since reached a maximum level of biomass. That 
contention is strongly supported by the apparent discrepancy between 
the photosynthetic rates of natural and regrowth periphyton communities 
under the standard test conditions. 

Naturally Occurring Periphyton, North Stations 

The eleven north shore stations sampled during the summer of 
1967 are presented in Table XIII. The position of each of these samp
ling points in relation to one another along the north shore of Lake 
Superior is shown by Figure 59. Detailed sketch maps of each sampling 
area (Figures 60 through 70) are presented. Periphyton 
samples were taken from the standard depths at each station on two 
separate occasions. The organisms growing in these areas were studied 
primarily to determine whether there are significant local differences 
in the amount, type, and activity of the periphyton of Lake Superior's 
north shore. In other words, the study was conducted to test the 
hypothesis that the periphyton community of the prime sampling area, 
Stony Point Bay, was representative of a large segment of the western 
arm of the lake. The only data which are discussed in detail are 
those which appear to be unusual. 

The results of the north shore investigation are summarized in 
Table XIV. For the purpose of comparing the various periphyton 
communities, the average amount of total pigment from all depths on 
the two sampling days was calculated for each station. The individual 
concentrations of ch10rophy11s ~, £, and ~ at each sampling depth are 
presented in Figures 71 through 91. A c~~p1ete tabulation of all 
pigment concentrations at each station is shown in Table XV. 

~lile the mean dry and ash-free dry weights for each station 
are included in the summary table, the individual weights for each 
station are presented in Table XVI (dry weights) and Table XVII 
(ash-free dry weights). The average photosynthetic rate, on a unit 
area basis, at the 2.5 and twenty foot depths may also be seen in the 
summary table. The photosynthetic rates of individual samples are 
shown in Table XVIII. The water temperatures recorded 
while sampling the north shore stations are listed in Table XIX. 

The total pigment concentrations of north shore periphyton ranged 
from 0.338 milligrams per 100 square centimeters of rock surface at 
Sugar Loaf Cove to 3.590 milligrams per 100 square centimeters at 
Lester River. The mean for all of the stations was 1.363 milligrams 
of pigment/lOO cm2 . This value compares well with the average 
concentration of pigment in Stony Point Bay periphyton during the 
same summer (1.181 mg./lOO cm2). The area supporting the least 
extensive biomass, Sugar Loaf Cove, is the site of an extensive 
logging operation. The cove is often used as a storage area for 
floating logs; during such periods, the light intensity at the bottom 
of the cove is severely diminished. Low water temperature also 
limited the periphyton growth at Sugar Loaf Cove. Temperatures of 
5.50 C. at a depth of twenty feet and 7.00 C. at the surface were 
recorded on August 31. The ratio of chlorophyll .!?,/chlorophyll ~ in 
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TABLE XIII 

PERIPHYTON SAllPLING LOCATIONS ALONG ./
THE NORTH SHORE OF LAKE SUPERIOR 

OIWID 

"""" 

Distance from Lester 1Location River in miles ~ 
N '~'--------=-- !

w.'ff1SN()-i1#"~-~_~ 
1. Lester River 0 ~UUr~

.IYUI Ao\y ~ 

2. Knife River 1).8 ~ _-l;.1:'(£ 3UP£RJOR 

J. Burlington Bay 22.1 

4. Split Rock River Bay 39.4 ~ 20 
----l 

J1AnJT£ MUJ 

5. Beaver Bay 48.0 

6. No-Name Bay (near Little Harais) 5).9 

7. Sugar Loaf Cove 69.9 F1gure 59. Western Arm of Lake Superior ShowIng Relat1ve PosIt10ns of
North Shore Samp11ng Stat1ons. 

8. Tofte 78.8 

9. Lutsen 86.) 

10. Good Harbor Bay 100.9 
11. Grand Karais 106.9 

I~ 
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I------< II'
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t<': 
I~'~ 
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Figure 60. Lester R1ver Stat10n. Lake Super10r. 
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Figure 68. Lutsen Area, North Shore. Lake Superior. 
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Figure 71. Periphyton 
Chlorophyll Concentrations (per 
unit area) at Standard Depths, 
Lester River Station. Lake 
Superior, August 16. 1967. 
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TABLE XIV 


Sill1!'iARY OF RESULTS. NORTH SSO?3 STATIm:S. LAf3 SUPERIOR. 1967 


-i::"**
11ean Total Production P.ate 

Study Area Pigment Cone. * ChI. 1?/Q. 2.5 feet 20 feet 
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..... 
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Bay 

Grand Hnre.is 2.,(00 16.0 1.60 0.588 33·3 54.5 

Mean 	 1.,63 

*MgH1SPU/l00 cm'2------

**r-rg/cm2 
2***'rHeroli ters 02/ hour/ em 

*H'*15 feet 

000 ~ g g
o 0 0 f f ff~ >-j >-fc 0 .g .g .g.~ 'g. 'g 
~ ~ , ~ ; ~::: ::: ;::: 

-g 

rQ to'l" 10 1:1 

0 

0 

o v 
~ ~ Q
'0 	 ~ 0 

~ 0 ~ 

~ ~ ~ " " ~ C) ~ 

" 0 

o " 0 
~ '0 ~ ~o -x 

~ N 0 
~ 	 0V " ~ c 

e 

g ~ 

0 
~ § 	 g ~ 

0 	 0 0 

0 c 0 N 
0 	 N 
~ '" 	 " '" 

Q N :;) Q 
~ e-- 1.-'. 

..... ... '-r. 0 o N

::> v 0 o 0 o 0 ~ " " 

t
6 
-v 

0 

~ 

'\1 

~ 

2 
c 
0 " 'd,. 

~ 

~ 
I..J 
f-' 

12.7 

.-' I-'9 9 
~ ~ 
.j .g

€ ~ 
l() 1::1 

~ 

g J? 

N 0 

(J .s 

w 	 -:;> .po 

'" 

I-"9 
3, 
.g 

~ 
f;.> 

~ 

0

?J 

0:'1~ 
:v~ 
~~ 

~!~ 
W 

1.29 

- ~ 

~ 

~ 'S 

" 
0 

~ 

000 

~ ~ [ 
~ ~ § 
10 1e'1;1 

o 0 ~ 

"'" 0 ..,
,..... "" 'i) 

o 0 N 
o ~ 0 

U '..r. N 

~ ~ 

0

~ 0 

" 0 

c 
~ ~ ~ .;:0 "-, 

~ 

~ ~ ~ %i c 
w 

w v 
~ 

Q 

'0 
0 c 0 

N 
~ ~ 0 

~ 
rn 
N 

~'" ..., 
~~ 

0 
f-' t-J 'i;; 

N ~ ~,) ~ ~ ~~ 

';' w'" 

~ 

~ 


w 
c 

~ 
V 

'-' 
.;: 

~ 

0.390 

~ ~ ~ 
~ ~ ~ 
~ ~ '~ 
'i'> Itt I::. 

o 0 ~ 
.... >~ .. 

~ ~ VI .... 

" ~ ~ 
~ ~. o 

o 0 ~ 
...... N \n 

~ 	 ;:- ;0 ~ 

Q 	 o 0 

N ~ 

~ 

~ c 
c '" 

0 	 o 0 
C. 

" 

~ 	 0 .

0 

~ G. 

N ~ :3 

'i'" 0 

32.3 26.4 


! 
0 

i 

!.5 6 

~ t: 
t~ 

~ 
&: 

~ 0 

C ~ ~ :: 

0 " 0 c 
0 

~ 

:.:: 
';:! 

N 

0 

'" c, 



.01,0 .000 

,154 

.1)0 

Chlo!'0pbyll!}. .191, 	 .2)3 

.n60 

,000 .OlD 

.li}? .190 

1. 011 5 

,(>9) 

• nOi; 

• )1~9 


9-(-(,/ 


,t19 

.000 

.112 

.21)y 

.004 

,1)0 

.676 

,0)7 

.1('9 

.)81 

.027 

.Ot'9 

,01) 

.000 

• OJ.) 

.016 

.i?l, 

1.1,/0 

.1)0 

.)99 

.50) 

.519 

.O(lO .n):3 

.142 

.002 

.Otld 

.2it2: .841 

.1)1 

.007 ,031> 

,12? .)19 

.IHJ7 

.012 

.10.':1 

,013 .OW 

.li}9 

.11,1, 

,000 

.16', 

.(1) 

.ld5 

.1liO 

,1.29 .116 

,014 

.214 

contlnUl'iJ 

.011 

.04) 

.000 

.1),* 

.)61 

.000 

.217 

.017 

• (2) 

.155 

,600 

.167 

.02:3 

.275 

,112) 

,(lV) 

.025 

.31) 

.100 

.201 1.1()'/ 

.051.:;1., 

.100 

,218 

,235 

.242 

.OSl 

,080 

.006 .010 

.246 .Hn .511-2 

1.723 3.51) .)45 

.727 

.215 .71 1, .3/.2 .095 

,O?O .012 .042 .006 

.)<.:(' .879 1. 591 • ;1}0 
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.31/, 1.G55 2.517 1. 1/07 .355 

.i7c) .206 .159 .019 

.32'1 .2?5 .,)6, .070 

.007 .OG2 .046 

.157 ,1:21 .595 .140 

TABLE XVII 

2.5 35 

8 .. 16 

9-6 

9-5 

9-15 

1)-22 

9·' 

6-29 

9-7 

8-2.9 

9-14 

9·' 
9...14 

6-31 

9-7 

....31 

9c7 

6-31 

9-7 

8-31 

9-7 

8-31 

9-7 

2.5 

2.6 

2.8 

1.1 

7.7 

17.8 

4.8 

7.7 

4.5 

15.1 

4.5 

3.6 

2.0 

).5 

2.7 

4.1 

9.5 

8.9 

4.0 

B.I/ 

4.9 

2.1 

10,14'/.,76·5 

5. 0 5.4 11.6 	 1).9 9-6 

Knife ~ 

5.0 ).6 4.) 6.8 ')6.) 9-5 
1.1 	 9.83.5 J.' 35.8 9-15 

Burl1n,-.ton ~ 

).7 13.9 20.5 	 a~22 

9.5 )5.2 19.6 	 22.0 9-1 

~ .ill:.Y£L.lli:.z 

?t. 22.6 	 25.1 8-29 

9.6 13.8 9.7 	 14.4 111.9 9-7 

Bt::aver lilll. 

11.0 9.4 13.1 49·.8 

29.9 45.4 ,56.4 51.8 9-14 

~!dL!J: 

2.8 13.2 3.2 4.1 9-1 

J.J 5. , 3.5 

~~.2£ ~ovc 

1.9 1.'1 1·5 5.5 tl-Jl 

1.9 '.5 2.4 2.3 9-7 

Tortt:: 

4.J 3.6 )·9 2.6 e.4 8-31 

3.7 .4.9 10.5 2.6 14.4 

7.5 6.2 8.0 	 11.3 

13.5 7·5 2.5 9.6 9-7 

Hnrbar 

9.1 6.1 1'/.,5 	 16.7 15.1f B-)1 

9.1 6.2 19.4 	 11.1 9-7 

Grill)!.} 

19.) 12.9 22,2 28.6 5.8 

21.? 21.1 11. 9 21~. ? 7.S 

o. )8 

0.)4 

0.23 

1.0) 

1.39 

0.55 

0.50 

0.84 

0.76 

0~59 

0.27 

0.29 

0.4) 

0.76 

1.43 

0.53 

0.81 

0.65 

I'll vcr 

1.2} J.J) J.54 

1,25 C.91 0~95 

K.rllfe Rher 

o.?} 0.66 0.90 

0. 1,2 0.31 2.81 

Bl1r11T'1jl't~n 

1.4'1 1.95 

2.J~5 1.51+ 2.07 

~ ~£!l: 

o.!h 1.01, 2.05 

0.8? 2.1} 1,64 2.27 

B"ftver ~ 

O.A? 0.72 2.)2 1... 25 

2.62 4.07 :h75 ).55 

Q£u>. 

0.46 1.75 0.56 0.60 

0.52 O.M 0,(;9 

Lon.f 

0.14 0.42 0.60 0.94 

a.ltl 1.04 1.17 0.79 

'Tofte 

0.72 O.('f, 0.89 0.57 

0.B2 1.11, 1.80 

0.4? 1.22 

1.1:19 0.97 1.11., 0.)9 

EfI I!.!ll'.T'bor 

0.97 1.16 2.67 

0.ge 0.G7 :}.21 1.8, 

C:t:lJ"la Ntlruls 

1./)1 ).74 0.91 

1.90 1.76 2.7) 2.50 

1,88 

2.80 

).58 

1.24 

1.95 

0.91 

1.1) 

1.,'32 

0.)9 

0.55 

0.57 
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15 20 )50.) 2.5 

8-16 

9-5 

9_14 

8-22 

3-29 

9-7 

8-29 

9-14 

9-7 

9-7 

9-7 

B-)l 

9-7 

8_)1 

9-7 

18.7 )5.0 

16.5 

14.2 

,51.8 

16.0 19.1 

47.9 

14.,5 25.5 

15.9 

20. ) 

16.8 

19 • .l~ 

69.7 

15.6 22.8 

41.8 

28.i~ 106.7 

)B.2 

62.1 41,.1 

1).) 

nu::-J'np;t;o!'l ~ 

1)3.4 )5.8 

Rock lnver 

16.7 18.7 

J:)env<tr 

22.2 22~9 

No_NMIe' ~ 

~~ 

~ 

Lutsen 

Good Erl.l'oor ~ 

19.5 35.4 

Gre.nd r':arn1 s 

101.0 291;.5 

23.4 56. J 

22.9 

25.9 

14,6 

19.1 12,.) 

13.8 

22,.2 

105. ~ 

17.2 

16,8 

19.1 2it.l 

)9.2 7.5 

69.8 

8_16 

9-6 

9-5 

9-1) 

9-1 

8-29 

9-7 

8-29 

9~1t:. 

9-1 

9·11. 

B-Jl 

9-7 

8-;1 

9-7 

8-)1 

9-7 

8-31 

9-7 

9-7 

21.5 

23.0 

15.0 

15.5 

1).0 

13.0 

10.0 

8.0 

R.O 

12.5 

11.0 

1).0 

7.5 

11.0 

10.8 

12.5 

11.5 

11.5 

9.5 

10• .'.1 

15.0 

1).5 

1).0 

1).0 

10.0 

8.0 

B.o 

12.5 

11.0 

13·0 

7. 0 

7.5 

11.0 

10.5 

12.5 

1).0 

11.5 

11.5 

9.5 

10.5 

Ll'll$ter~ 

20.0 9.0 

21.0 20.0 11.0 

lmJ.fl! HX?.£!: 

Ii}.) 14.0 11.0 

14.5 14.0 B.O 

!JEX 
12.,5 12.0 10.0 

1).0 1).0 

§.Elli ~~ !lQl 

10.C 10.0 10.0 

$.0 7.0 6.5 

7.S 7.0 6.5 

12.5 12.5 12.) 

No_NI.\:"le ~ 

11,n 10.5 9.5 

13.0 13.0 13.0 

~r'(}fJf~ 

6.5 6,0 

7.,5 6.5 

11~0 9.5 9.5 

10.S 10.,5 9.5 

Lut.s('n 

12.5 12.0 11.:; 

17,..) 12.) 10.0 

Good 

11.0 9.0 e.5 

11.0 10,0 10.0 

~flurQ16 

9.0 9.0 

10.0 10~0 10.0 

6.0 

7.5 

1,.0 

10.0 

6.0 

5·5 

12..5 

9.5 

).) 

6.1 

9.6 

11.5 

10.0 

8.6 

9.5 

6.5 

9.2 

6.0

,.0 

5.5 

8.5 

10.0 

9.0 

7.8 

9.5 

9.0 

the periphyton in the cove, 0.liI3, indicated that d.latoms dominated 
that community to an even greater extent than in Stony Point Bay. 
Only two other sampling areas, Tofte and No-Name Bay, supported 
significantly less periphyton biamass than Stony Point Bay, as indi
cated by pigment concentrations. 

The pigment concentrations, on a unit area basis, were consider
ably higher at both Lester River and Grand Marais than at Stony Point 
Bay. In addition, a relatively high ratio of chlorophyll Q/chloro
phyll £ at these stations indicated the presence of a substantial 
percentage of green algae in the periphyton. The ratios of chloro
phyll Q/£ at Lester River (0.568) and Grand Marais (0.588) were much 
higher than the ratio at Stony Point Bay (0.366). Microscopic 
examination of samples revealed that the Lester River station was the 
only area which supported the growth of Cladophora, and that a rather 
heavy crop of Ulothrix was present at Grand Marais. Since only the 
Lester River and Grand Marais stations are near relatively large 
population centers, it is possible that local sewage effluents were 
partially responsible for the support of more extensive and more 
varied periphyton communities at these stations than in the other 
areas. The relatively high water temperature at the Lester RLver 
station probably contributed in large measure to the moderately heavy 
growth of Cladophora. According to Neil and Owen (1964), the growth 
of Cladophora has reached nuisance proportions in Lake Erie and 
Lake Ontario. The present study has shown that green algae are of 
minor importance in the periphyton communities of the western arm of 
Lake Superior. Even at the Lester River and Grand Marais stations, 
diatoms are the dominant algal type among the attached algae. 

The dry and ash-free dry weights of the north shore periphyton 
were quite variable. The number of samples taken was not sufficient 
to allow the correlation of the weights with other parameters of 
biomass. The samples from Beaver Bay contained small (ten to twenty 
microns) black magnetic particles which adhered to the periphyton 
mass on the rocks. Although the total pigment concentration, on a 
unit area basis, in the periphyton of Beaver Bay ,~as less than the 
average value for all the north shore stations, the dry weight was 
the highest encountered anY'~here. 

The gross production rates at the north shore stations, as 
measured by respirometry unuer standard condLtions, ,,,ere similar to 
those exhibited by the periphyton of Stony Point Bay. The average 
photosynthetic rate for organisms from a depth of 2.5 feet at all 
stations, 32.3 microliters af oxygen/hour/cmZ, was lower than that 
recorded at Stony Point Bay (44.6 microliters Oz/hour/cm2); however, 
the samples from a depth of twenty feet produced 26.4 microliters 
02/hour/cm2 , compared with 19.2 microHters 02/hour/cm2 for the 
twenty foot samples from Stony Point Bay. 

The types and numbers of orp,anisms compnsing the riphyton are 
not drastically different at any point alang the 107 mile segment of 
the north shore of Lake Superior. Stony Point Bay ~)Quld seem to 
qualify as a representative area for future study of the effects of 
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changes in water quality on the condition of this conununity in the 
westem arm of Lake Superior, 

IV. 1968 FINDINGS 

The amount of periphyton biomass along the north shore of Lake 
Superior was well documented by the 1967 data, and the relationships 
between some of the parameters used to measure the biomass were clari 
fied as a result of the 1967 investigation, However, several questions 
relating to the biodynamics of this conununity remained. 6 Since there 
seemed to be an inverse relationship between light intensity and the 
concentration of pi~nents in the organisms, it was necessary to deter
mine experimentally whether or not the concentrations would actually 
change if light intensity were altered. If such a change occurred, 
the rate of change could be measured. This factor is important in 
the consideration of the effects of varying turbidity in lake water 
on the photosynthetic activity of periphyton. 

Although photosynthetic rates for the periphyton had been 
determined in 1967, these measurements were made under standard 
conditions of light intenslty and temperature, and could not be applied 
directly to the community in the lake. It had been shown that 
the photosynthetic efficiency of the pigment unit under standard 
conditions depended on the depth from which the sample was taken. 
Therefore, in order to calculate the actual production rates under the 
variety of conditions to which the periphyton organisms are subjected, 
it was necessary to determine photosynthetic rates of periphyton in 
a crossed gradient of light intensity and temperature after the organ
i~ms had been "conditioned" to a particular set of conditions. Besides 
facilitating the adjustment of data collected under standard laboratory 
conditions in 1967, the 196B experiments produced basic information 
about the effects of environmental changes on the periphyton of western 
Lake Superior. 

Analysis of Test Conununities Water Chemistry 

l'eriphyton samples v;ere taken from Stony Point Bay during the 
SlIl1Uner of 1968 for "conditioninr;" in the laboratory. For the results 
of the experiments to be meaningful, it was imperative that the species 
composition of the samples remain constant throughout the summer. 
The periphyton organisms from a depth of 2.5 feet in Stony Point Bay, 
Hhere most of the samples were taken for incubation, were counted and 
identi fied on nine occasions during the summer of 1961:l. The results 
of those counts (Table XX) show that the species composition of the 
sample's remained quite constant during the period of testing. The 
relative numbers of the ten most predominant organisms did not vary 
si~ni.. ficantly. As in previous years, the conununity I~as dominated by 
Achnanthes microcephala, Synedra acus, and several species of Navicula. 

°Blodynamics is defined here as that combination of internal 
and external factors which governs the rate and efHciency of energy 
transfer through a biologica system. 

108 

TABtE XX 

TEN MOS1' COMMONLY 
STONY POINT BAY. 2. 

NUJ.1BER (1000 IS) PER SQUARE 

Date 
Organism 7-29 7-)1 8-6 8-8 8-12 8-14 8-20 8-27 9-5 

Synedra acus 

Aehnanthes microceohala 

Nav1o'l1a spp. 

Cy!llbella 5!'!'. 

Go",ohone'na spp. 

Synedra ulna 

Coeeonei5 5pp. 

Dentieula thennRliR 

Fraelleri. caoucin8. 

Amuhora ~ 

1.390 

81,6 

794 

166 

72 

13 

8 

6 

8 

2 

1,464 

890 

644 

120 

60 

6 

10 

6 

6 

1,080 

660 

684 

104 

66 

19 

12 

3 

5 

4 

1,440 

786 

794 

95 

58 

10 

14 

6 

4 

1,120 

8)2 

540 

144 

46 

16 

18 

2 

2 

1 

946 

786 

465 

i76 

40 

5 

12 

4 

2 

2 

858 

574 

480 

145 

58 

10 

14 

6 

6 

1 

880 

428 

386 

96 

42 

12 

8 

4 

5 

765 

460 

324 

92 

38 

9 

10 

4 

3 

TABtE XXI 


SUM!1ARY OF ;vATER C!!E:·!IST3Y, STONY POINT BAY. 1968 


D",tc 
lrnalysis 7-29 7-31 B-6 8-8 H-12 8-14 8-20 B-27 9-5 

Temperature (Degrees C.) 

PI! 

Hardness (mg!t as 

Alkalinity (m~IL as caco)) 

Dissolved solids (mg!t) 

Total Phosphorus (me!t) 

Nitrate Nitrogen (mg!L) 

DiSsolved Oxygen (mg!L) 

DiSsolved Oxygen (% sat.) 

Free Carbon dioxide (meIL) 

6.9 

7.76 

49.) 

43.) 

58.0 

<0.05 

0.118 

12.7 

105 

2.10 

6.7 

7.69 

47.5 

42.4 

56.0 

<0.05 

0.118 

12.5 

106 

2.20 

12.5 

7.88 

If9.7 

lf1.9 

52.2 

<0.05 

0.210 

11.) 

110 

1.)0 

1).2 

7.Bl, 

47.4 

42.4 

64.5 

<0.05 

0.135 

11.2 

107 

1.45 

B.2 

7.86 

49.4 

4).0 

66.5 

<0.05 

0.121 

12.4 

108 

1.62 

5.5 

7.85 

50.n 

If2.) 

68.6 

<0.05 

0.120 

12.6 

103 

1.70 

10.2 9.9 1).2 

8.07 8.15 7.88 

50.8 52.3 46.0 

1.[2.5 4).2 1-1-2.6 

60.6 56.4 53.7 

<0.05 <0.05 <0.05 

0.162 0.159 0.195 

10.9 11.3 10.5 

102 10) 104 

1.00 0.85 1.29 
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Thus it was concluded that, for practical purposes, results of 
experimentation at all times during the summer were comparable and 
that these results could be employed for adjustment of data collected 
in 1967. 

On one occasion, a sample was taken from Lake Superior near the 
mouth of the Lester River. The periphyton at this point included a 
large percentage of For the purpose of further estab
lishing the nature two communities used in the experiments, 
photosynthetic rates were determined for samples of each at a variety 
of temperatures (see Figure 92). There was no sharply defined optimum 
temperature for photosynthesis in either community; the photosynthetic 
rate for the Stony Point Bay samp le reached a plateau I.hich ranged 
from 200 to 2So C., while the optimum rate in the sample from the 
Lester River station was maintained from 200 to 30 0 C. 

Since water from Stony Point Bay was used as the medium for 
sustaining growth of periphyton in the incubators, it was necessary 
to show that the quality of the water did not change appreciably 
during the course of the experiments. The results of chemical analyses 
which were performed on the water during the summer are presented 
i,n Table XXI. Techniques described in Standard Methods for the 
Examination of \~ater \-Iastewater (A.P.R.A., 1965) were employed 
in the chemical analysis of water samples. It is apparent that the 
water quality did not change significantly throughout the period 
of experimentation. With this fact established, it was possible to 
determine experimentally the effects of short-term changes in light 
intensity and temperature on the productivity of Lake Superior peri 
phyton. 

Relationships Between Intensity and Chlorophyll Concentrations 

The first series of experiments was designed to demonstrate that 
the periphyton organisms of Stony Point Bay actually alter their 
concentration of chlorophyll in response to changes in light intensity, 
and to determine the rate at which such an alteration occurs. Six 
rocks supporting the growth of periphyton were taken from a depth of 
2.S feet in Stony Point Bay, whe~e the light intensity was about 
SOOO foot-candles at mid-day. Six rocks were also taken from a depth 
of thirty-five feet, where the light intensity was about 100 foot
candles. The amount of total chlorophyll per milligram of ash-free 
dry weight in the 2.S and thirty-five foot samples was shown to be 
0.00S71 milligrams and 0.00916 milligrams, respectively. Three of 
the rocks from 2.S feet were then incubated at a light intensity of 
eighty foot-candles and a temperature of 100 C. I·,hile the other 
three were incubated at 800 foot-candles and C. The rocks from 
the thirty-five foot depth were s{milarly divided and incubated under 
the same two sets of conditions. At two day intervals, a portion of 
the periphyton from each rock in each incubator was removed for 
pigment analysis. 

The results of the pigment analyses are presented in Figure 93. 
The amount of chlorophyll per unit of organic weight in the periphyton 
which had been accustomed to a light intensity of 5000 foot-candles, 

110 

20 

@ SPB 
.,... 

o Lester.!: 
Ol ·1~~::;0~0

L 'q; 15 
V ~ 
0. 


:>, 

L L 

6"0 /0 . \ 
.!: V 10 

(\JL---v 
0

I /0/ " 
~ 5 

Ol 
• / Rue ot 1500 1\-c @"", \oE 

o 5 15 20 25 30 35 40 45 
Temperature ( Centigrade) 

of roin t
Lf>stcr r;i"'ipr 

L 9V 
0. ..... 

(V) .!: 

'0 Ol 


-
V 

X 3 
:>, :>, 6 

L.!: 
0."0 
0 
L V 
0 V 

u 

L 

.!: 


.r::. 
I 3 

til0 .,... 0 

0 
.,... Ol 

Ol E 

::2 


0 

dry 

-----@ 

-0 

_---0 

@ 100 ft-c~ 80 1\-c } Change in light 
o 100 ft-c--;.800 ft-c 

i ntens i ty at
1;:; 5000 ft-c,-----? 80 ft-c, 

o 5000ft-c,--;.800 ft-c. time zero 

2 3 4 6 7 8 9 10 12 

Concentration (per unit ash-free 

III 

0 



_____ 

but incubated at only 80 foot-candles, began to increase within the L. 9first two-day period. The maximum level was reached within six days. It> 
0.

During the six-day period, the amount of chlorophyll in the periphyton 
("l 

..... 

..c:
increased at a rate of O.OOOtd mg./mg. of ash-free dry weight/day, or '0 .~ 
7.5 per cent/day. The final chlorophyll concentration was 45 per cent It> 

xhigher than the original level. On the other hand, when samples 3' 
accustomed to 5000 foot-candles were incubated for twelve days at >, >,6 
800 foot-candles, the amount of chlorophyll in the organisms was not ..c: L. 

0.-0altered. Apparently the light intensity must be reduced to some point 0 
L. It>below 800 foot-candles before the organisms respond by increasing It> 

their pigments. 0 
L. 

..c: 
v I 3The periphyton organisms accustomed to a light intensity of ..c: 

(/)

100 foot-candles, but incubated at 800 foot-candles, decreased the 0 
0..... 

amount of their total chlorophyll continually for an eight-day period. 0 OJ+'
The decrease averaged 0.Ouo5:! mg. of chlorophyll/mg. ash-free dry 01 E 
weight/day, or 12.7 per cent/day. The final chlorophyll concentration 2: 
was forty-nine per cent of the original value. The level of chloro
phyll in the samples which had been switched from 100 foot-candles 0 
to 80 foot-candles did not change appreciably during the t\~elve-day 

test period. 
Time in 

/\,1 teI'rd. 

Having established that a light intensity of less than 800 
foot-candles was required to stimulate the addition of chlorophyll 
in the algal cells of Stony Paint Bay periphyton, the next step was 
to determine the maximum intensi.ty at which such an addition would 
be induced. For this purpose, twelve periphytou samples were taken 
from Stony Point Bay at a point where the mid-day light intensity was 
825 foot-candles. The rocks were divided into groups of three, and the 
chlorophyll concentration pet unit of organic dry weight was deter
mined for each group. Each group of rocks was incubated at 100 C. , I-

but at a different light intensity (100, 250, 400 or 60U foot-candles). It> 9 
0. 

The amount of chlorophyll per unit of ash-free dry weight was determined ("l 
+' 
.c 

for each group of samples at two-day intervals (see Figure 94). The '0 01 

organisms which had been subjected to a reduction in light intensity It> 
x 3'[rom 825 foot-candles to 100 foot-candles increased the concentration 

of their chlorophyll by a total of fifty-five per cent during an eight >, >,6 
.cday period, after which the concentration remained unchanged for I
0.-0 

another four days. The daily rate of increase was approximately 0 
I- It>6.9 per cent. The samples whose light intensLty had been reduced 0 It> 

from 825 foot-candles to 250 foot-candles also increased their level ..c: l-

of chlorophyll, but to a lesser degree than did the samples incubated -Iv 
..c: 3 

at 100 foot-candles. In this case, the increase totaled thirty-six 0 (/) 

per cent, or 3.6 per cent per day over a ten-day period. The reduction .... 0 
0from 825 to 400 foot-candles brought about a total increase in chloro .... 01 

Ephyll of eighteen per cent over an eight-day peri.od, or 2.25 per cent 
per day. There was virtually no response to the decrease in light 
intensity from 825 to 600 foot-candles. 0 

These experiments indicate that the 1 ight intem;i ty must be 
reduced to a point somewhere between 400 and 600 ioot-candles free 
before "light-adapted" periphyton organisms wi 11 react by adding 
chlorophyll to tlH~ir cellular materi.al. Below 40() fOelt-candles, a 
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nearly linear, inverse relationship exists between light intensity and 
amount of chlorophyll per unit of organic weight after equilibrium 
has been reached. Up to this point in the experimentation, it had 
been shown only that separate "li.ght adapted" or "shade adapted" 
samples could be stimulated to increase or decrease their pigment 
concentration by changing the light intensity to whi.ch they were 
exposed. It was necessary to determine whether or not a single sample 
would respond to decreased light intensity and then to increased in
tensity. A sample was taken from sha llow water in Stony Point Bay 
(about 5000 ft-c. at mid-day) and placed in an incubator at a light 
intensity of eighty foot-candles. After twelve days, the light in
tensity was changed to 80U foot-candles. The amount of total chloro
phyll per unit of ash-free dry weight was determined every two days. 
Figure 95 shows that the chlorophyll concentration increased for about 
six days in response to the lowered light intensity, \'lhereupon the 
concentration remained at the same level for the next six days. When 
the light intensity was then increased from 80 to 800 foot-candles, 
the amount of pigment per unit of organic weight began to fall back 
toward the original level. A,ter eight days at the high light intensit~ 
the chlorophyll level had returned to a point only slightly higher 
than that maintained at an intensity of 5000 foot-candles. Thus it 
has been shown that the periphyton respond quite rapidly to changes 
in light intensity (between 80 and 800 foot-candles) with virtually 
no lag phase in the alteration of chlorophyll concentration. 

~~~~~~ ~tony Point ~ Experiment 

Six rocks supporting the growth of periphyton organisms were 
collected from a depth of 2.5 feet in Stony Point Bay, where the light 
intensity at the time of sampling was about 4000 foot-candles and 
the temperature 150 C. A portion of this non-conditioned periphyton 
was removed from each rock and combined for the determination of 
photosynthetic rate at 150 C. and nine light intensities. The rocks 
were then divided into two groups and placed in the incubators. One 
incubator was set at a temperature of 150 C. and light intensity of 
800 foot-candles; the other was set at 150 C. and 80 foot-candles. 
After seven days, the rocks were removed and the organisms tested 
for photosynthetic rate at 15° C. and nine light intensities. 
Fi.gure 96 shows that conditioning at 800 foot-candles did not alter 
the pattern of photosynthetic rate with respect to light intensity 
from that exhibited by the samples accustomed to 4000 foot-candles. 
However, the organisms conditioned at 80 foot-candles reach,d light 
saturation at a lower intensity than did the other samples. It 
may also be seen that the sample conditioned at 80 foot-candles 
produced a higher photosynthetic rate from 20 to 400 foot-candles 
than the other samples; on the other hand, the maximum rate for the 
"shade adapted" periphyton (80 ft-c.) was lower than that for the 
"light adapted" (800 and 4000 ft-c). 
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Conditioned Stony Point .!!.<!.y. Periphyton: Detailed Experiments 

Having shown that the periphyton organimsms would adapt to short 
term changes in light intensity, an experiment was designed to test 
for adaptation to combinations of light intensity and temperature. 
Twelve rocks supporting the growth of periphyton were taken from a 
depth of 2.5 feet in Stony Point Bay. The rocks were divided into 
groups of three and placed in the four incubators. One incubator 
was set at 20 0 C. and SOD foot-candles, one at 100 C. and 800 foot
candles, one at 20 0 C. and 80 foot-candles, and one at 
80 foot-candles. The samples were incubated in water from Stony 
Point Bay for ten days. At the end of the test period, the samples 
were removed and processed as usual. Pigment analyses were run on 
the four samples and reported in terms of amount of pigment per unit 
of ash-free dry weight. Aliquots of the same samples were used for 
the determination of gross photosynthetic rate in crossed gradients 
of light intensity and temperature. 

The results of the photosynthetic rate determinations are presented 
in Figures through 100. The same general pattern of "shade adapted" 
and "light adapted" photosynthetic rates seen in the pre 
experiment is exhibited, whether the rates were determined at 100 , 150, 
or 20 0 C. At these temperatures, the samples conditioned at 80 foot
candles produced more oxygen at the lower light intensities than 
did those conditioned at 800 foot-candles regardless of the conditioning 
temperature. The samples conditioned at 800 foot-candles, however, 
reached a higher maximum rate of photosynthesis at light saturation 
than did those conditioned at 80 foot-candles. Slight differences 

to 	temperature adaptation are also apparent in samples run at 
, 150, and 20 0 C. When run at 20 0 C. (Figure 97), the photosynthetic 

rate at light saturation was higher for those samples condit 
at 100 C. The reverse was true when the samples were run at 15~ C. 
(Figure 98) and 100 C. (Figure 99). When the photosynthetic rates 
were determined at 50 C. (Figure 100), adaptation to temperature 
was more evident than adaptation to light intensity. The samples 
conditioned at 100 C. produced the same light-saturated photosynthetic 
rate at 50 C. regardless of the light intensity to which they were 
accustomed. Both of the samples conditioned at 10 0 C. exhibited a 
higher photosynthetic rate at aLL light intensities than either of 
the samples conditioned at 20 0 C. The compensation point varied 
somewhat for the different samples, but usually fell between 80 and 
130 foot-candLes. S 

In order to illustrate another point, the same data were graphed 
in a different manner (Figures LOI through 104). These graphs show 
the effects of temperature on the production rates of each sample at 

8Compensation point is defined as the light intensi at which 
gross photosynthetic rate and respiration rate are equal 
photosynthetic rate = 0). 
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the various light intensities. It is apparent that the test temper
atures produced a wider spread in the photosynthetic rates in the 
samples incubated at 200 C. than in the ones incubated at 10° C. 
Samples conditioned at 200 C. produced more oxygen when run at 200 C. 
and less when run at 50 C. than those conditioned at 100 C. This 
point is emphasized by the temperature coefficients (Q10) which 
were calculated for all of the samples (see Table XXII). QIO cal
culated for the temperature range of 50 C. to 200 C. for samples 
incubated at 20° C. and 800 foot-candles was about 2.0 at light 
saturation; the value for samples incubated at 200 and 80 foot
candles was about 2.5 at light saturation. In contrast, QlO for 
samples incubated at 100 C. and 800 foot-candles was approximately 
1.7 at light saturation, while the value for samples incubated at 
10° C. and 80 foot-candles was about 1.5. QlO was also calculated 
for all samples at all test light intensities for three int~rmediate 
temperature ranges (5°_100 C., 100-15° C., 15°-20° C.). These values 
are more variable than the ones calculated for the larger temperature 
range, especi.ally at the lower light intensities. 

Assimilation values were calculated for the four samples at all 
light intensities and temperatures (see Table XXIII). The assimilation 
values at all test light intensities are higher for samples incubated 
at 800 foot-candles than for those incubated at 80 foot-candles, 
regardless of temperature, even though the latter samples had more 
chlorophyll per unit weight. This fact confirms the suggestion, first 
made in 1966, that the chlorophyll unit becomes less efficient as 
an organism adds more chlorophyll to its cellular material • 

Following the conclusion of the experiment, the entire procedure 
was repeated, the only difference being that the samples were collected 
from a depth of thirty-five feet in Stony Point Bay instead of from 
2.5 feet. The purpose of the second experiment was to determine 
whether or not samples accustomed to relatively low light intensity 
and temperature would be affected by conditioning in the same manner 
as were those from an area of high light intensity and temperature. 
The results of the latter experiment are presented in Table XXIV • 
The photosynthetic rates measured in crossed gradients of light 
intensity and temperature indicate that the samples from thirty-five 
feet reacted to the conditioning in the same way as did the samples 
from 2.5 feet. 

In order to determine the effects of conditioning periphyton 
samples at intermediate light intensities, samples were collected 
from a depth fifteen feet in Stony Point Bay (825 foot-candles 
at mid~day; C.) and incubated for ten days at 100, 250, 400, 
and 600 foot-candles and a temperature of 150 C. Photosynthetic 
rates were then determined for the four samples at nine light 
intensities and four temperatures. The rates are presented in Table 
XXV. The "shade" reaction is obvious in the rates produced by the 
sample which had been incubated at 100 foot-candles, as light 
saturation is reached at 300-400 foot-candles. This type of reaction 
is still present, but less obviOUS, in the sample incubated at 250 
foot-candles. Light saturation in the sample incubated at 400 foot
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candles is reached at about 600 foot-candles. The curve produced 
by plotting photosynthetic rate against light intensity for the sample 
incubated at 600 foot-candles nearly paralleled that of the original 
lllight adapted" sample. 

Since the periphyton community at the Lester River station in 
Lake Superior was one of the f~~ which differed significantly from 
the community at Stony Point Bay, photosynthetic rates of a 
conditioned" sample from that station were determined in crossed 
gradients of light intensity and temperature. The temperature at the 
sampling point was 210 C., and the light intensity was about 4500 
foot-candles. The purpose was to see whether or not the rates for 
a community rich in would differ from those of the diatom 
community of Stony Point Bay. The results of this experiment are 
shown in Figure 105. The general magnitude of the photosynthetic 
rates, expressed as microliters of oxygen produced per milligram 
of ash-free dry weight, was very similar to that exhibited by the 
samples from Stony P~int Bay. The slope of the curves was typical 
of the "light adapted" react ion, and light saturat ion was reached 
at about 900 foot-candles. 

Photosynthetic Rates of Non-conditioned Stony Point ~ Periphyton 

Several samples of Stony Point Bay periphyton were collected 
from the six standard sampling depths during the summer of 1968 for 
analysis of photosynthetic rates at various light intensities. One 
such group of samples was taken on August 9, following a ten-day 
period of very clear weather. During that period, there was little 
wave action and very low turbidity in Stony Point Bay. The light 
intensities at the six standard depths when the samples were taken 
were as follows: 

2.5' - 5250 foot-candles 
5' - 4250 

10' - 2330 
15' 910 
20' 475 
35' 250 

The photosynthetic rates of these samples at nine light inten
sities are shown in Figure 106. There is little difference in the 
curves for the samples from 2.5, 5, 10, and 15 feet. These curves 
are typical of the "light adapted" reaction; light saturation was 
reached at about 600 foot-candles. The thirty-five foot sample 
produced photosynthetic rates which were typ ica 1 of the "shade 
adapted" reaction, reaching light saturation at about 400 foot
candles. At all intensities below 600 foot-candles, the thirty-
five foot sample produced more oxygen per unit of organic weight than 
the other samples. Above 600 foot-candles, however, it produced less 
than the others. A hint of the "shade" reaction was exhibited by the 
sample from twenty feet. 

Another group of samples was taken on August 22. During the 
period between August 13 and August 22, the weather was cloudy and 
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winds caused considerable wave action in Stony Point Bay Turbidity 
was relatively high. Light intensities at the standard depths when 
the samples were collected were as follows: 

2.5' - 2440 f08t-candles 
5' - 1250 

10' 950 
15' 325 
20' 225 
35' 105 

Photosynthetic rate curves for these samples were somewhat 
different than those for samples taken on Allgust 9 (see Figure 107) 
The 2.5, 5, and 10 foot samples still reacted as "light adapted" 
commllnities, However, the curves for sampLes Irom all three of rhe 
rema i.ning depths exh ib ited the "shade adapted" react i em, reach Lng 
Light saturation at about 300 to foot-candles The periphyton 
at fifteen and twenty foot depths in the bay were presumably cond it i.oned 
to lQl,ler 1 i.ght intens i ty dur i.ng the stormy per lod. These resu Its 
show that the adapta t ions wh ich l-iere i.nduced in the labora tory can 
occur naturally in the lake. 

Variation in Respirati::m Rate 

For the purpose of calculating daily net production rates from 
the 1967 periphyton data, it was .1ssumed that the respiration rate 
remained constant throughollt a t""enty-four hour period. Tc) test rh i s 
assumption, a sample from the 2.5 fOelt depth in Stony Point Bay was 
tested for respiration rate in the dark at hourly intervals for 
twenty-four hours, Nct photosyntht'lic ratc during alternate li.ght 
periods was also determined each hour, Gross photosynthetic rate 
was calculated from net photosynlhesi and respiration measurements 
The results of these hourly measurements are presented in F'gure 
108. The net photosynthetic rate remained qu i te constant during rhe 
entire t""enty-four hour period. However, the respiration rate and 
gross photosynthetic rate both decreased during the nighttime hours, 
reaching minimum valuE'S at about 4:0: 1 A.M Between l(l:()() P.M. 
and 7:00 A.M" the rates averaged lUl-Jer than the daytime readings 
by about 2,5 microliters of oxygen/hour/mg. f organic ""eight. The 
diurna reduction in respiration should be taken into account when 
net dai.ly production rates are calculated from in~:tantane")us rates 
determl.ned in the daytime. As il point of academic interest, this 
experiment demonstrated that gross photosynther rate should nor 
be measured in artificial light during the nighttime hours, because 
that rate is not a true reflecti.,m f plwtosynthc!';is in rhe daytime. 

On another occasiDn, the same ",xperiment was run using a sample 
Point Bay periphyton which had been incubated in constant 

foot-candles) for ten davs (see Figure 111'). In this 
cllse, no di.urnal vari.ation in respi ration rate app(,ar('d during the 
twenty-four hour period, It is assumed that the long per;C)d "r 
constant light destroyed the respiratory rhythm, 
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Alteration of Photosynthesis Data 

The photosynthesis data collected in 1967 under standard laboratory 
conditions will be useful in comparing the relative production rates 
of Lake Superior periphyton with those of communities in other bodies 
of water. If future tests on Lake Superior periphyton are run under 
the same standard conditions, the results can be used to detect changes 
in periphyton activity within the lake. However, if these data are 
to be viewed as a reflection of true production rates at different 
depths in the lake, alterations must be made to account for the effects 
of light intensity and temperature . 

The calculated average daily variation in light intensity at 
each of the standard depths during the summer of 1967 is shown in 
Figure 110. It is obvious that photosynthesis would occur at less 
than the light-saturated rate for a different length of time at each 
station. The light intensity data from Figure 110, the temperature 
data from Table X, and the production rate data from Tables XXIV and 
XXV have been employed in the conversion of the 1967 rates to those 
more nearly reflecting conditions in the lake. The result of each 
measurement made during the first two summers could be altered 
according to the prevailing conditions at the time of sampling; 
however, to provide an example of the conversion process, only the mean 
photosynthetic rates for 1967 will be altered. 

The mean gross photosynthetic rate of periphyton from the 2.5 
foot depth in Stony Point Bay was 44.6 microliters per hour per square 
centimeter of rock surface (from Table XI). The respiration rate was 
13.9 microliters/hour/cm2 • During thirteen daylight hours, the light 
intensity at the 2.5 foot depth was at the optimum level or above, 
so no correction is made for this factor during that period. However, 
the average temperature at 2.5 feet was 12.50 C. On the basis of the 
difference between photosynthetic rate at 20° C and 12.5° C. (inter
polated), from Table XXV, the rate for those thirteen hours should be 
reduced by eighteen per cent, to 38.6 microiiters/hour/cm2 . For 
two hours of daylight, both temperature and light intensity (average 
600 foot-candles) were below the optimum level. The difference between 
photosynthetic rate at 200 C. with light saturation, and photosynthetic 
rate at 12.50 C. with a light intensity of 600 foot-candles, requires 
a reduction of the measured rate by twenty-four per cent, to 33.9 
microliters/hour/cm2 • When these two figures are properly weighted, 
the hourly rate becomes 36.2 mlcroliters/hour/cm2 , or 543 microliters/

2cm for a fifteen hour day. 

The average 1967 respiration rate for the 2.5 foot samples should 
be reduced by seven per cent to account for the apparent nighttime 
variation. The rate must be further reduced by eighteen per cent of 
the original value to account for the difference in respiration 
rate at 200 C. and 12.50 C. Thus the value is converted to 10.0 
microliters/hour/cm2 • llilring a twenty-four hour day, the respiration 
amounts to 240 microliters/cm2 . Therefore, the resultant net photo
synthetic rate becomes 303 microliters/day/cm2 , which is gross photo
synthetic rate (543) minus respiration rate. This value is equal to 
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a production rate of 1.602 grams of carbon fixed per day per square 
meter. The true mean production rates for the other five sampling 
stations were computed in a similar manner, and are presented in 
Table XXVI. The amount of reduct ion, in terms 0 f per cent of the 
original value, increased considerably with increased sampling depth. 

The corrected photosynthesis data and the light intensity 
curves can also be used to determine the efficiency of energy 
utilization by the periphyton of Stony Point Bay during the summer 
of 1967. If the energy required to form a gram-molecule of glucose 
is taken to be 676,000 gram-calories and is accompanied by the lib
eration of 22.4 x 6 liters of oxygen, then one gram-calorie will 
produce 190 microliters of oxygen. Since the periphyton organisms 
cover the substrate completely, all of the radiation within the range 
of 380 to 720 millimicrons reaching a particular depth is available 
for use in photosynthesis. The light curves In Figure 110 are based 
on light reception by a selenium cell, which is sensitive only to 
light in the photosynthetic range (Jerlov, 1966). In that range, 
one foot-candle is equal to 0.00398 gram-calories/hour/cm2 (Strickland, 
1958). When this conversion has been made, efficiency of energy 
utilization may be calculated by the use of the following equation. 

(net microliters 02/day/cm2 ) (100) 
% eff. '" 

"":(-g-ra-m---c-a-=1-0-r-:-i-e-s"":/h=-0-u-r-l-:-c-m"""12""")---:(-=-1-=-5"'-)-(""'1:-:9=0) 

Energy reaching the floor of Stony Point Bay during the summer 
of 1967 averaged 6.65 gram-calories per hour of daylight per square 
centimeter. Since the average net production rate was 157 microliters 
of oxygen produced per day per square centimeter, the efficiency of 
energy utilization was 0.82 per cent. This value compares favorably 
with the efficiency factor (1%) calculated for phytoplankton in 
Lake Mendota, Wisconsin, by Juday (1940). On this basis, it is 
concluded that periphytic algae are capable of utilizing energy as 
efficiently as the free-floating forms. 

TABLE XXVI 

PERIPHYT0l7 PRODUC'l'I07;J TIJ\T::IS COIJi,Tl~TJ:<;D TO EXPECTED 

RATES Ulm::::n IHl.TUHAIJ CO HDI'rIO;'l'S, S'l'O~JY POriJ'l' BAY, 1967 


GRN';S CArmo:r PIXI~D PER DAY PEn SQUARE HETER 


Neasurcd value CalCUlated valuc 
under st::mdard * for avcrat:jc lake % 

Depth lab. conditions concli. tions reduction 

2.5' 1.79 1.60 10.6 

5 1.30 1.12 14.0 

10 0.96 0.73 16.6 

15 0.63 0.50 21.2 

20 0.81 0.58 28.0 

35 o. 0.17 70.2 

'i"Standard laboratory conditions ..lere 200 C and 1500 ft-c. 
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SUMMARY AND CONCLUSIONS 

A comprehensive project designed to measure productivity and 
explore the biodynamics of Lake Superior periphyton was carried out 
during the summers of 1966, 1967, and 1968. The biomass, community 
structure, and photosynthetic activity of epilithic periphyton from 
a representative area, Stony Point Bay, were determined by examination 
of a variety of parameters. Naturally occurring periphyton and 
regrowth organisms were studied. In addition, the attached communities 
of other north shore stations were examined, although to a lesser 
extent. Data reflecting the effects of certain environmental conditions 
on the productivity of periphyton were acquired in 1968 by laboratory 
experimentation. These data were employed in adjusting production 
rates which had been d~termined under standard laboratory conditions 
during the two previous summers. Some of the more important findings 
and conclusions are enumerated below. 

(1) 	Pigment concentrations show that the biomass of the periphyton 
of Lake Superior's north shore is similar in magnitude to 
other oligotrophic bodies of water. Total pigment concen
trations ranged from 0.338 to 3.59 milligrams per 100 square

2centimeters of rock surface, and averaged 1.36 mg./lOO cm . 
(2) 	Pigment ratios indicate most of the north shore periphyton 

to be dominated by organisms of the Division Chrysophyta. 
(3) 	Assimilation values for Stony Point Bay periphyton averaged 

1.48 	grams of carbon fixed per gram of chlorophyll in 1967. 
(4) 	The total standing crop of Stony Point Bay periphyton in 

terms of dry weight was 55.5 tons, or 156 grams per square 
meter in 1967. 

(5) 	Regrowth periphyton grew to only about one-third the biomass 
of naturally occurring periphyton in forty-six days. Chloro
phyll levels increased by an average of 0.00057 grams per 
square meter per day. 

(6) 	Net production by the periphyton in 1967 av2raged 1.01 grams 
C fixed/M2/day, or 3.35 grams glucose per M Iday. The ratio 
of gross photosynthesis to respiration averaged 3.17. 

(7) 	In water up to about forty feet deep in Lake Superior, peri 
phyton can be five to six times as important in primary 
production as the phytoplankton. 

(8) 	Laboratory experiments showed that alteration of light inten
sity (below 800 foot-candles) causes a rapid change in the 
chlorophyll content of the periphyton. The maximum rate of 
chlorophyll reduction in response to a substantial increase 
in light intensity was shown to be 12.7 per cent per day 
for eight days. The most rapid increase in chlorophyll 
concentration in response to a severe reduction in light 
intenSity was 7.5 per cent per day for six days. 

(9) 	Short-term "conditioning" of periphyton to different com
binations of light intensity and temperature caused a variety 
of responses when photosynthetic rate was measured in crossed 
gradients of light intensity and temperature. 
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(10) for conditioned samples at light saturation ranged from 
to 2.48. The compensation point varied from 80 to 

130 foot-candles. 
(11) 	Naturally occurring periphyton was shown to exhibit the 

typical "light-adapted" or "shade-adapted" photosynthetic 
reaction depending on the prevailing level of light intensity. 

(12) 	The efficiency of energy utilization by Stony Point Bay 
periphyton was found to be 0.82 per cent, a typical value 
for algal communities. 

It is believed that the periphyton community will be very useful 
in the future as an indicator of water quality, and that the data 
collected in the course of this investigation will provide a base
line for detecting the gradual advance of eutrophication in Lake 
Superior. 
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POSSIBLE FUTURE STUDIES 

(1) What role, if any, does the periphyton play in the transfer 
of energy to the second trophic level? Do any animals 
actually feed directly on Lake Superior periphyton?

(2) What is the general level and seasonal variation of phaeo
phytin in naturally occurring periphyton at various depths?

(3) What are the effects of increased nutrient concentrations 
and increased temperature on the periphyton of Lake Superior?

(4) Is periphyton a source of phytoplankton? 
(5)! 	 How much time is required for regrowth periphyton to reach 

the level of naturally occurring biomass? 
(6) What is the level of radioactivity in the periphyton mass? 

The answer to this question would be of interest if a 
nuclear power plant were constructed an the north shore 
of Lake Superior. 
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APPENDIX A 

STATISTICAL PROCEDURES 

The regression lines sho\m in the text 'l'Tere con

structed usinr; the least squares raethod as presented by 

Bnncrof~ (1965). Procedures for determining correlation 

coefficients V7ere derived from the same source. The 

coefficients (r) were calcUlated by use of the follow

ing formula: 
n2XY -2X 

l' :::: -:==============-------;:=====;:.========;::
Vn2X2 _ (2X)2 

In sorae cases, Y represents nwnbers of sms and X 

chlorophyll concentration. In other correl

atiol1s. Y represents photosynthetic rate. 'Nhilc X repre

sents nwnbers of organisms, The lines were constructed 

to predict Y frora X. The number of deter~inations (n) 

was seventeen for regular samples from 2.5. 5. 10, 15 

and 20 fect. The n value for the thirty-five foot ~am-

,';:.13 sixteen. For the regroHth study. n ,\'as nine for 

the ten and hrenty foot saLiples. snd, ten for the thirty

five foot samples. Probability values (p), which refer 

to the probability that r is different from zero. were 

determined from a correlation coefficient percentage 

pOint distribu~10n table (Deyer, 1966), 

In a re£:,ression line. Y :::: a + bX. 'l'There a 

is the Y intercept and b is the slope. To determine b 

from the data, the following formula was used: 
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n2XY -LX 
b :::----- 

yx n2:x2 _ { X)2 

To determine the value of a. the calculated value of 

b is placed in the equation 

Y :::: no. + b2X 

The calculated values of a and b are then inserted into 

the gcnernl formulc. Y :::: c. + bX. A Immm value of X is 

inserted into the fornula for the determination of the 

corl'csponcUne; Y. The regression line is drawn through 

the calculated Y and the Y intercept. 
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APPENDIX B 

SAMPLE CALCuLATIONS 

A. PIGI1ENT CONCENTRATIONS 

Given: 

Absorb,~nce at 	665 millimicrons = .345 

61~5 = .122 

6}0 .099 

510 = .111 


II:480 	 .356 

ChI Q (mg/L solvent) ::: 15.6D665 - 2.0D - O.8D ;
645 630 

.345 .122 .099 

xlS.6 x 2 x.8 

37jH2 - -:-i[j:"lj: - .792 '" If.. }l16 mg ChI .£/L solvent 


ChI l:. (mG/L solvent) ::: 25.4D645 .. 4.4D - 10. 3D : 
665 630 

.122 .345 .099 

x25. . 4· x 4. It x.!.2.::.} 

3.09IT8 - 1.5180 - 1.0197 ::: 0.5611 me ChI ElL solvent 


ChI c (i1SPu/L 	solvent) ::: 109D630 - 12.5D665 - 28.7D : 
645 

.099 .345 .122 
xl09 x12.j x28.7 

10.7910 - 4.3125 - 3.5014 = 2.8771 MSPU ChI £/L solvent 

D res· 510 = D510 - .0026Ca - .0035~ - .0021C ;o
4·346 .5611 2.8771 

x.0026 ~.0035 x.0021 
Dres· 510 ::: .1110 - .0113 - :oI9b - .0060 = .0741 

D .480res = D480 - .0019Ca - .0136~ - .0054Cc; 

4.346 .5611 2.8771 
x.0019 x. 012~ x.:.!2S!2.4 

D .480 = .3560 - :0082 - .007 _ .oolf a .~~Olres 	 ~ 
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Ast. Car. (MSPU/L solvent) = 2(4.45Dres,5l0 - ,480}Dres 

.0741 
x4 •.E:.,2

.329 - .3391 x 2 = Q tjSPU Ast. Car. /L 601vent 

Mg (I1SPU) pigment/L solvent 1000 x L aliquot 

Non-ast. Car. (MSPU/L solvent) = 
7.6(D ,480res - 1.49D ,5l0}res 

.0741 
xl. LI_~ 

.3391 - .103 - x 7.6 = 1. 7913 HSPU Non-ast. Car. /L 
solvent 

L solvent L samp1e 
x 

100 2 x 2 ::: Hg (NSPU) pi:;;ment/100 cm rock 
cm rock surface surfaoo 

B. Q10 Ci\LCULATION 

G1ven: 

Photosynthet1c rate at 10o C = 12.6 microliters 02 
per mg ash-free 
-dry ..wight 

o
Photosynthetic rate at 15 C = 16.4 microliters 02 

per mg ash-free 
dry weight 

Ql0 = (P2/Pl}10/tZ-t1 

Ql0 = (16.4/12.6)10/15-10 

~O = (1.3}Z 

o
Q10 =~ for the temperature range 10-15 
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