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App.lication of underwater light measurements in
nutrient and production studies in shallow rivers

S.‘ L. WONG, B. CLARK and D. S. PAINTER
Lzmr?ology and Toxicity Section, Ministry of the
Environment, Rexdale, Ontario

Summary

Due to fluctuations in water turbidity, river depth and
total reflection from one river section to another, plant
Praduction is poorly correlated to solar radiation
incident on the water surfuce. A relationship was
observed between daily relative photosynthesis and
photosynthetically available radiation (PAR) at the
plant depth for Cladophora, with a correlation
coefficient (r) of 0'73. Therefore, the effect of low
light levels can be compensated for when evaluating

}ziut;z'ent—growth relationships for Cladephora in the
eld.

Introduction

The photosynthesis of aquatic plants depends on
many factors and it is generally accepted that the
quantity of available light is an important rate-
determining factor (Ryther, 1956). The light energy
received by attached plants in rivers may not relate
to solar radiation incident at the water surface due
to extreme variation in water turbidity and, to a
lesser extent, plant depth and total reflection which
includes surface effects. Therefore, the largest
uncertainty in previous production studies was the
relationship between the rate of photosynthetic
oxygen production and solar radiation incident at
the water surface (Owens, Knowles & Clark, 1969).
Plotted on a log-log scale, oxygen production in the
River Ivel, England, varied widely on days when
low light energy was received at the water surface.
The large variation in response of the plants to low
light energy might be explained by changing tur-
bidity levels and/or water depth. A very small
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change in water turbidity with low light energy at
the water surface might greatly affect the light
received at the plant depth, but with increasing
light energy, light saturation levels are approached
or surpassed and fluctuation in water turbidity
would then have less effect. Thus, the importance
of correlating photosynthetic production to the
light energy received at the plant depth becomes
apparent.

This report discusses the relationships between
photosynthesis of Cladophora, solar radiation
incident at the water surface and light energy
at the plant depth, and describes the practical uses
of underwater light measurements in stream pro-
ductivity studies.

Methods

The study areas chosen from six rivers in south-
western Ontario, namely the Avon, Middle Mait-
land, Bayfield, Nith, Conestogo, and Thames have
been previously described (Wong & Clark, 1976).
Cladophora glomerata (L) Keutzing was the
dominant plant species appearing in the spring and
remaining until the water temperature exceeded
25°C: which occurred between late June and August
depending on the river. Cladophora glomeraia
attaches itself to the substrate and grows in long
flaments which are pressed against the bottom
by the water current, Therefore, the depth at which
the plants are growing is aseumed to be the mean
depth of the river. River sections were chosen with
reasonably uniform depth so that the mean depth
of the river would be an accurate plant depth for
the sections studied. The mean depth of & section
was calculated by dividing its volume by the surface
area. Volume was determined by multiplying the
flow rate by the time of travel. Flow rates were
obtained from previously derived stage-discharge
relationships.

Time of travel between stations was measured
with a dye tracer (Rhodamine WT) for a range of
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flows (Church & Kellerhals, 1970). The time of
travel for any given day could then be established
from its relationship to the flow. Surface area was
calculated from direct physical measurements of
stream length and width. Average width measure-
ments were related to flow so that any variation in
surface area as a result of changing flows could be
accounted for.

Solar radiation above the water surface was
measured in g cal/cm?. min with a Weather Measure
R401 Pyranometer (Weather Measure Corp., Sacra-
mento, California). The transmission of light
through the water column was measured at each
sampling station with an underwater quantum sensor
(LI-COR model 185, Lambda Instruments, Lincoln,
Nebraska). The light sensor, corrected for cosine
response, measures photosynthetically available
radiation (PAR) under the surface in the 400-
700 nm range. The quantum sensor units in
microeinsteins/m®.s can be converted to gram
calories assuming that 1 einstein/m?.day of visible
light (400-700 nm) corresponds to about 84x
102 g cal/cm?® min. (Withrow & Withrow, 19356).
This conversion to geal/cm?. min permits compari-
son of the daily underwater PAR with the above
surface pyranometer readings.

Triplicate light readings were taken at each
station at 10-cm intervals to the bottom. The
readings can be plotted on semi-log paper and the
line of best fit calculated or the values can be
averaged for each depth. The line is extrapolated
back to zero depth to derive the light energy
associated with 1009 of the subsurface PAR. The
vertical extinction coefficient (K.) and the depth
associated with 19, of the subsurface PAR (z19)
can be calculated from Lambert-Beer's Law using
the average reading from two depths.

In [t 1—ln*1 2

K. = 2 (1a)

Zg~Z1

where I1 is the light intensity at depth z; and I is
the light intensity at depth za.

For the special case that I is the subsurface
light intensity (100%) with a depth {z1) of zero and
Iy is the light intensity at the unknown depth
associated with 1%/ of the subsurface PAR Zy =
z1%, then equation (la) can be rearranged to
calculate this depth

Zyey = SAOVY At )

The depth associated with 1% of the subsurface

PAR will be used as an expression of water turbidity
(Chandler, 1942),

The light intensity was measured at intervals of
3 h at each sampling station. Every 3 h the available
light energy at the plant depth for a river section was
determined as an average of the upstream and
downstream measurements. Thus, plants growing
within the section are assumed to receive an amount
of light energy equivalent to the average of the
upstream and downsiream measurements. The
determination of PAR at the plant depth will be
discussed in detail in the results.

The gross community production was estimated
by the upstream-downstream diurnal curve method
described by Odum (1956) and Armstrong, Gloyna
& Copeland (1968). A continuous record of diurnal
oxygen fluctuation at upstream and downstream
stations was obtained using E.IL. oxygen meters
{Electronic Instruments Ltd, Richmond, Surrey,
England) coupled with Rustrak recorders {(Gulton
Industries, Manchester, New Hampshire, U.S.A.).
Production was measured for 3 consecutive days,
every other week, and the average production during
a 2-week period was used to evaluate the nutrient
effect on production.

The method of collecting and analysing plant
samples for nutrient content has been previocusly
described (Wong & Clark, 1976). River sections
were visited every 2 weeks and the average phos-
phorus content in the plant tissue was derived from
the values measured on two visits.

Results and Discussion

Turbidity fluctuation in rivers

Uniform vertical mixing of suspended solids was
verified as indicated by the linear plots of light
intensity against depth on semi-log graph paper.
Therefore, the flow rates of 0-8-8 m/s will maintain
uniform vertical mixing of suspended solids. Hori-
zontal transects also revealed adequate mixing of
turbidity except for short distances from each shore.
Thus, light extinction measurements from mid-
stream will represent the water turbidity of almost
the entire cross-section.

The water turbidity rarely remained constant
during the day at individual stations or from one
station to the next. Figure 1 illustrates the irregu-
larity of water turbidity observed between sampling
stations within a 1-5-kim stretch of river. Although
the river sections chosen were relatively free from the
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effects of effluent inflows and tributaries, the
fluctuation in turbidity at the downstream station
was highly susceptible to factors such as the filtering
mechanism of the aquatic vegetation, sedimentation
of suspended particles, water depth and occasionally
the scouring effect due to sudden changes in flow.
Because of the upstream-downstream variations in
turbidity and the daily fluctuation in turbidity,
the solar radiation incident at the water surface is
not proportional to the underwater light energy
reaching the plant depth. Therefore, many measure-
ments of extinction coefficients at both upstream
and downstream stations during the day are
necessary to accurately modify the solar radiation
at the water surface. However, the measurement of
extinction coefficients with the quantum Sensor will
mean that the underwater light energy has been
directly measured and the PAR at the plant depth
can be calculated as described in the following
section,

Determination of PAR at the plant depth

The mean depth, or plant depth, of the reach may
vary during the course of extended production
studies. The mean depth (reach volume divided by
surface area) is a function of volume and therefore
flow. Until the relationship between flow and mean
depth has been determined, the measurement of the
tight energy at the mean plant depth for the reach is

33
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not possiblg. The following methods will allow both
the determination of mean depth and the light
energy associated with it after the field studi
been concluded. fos have
Thg light data collected from six rivers were used
to venfy the relationships between vertical extinction
coeﬁigenx, percentage subsurface light and depth as
descz:zbed 'by Vollenweider (1955). The theoretical
relationships expressed in the nomograph (Fig. 2)

o, Subsurface Light
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Fig. 2. Nomograph showing the relationship between depth,
percent surface light and the vertical extinction eoefficient.

can be applied in our rivers since uniform vertical
mixing wilt be maintained by the flow. For any
given extinction coefficient, the depth associated
with 1% of the subsurface light and the percentage
light transmission at various depths can be read from
the nomograph. The percentage of subsurface light
will be pmportiona! to the actual quantity of light
energy for different depths at any given time. There-
fore, the light energy at the plant depth can be
computed by determining the percentage of sub-
surface light received at that depth, and relating
it to the actual quantity of light energy measured at
any given depth.

Depending 01 the circumstances, there are
various methods which may be used in working up
the field data to determine the light energy at the
plant depth. The light profiles at each station may
include the actual measured light energy at the plant
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depth if the light profile was done to sufficient depths.
Often, however, the light profile does not include
measurements at the plant depth. In this case the
nomograph may be used to calculate the actual light
intensity at the plant depth. The vertical extinction
coefficient is calculated (i.e. 1-53) as described in the
methods. The line joining the 1009 subsurface light
energy with the calculated vertical extinction co-
efficient is then used to calculate the percentage light
at the plant depth (line A Fig. 2). For instance if the
plant depth is 1 m, then using line A, the subsurface
light energy at I m is 23% (Point B, Fig. 2). If the
actual light energy at 0-5 m was 1-0 g caljcm?®. min,
using line A, we also know that that amount of
light energy corresponds to 47%, of the subsurface
light energy (Point C, Fig. 2). Therefore the actual
amount of light energy at 1-0m is 23/47x10 =
0-49 g cal/em® min. The actual amount of light
energy at the plant depth should be calculated for
each station every 2-3 h. The upstream and down-
stream light energy values are averaged and plotted
against time. The daily light energy for the reach at
the plant depth is the graphic integration of these
values. For example, Fig. 3 compares the solar
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Figt 3: Incident solar radiation and photosynthetically active
radiation at the plant depth in geal/cm®. min plotted against
time.

radiation at the water surface and the calculated
light energy at the plant depth for a particular day on
the Conestogo River. This again iflustrates the point
that PAR at the plant depth is not proportienal to
the solar radiation incident at the water surface due
to changing turbidity levels.

Not only do varying water turbidity levels affect
the transmission of light through the water column

but a percentage is lost at the surface due to© total
reflection. Previous studies have applied a comnstant
to account for back reflection, ie. 3-0-555%,
Sauberer & Eckel (1938); 5%, Ryther (1956)3); 6%
Patten (1961); 10%, Westlake (1966) and Vdollen-
weider (1969). However, the total loss of light eitnergy
at the water’s surface depends on factors such a as the
composition and angle of the light reachinglg the
surface, as well as the physical nature of the wavater's
surface. These factors make it difficult to accurirately
predict the percentage loss due to total refleciction.
The present method would avoid possible errgiors in
the use of such a constant because the actual unnder-
water light energy is measured rather than correccting
solar radiation incident on the water surface.

Rivers receiving the same solar radiation butt with
dissimilar mean depths, water turbidity and i total
reflection will exhibit different rates of gross 3 pro-
duction even though the quantitative and qualititative
biomass may be identical. Estimates of avaibilable
energy based on underwater light measuremdients,
rather than on solar radiation above the water,r, will
permit the comparison of different river systerns:s and
their corresponding production since the probblems
in dealing with surface effects, water turbidity v and
mean depth have been eliminated in the methood.

Relationship between PAR at the plant deptht and
relative photosynthesis

The assimilation ratio at light saturation ooften
referred to as the assimilation number, is defffined

as the ratio between the maximum gross photo-
synthetic rate (Pmax, g/m2.h) and the plant biomass
in chlorophyll base. For measurements conducted in
particular areas having similar ecological charac-
teristics, this ratio may remain reasonably constant
(Talling, 1965; Curl & Small, 1965) such that
P max will be proportional to the quantity of plants,
In addition,
(P[P max) which is derived by dividing the daily gross
photosynthesis [P (g/m?).h daylight] by the maxi-
mum gross photosynthetic rate, would also be
proportional to the daily assimilation per unit plant
biomass. Thus, P/P max will allow us to compare the
daily photosynthetic rate of separate plant com-
munities in different river sections without con-
sidering the actual quantity of plants.

the daily relative photosynthesis

The effect of limiting light intensity on houtly

and daily P/Pmax has been well documented in the
literature (Rabinowitch, 1951, p. 964 et seq: Ryther,
1956; Ryther & Yentsch,

1957; Steele, 1962)
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Nutrient—growth studies in streams

Luxury storage of nutrients in plants (Caines, 1963)
will allow aquatic plants to grow independent of the
external source of available nutrients. Therefore,
the tissue contents which serve as the immediate
source of food, were used as an index of the
availability of phosphorus for plant growth (follow-
ing Gerloff & Krombholz, 1966). Since growth
response {0 nutrient supply is a jong-term effect, our

evaluation of the nutrient effect is based on & bi-

weekly sampling period.

Fig. 4. Relationship between daily relative photosymhesis
and total daily solar radiation above the water surface.
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Plant growth measurements have  been
traditionally determined from the results of plant
harvesting. The quantitative measurements of any
heterogeneous plant community not only require a
large number of samples (Edwards & Owens, 1970;
Westlake, 1974) but also fail to account for the large
amount of detached, drifting Cladophora filaments
(Table 1). As suggested by Goldman (1972) the

Table 1. Drifting Cladophora collected on vertical 1 m?
screens placed perpendicular to the flow at three stations on
the Thames River (Ontario) in 1973. The quantity of plant
material is based on a 6-h exposure and is expressed in Kg
fresh wt

Drifting Cladophora
(kg fresh wt per m®
cross-sectional

N. Thames River Transect area per 6 h)
23 May T 8-10
Te 8-76
Ts 6-06
25 May Ty 2-40
Te 990
Ts 3-24
20 June T 1-14
T 3-84
T3 7-92

meetabolic activity of the algae could be measured
in order to observe the response of the algae to
various environmental conditions. Thus, the oxygen
production was measured directly for each river
section and the rate of gross production relative to
the maximum production (P/Pmay) averaged over
a 2-week period was used to represent the daily
relative photosynthesis of the plant community.
Since daily production is governed by nutrient
supply as well as the amount of light energy available,
the effect of light energy (PAR) on growth cannot
be disregarded and the compensation for its effect
on growth response to available nutrient becomes
necessary.

Allowance for the effect of light in nutrient studies

The average bi-weekly value for PiPrax, un-
corrected for light energy, was compared with the
average phosphorus content in plant tissue during
the same period (Fig. 6a). Plant growth is poorly
related to phosphorus when the effect of light energy
is not considered. The regression equation derived
from Fig. 5, refating daily relative photosynthesis
and light energy at the plant depth (R = 0-59+
426 log I) can be used to correct all production
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Fig. 6. Relatiouship between phosphorus content in the plant
tissue and daily relative photosynthesis. {(a} Before correction
for light intensity; (b) afier correction for light intensity.

measurements made by any particular light energy
to a predicted daily relative photosynthesis at one
common light intensity. The maximum light energy
at the plant depth for the six rivers studied was
observed to be 160 g cal/cm?.day. Therefore, all
production measurements at low light energy were
corrected to give the predicted production occurring
at 160 g cal/cm?. day using equation (2)
(I max)

AR = 426 log (2}
Thus AR = 4-26 log (160)/1, and Riso = R;+AR,
where Ruyss is daily relative photosynthesis  at
160 g cal/cm®.day, R; is the actual measured daily
relative photosynthesis at light energy at the plant
depth 7, and AR is the correction factor for Ri.
Figure 6b illustrates the relationship of total P
in the plant tissue and the mean daily relative
photosynthesis values corrected for light effect.
After compensation for the light effect, the critical
phosphorus concentration resulting in reduced daily
relative photosynthesis can now be observed to be
approximately 1-6-1-7mg Pfg dry wt which is in
close agreement to Gerlof & Krombholz (1966}
under controlled laboratory conditions. Therefore,
daily relative photosynthesis of Cladophora is
not affected by nutrients if the cellular phosphorus
concentration is above 17 mg Pfg dry wt. Below



this tissue phosphorus level, the daily relative
photosynthesis is reduced. A relationship between
?hosphoms content in the tissue and phosphorus
in the water has been reported previously (Wong &
Clark, 1976) and can be used to predict the phos-
phorus concentration in the water which would
result in a reduction of the daily relative photo-
synthesis. The determination of a critical phosphorus
con‘c&?ntration in the water is helpful in making
decisions concerning river management.

From the above analysis, it is apparent that
although nutrient concentration is an important
factor in plant growth, it is an over-simplification to
ignore the effect of variations in PAR at the plant
depth on photosynthetic oxygen production.

Conclusion

Water turbidity fluctuates daily at individual stations
as well as with progression of the water body
downstream. Differences in mean depth and total
reflection also affect the amount of light energy
%‘ec?ived at the plant depth. Therefore, solar radiation
gicxdent at the water surface does not represent the
light energy available to the plants and will not
allow comparison of the effect of light on the
p_hotosynthesis of plant communities in different
river sections.

The application of underwater light profiles
constructed with data from individual stations not
only provided an estimation of the mean water
turbidity for the reach expressed at the depth
associated with 1% of the subsurface light, but also
allowed us to compute the actual PAR at the plant
depth. This method would also eliminate the need
to consider the errors resulting from various surface
effects.

Daily relative photosynthesis of Cladophora is
correlated with available underwater light energy
(r = 0-73). This relationship enables us tO adjust
all the P/Pmax values to 2 maximum PAR at the
plant depth such that all the adjusted values are
independent of a light effect. These values can then
be compared to the corresponding available nutrients
in order to observe any nutrient effect. This empirical
relationship, while only an approximation, will
serve to compensate for the variations in underwater
light energy at plant depths which are encountered
during daily productivity measurements.

Since little can be done to reduce the input of
light energy, suppression of nutrients has always

Underwater light measurements 549

been' emphasized as a possible measure for con-
trolling the luxurious growth of Cladophora. In the
past, enrichment studies have been based on
observations of nutrient growth relationships without
compensating for the effect of light and these have
provided few reliable results. As suggested in the
present study, empirical relationships between daily
energy (PAR) and the daily relative growth will
allow us to compensate for light effects and then
evaluate the nutrient effect on growth.

Acknowledgment

We would like to thank Dr P. Dillon and Dr T.
Brydges for improving the manuscript.

References

ArmsTrRONG NLE., GLOYNA E.F. & Coprianp BJ. (1968)
Feological aspects of stream pollution. Advances in Water
Quality Improvement. Univ. of Texas Press, pp. §3-95.

Bongers L.H.J. (1956) Aspects of nitrogen assimilation by
cultures of green algae. Mededel, Laundbou whogeschool
Wageningen. 56, 1.

Caines L.A. (1965) The phosphorus content of some aquatic
macrophytes with special reference Lo seasonal fluctuations
and applications of phosphate fertilizers. Hydrabiologia,
25, 289-301.

CareroN J., CATTEIL S A. & KRASNICK G. (1971) Phyto-
plankton kinetics in a subtropical estuary. Eutrophication.
Limmnol. Oceanogr. 16, 599-607.

CuanpLer D.C. ( 1942) Limnological studies of western Lake
Erie. 11. Light penetration and its relation to turbidity.
Ecology, 23, 41-52.

CuurcH M. & KELLERHALS R. (1970} Siream gauging
techniques for remote areas using portable equipment.
Technical Bulletin No. 2%, Inland Water Branch, Dept. of
Energy, Mines and Resources, Ottawa, Canada.

Coowuss J., SPANIS C. & VOLCANI B.E. (1967) Studies on the
piochemistry and fine structure of sitica shell formation in
diatoms. II. Changes in concentration of nucleotide tri-
phosphates in silicon starvation synchrony of Navicula
pelliculosa. Plant Physiol. 42, 1610.

Coomss J., DARLEY WM., HoLm-HANSEN Q. & Vorcami
B.E. (1967) Studies on the biochemistry and fine structure
of silica shell formation in diatoms. Chemical composition
of Navicula pelliculosa during silicon starvation synchrony.
Plant Physiol. 42, 1601. )

CurL H. & SmaLL L.F. (1965) Variations int photosymhetm
assimilation ratios in patural marine phytoplankton
communities. Limnol. Oceancgr. 10, 67-73.

EpwarDS R.W. & OweNs M. {1970) The effects of plants On
river conditions. Summer Crops and estimates of‘net
productivity of macrophytes in a chalk stream. J. Ecol.
48, 151-160.

ErpLEY R.W., STRICKLAND ILDH & goLorzANe L. (1970)

General introduction, hydrography and chemistry.

{The ecclogy of plankton off La Jolla, Californial. Scripps
Hoon S.L. (1958)

Institute of Oceanography, 14, 1-22.
Evster C., BROWN T.E., TANNER HA. & :
owth, Hill

Manganese requirement with respect ‘ to gr
reaction and photosymhesis. Plant Physiol. 33, 235.




550 S. L. Wong, B. Clark and D. S. Painter

Gerrorr G.C. & Kroserorz P.H. (1966) Tissue analysis
s a measure of nutrient availability for the growth of
angiosperm aquatic plants. Limwol. Oceonogr. 11, 529~
337,

GrooscHenko WA, & Curt H. {1971} Influence of nutrient
enrichment on photosynthesis and assimilation ratios in
natural North Pacific phytoplankton communities.
JE.R.B. 28, 790-793.

Gorpman C.R. (1972) The role of minor nutrients in limiting
the preductivity of aquatic ccosystems. In: Nutrients and
Eurrophication. The Limiting Nutrient Controversy. (Ed. by
E.E. Likens), pp. 2123, Amer. Soc. Limn. Oceanogr.
Special Symposia. Vol. L.

Heary F.P. (1973) Inorganic nutrient uptake and deficiency
in algae. CRC Critical Rev. in Micro. 3, 69-113.

Icumvura S, (1967) Environmental gradient and its relation
to primary productivity in Tokyo Bay. Records Oceanogr.
Works, Japan. 9, 115-128.

Opum H.T. (1956) Primary production in flowing waters.
Limnol. Oceanogr. 1, 102-117.

Owens M., Knowres G. & CLark A. (1969) The prediction
of the distribution of dissolved oxygen in rivers. Advances
in Water Pollution Research Proceedings of the 4th Inter-
national Conference in Prague, pp. 125-147. Pergamon
Press, Oxford.

Parren B. (1961) Plankton energetics of Rariton Bay.
Limnol. Oceanogr. 6, 369-387.

PmrsoN A, Ticay C. & WiLneLy G. (1952) Stoffwechse! und
Mineralsalzernahrung  einzelliger Griinalgen. 1. Verg-
leichend Untersuchungen an Mangelkulturen von Anki-
strodesmus. Planta, 40, 199.

Prart T & Sussa Rao D.V. (1973) Some current problems in
Marine Phytoplankton productivity. Fish. Res. Bd.
Canada, Tech. Rept. Wo. 370.0.

Prart T, Denmam K.L. & Jasssy A.D. (1975) The
mathematical representation and prediction of phyto-
plankton productivity. Can. Dept. of Env. Fish and Marine
Service Tech. Rept. Wo. 528,

Rasmeoiwrrcu B (1945) Photosynthesis and Related Pro-
cesses Vols. 1-2. Interscience Publications, New York.

Rasmvorwrren Bl (1951) Photosynthesis and Related
f,mif”es' Vol. I1, Part I. Interscience Publications, Mew

ork.

Ryrtuer J.H. (1956) Photosynthesis in the ocean as a function
of light intensity. Limnol Oceanogr. 1, 61-70.

Ryruer J.H. & Yentscu C.8. (1957) The estimation of
phytoplankton production in the ocean from chlorophyll
and light data. Limnol. Oceanogr. 2, 281-286.

SauBerer F. & Ecxer O. (1938) Zur Methodik der Strah-
lungsmessungen unter Wasser. Inz. Rev. Hydrobiol, 37,
257--289.

Steeck J.H. (1962) Environmental conirol of photosynthesis
in the sea. Limnol. Oceanogr. 7, 137-150.

TaLLING J.F. (1965) The photosynthetic activity of phyto-
plankton in east African lakes. Int. Rev. ges. Hydrobiol.
50, 1-32.

Tromas W.H. (1970) Anitrogen deficiency in tropical Pacific
oceanic phytoplankton: Photosynthetic parameters in
poor and rich water. Limnol. Oceanogr. 15, 380-385.

Taomas W.H. & Dobpson AN. (1972) On nitrogen deficiency
in tropical Pacific oceanic phytoplankton. II. Photo-
synthetic and cellular characteristics of a chemostat-grown
diatom. Limnol. Oceanogr. 17, 515.

VoLLENWEIDER R.A. (1955) Ein nomogramm zur bestimmung
des transmissions-koeffizienten sowie bemerkungen zur
methode seiner berchung in der limnologie. Schweiz. Z.
Hydrol. 17, 205-216.

VOLLENWEIDER R.A. (1969) 4 Manual on Methods for
Measuring Primary Production in Aquatic Environmenis.
IBP Handbook Neo. 12. Blackwell, Oxford.

WestLake D.F. (1966) A model for quantitative studies of
photosynthesis by higher plants in streams. Int. J. Air
Water Pollut. 10, 883-898.

WesTLake D.F. (1974) Macrophytes. In: A4 Manwal on
Methods for Measuring Primary Production in Aguatic
Environments. (Ed. by R.A. Vollenveider), pp. 126-130.
IBP Handbook Ne. 12, 2nd edit. Blackwell, Oxford.

WETZEL R.G. & WestLake D.F. (1974) Periphyton. In: 4
Manual on Methods for Measuring Primary Praduction in
Aquatic Environments. (Ed. by R.A. Vollenweider), pp.
42-50. IBP Handbook No. 12, 2nd edit. Blackwell,
Oxford.

WitHrROW R.B. & WiTHROW A.P. (1956) Generation, control
and measurement of visible and near-visible radiant
energy. Radiation Biology, (Ed. by A. Hollaender), pp.
125-258. McGraw-Hill, New York.

Wone S.L. & Crark B. (1976) Field determination of the
critical nutrient concentrations for Cladophora in streams.
J. Fish. Res. Bd Canada, 33, 85-92.

(Manuscript accepted 29 May 1976)



