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ABSTRACT

Coastal water chemistry evaluation must. take int.o ac-
count intez action with physical and biological factors. The
survey dr sign involves definition of objectives, selection
of parameters and spatial and temporal dimensions of the
study «rca. FieId techniques include relocatable stations,
in si tu measurements and proper sampling and preservation.
Analysis of chemical parameters must incIude test standardi-
zation and methods capable of detecting the often very low
concentrations of environmental]y important chemical consti-
tuents in tropical and subtropicaI ocean waters. Kater chem-
istry data aze nccessazy to thc application of water quality
standards and to the development of cffcctivc environmental
quality control measures involving the evaluation of physi-
cal and biological interactions and such techniques as mass
balances.





COASTAL MATER CHEMISTRY

Coastal water chemistry is interrelated with physical and biological

factors. In conducting surveys of the chemical constituents in coastal waters

this interrelationship and the resulting variability in time and space must be

taken into account if a valid description is to be obtained.

~Surve Desi~a

In most cases the survey involving water chemistry is being conducted

either to gather background data to serve as a basis for evaluating the

effects of a proposed project, or to measure the effects of an existing

project or condition. In those cases where water quality standards are appli-

cable the parameters to be measured are specified by the standards. Xn other

cases, the parameter selection and other aspects of the design of the survey

are determined by defining specific objectives or concerns.

If the objective is related to human health or toxic effects on other

organisms then the survey would include the measurement of whatever agent is

suspected. These may include pesticides, heavy metals, or coliform or other

organisms indicative of pathogens. If the concern is one involving aesthetic

problems then the parameters to be measured might include suspended solids,

turbidity, color, or oil and grease. If the objective is to evaluate the

eutrophication of an area then the parameters might include various forms of

nitrogen, phosphorus, and other nutrients as well as some measure of phyto-

plankton biomass such as chlorophyll-a. The concern may be the general

chemical boundary conditions of the ecosystem which would require the measure-

ment of temperature, salinity, pH, oxidation-reduction potential  ORP!, and

dissolved oxygen.

After the objectives or concerns have been defined and the parameters

selected the design of the environmental survey must be adapted to the specific

conditions found at the survey site. Station locations should be selected to

adequately cover the statial variations imposed by the physical conditions of

the area. These physical conditions include the morphology of the coast-

line, the bathymetry, the current structure imposed by the open ocean currents,

wind, tide, and fresh water flow, as well as any stratification due to salinity,

temperature or turbidity gradients. Stations should be located not only to



measure the direct effect of a discharge but also to define the spatial extent

and degree of that effect ss well as to provide control data outside of the

affected area. Knowledge of the current structure, confining coastal bounda-

ries, stratification, and locations of point and non point discharges is used

to define the spatial dimensions of the survey area. The number of stations

required to cover the survey area is dependent on the size of the area, the

degree of spatial variation and the amount of accuracy required.

The period over which samples and measurements should be taken depends on

the objective of the survey and the time dependent factors causing variations

in the parameters being studied. If the objective of the survey is to measure

the effect of a short term or peak discharge on parameters which otherwise

have little variation then the survey period can be short. However, to

adequately cover such long term factors as seasonal variations or infrequent

weather conditions the survey period may have to be of the order of one year.

Within that period proportional coverage should be given to shorter term

temporal factors such as tide, wind conditions and discharge patterns.

Another consideration in the design of the water quality portion of an

environmeatal survey is the number of measurements required for each para-

meter. This number is dependent on the time and space variability of the

parameter and the level of confidence desired. The number of measurements

increases with greater variability aad higher level of confidence. Some

parameters, such as pH, dissolved oxygen, temperature, and salinity exhibit

little variatioa or vary with a predictable pattern and therefore require

fewer measurements for a given level of confidence. More randomly varying

parameters, such as total phosphorus, total nitrogen, turbidity, and chloro-

phyll-a require more measurements takea over both time and space to achieve an

acceptabLe Level of confidence in their statistical descriptioa.

The recently adopted Water Quality Standards for Hawaii include sta-

tistical requirements simultaneously covering both time and space variations

for several parameters. Based oa observations by numerous investigators, the

statistical form used in these standards is the log-normal cumulative distri-

bution. This distribution is the normal or Gaussian distribution of the

logarithms of the numbers rather than the numbers themselves. The cumulative

distributioa of a set of numbers can be obtained by ordering the set from the



smallest to the largest values and numbering the ordered values in sequence

from 1 to n. The cumulative distribution function, F i!, is then calculated

for each sequence number, i, by using the formula:

F  i!

The cumulative distribution function can then be obtained by plotting

F i! versus the data values on log-probability paper. The 50 percent value of

such a plot is the geometric mean af the distribution. The slope of the line

is an indication of the variability of that parameter as is the geometric

standard deviation. An example of such a plot is given in Figure 1 for a

study in American Samoa sponsored by the U. S. Army Corps of Engineers. As

noted earlier, the greater the variability the mere measurements must be taken

to achieve any given level of conf idence.

To summarize, the survey design for water chemistry involves the fol-

lowing steps:

The definition of objectives of the survey

2. The selection of parameters corresponding to the ob]ectives

The selection of the station locations according to the

physical conditions of the area

The selection of the survey period according to the objectives

and time dependent factors

3.

4.

5. The definition of the minimum number of a particular measure-

ment by selection of an acceptable level of conf idence.

Field Te chni ues

Coastal water surveys are in relatively shallow waters which are influ-

enced by characteristics of and discharges from the land as well as by exchange

characteristics with the open ocean. Water quality measurements are conducted

either directly in situ by means of various probes or on samples to be pre-

served and transported to a laboratory.

Field sampling and measurements must be placed in context by noting the

station location, depth, date, time, as well as the weather and sea conditions.
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In coastal waters each station can be accurately relocated by recording two

sets of "line-ups"  e.g., church steeple with 1eft edge of water tank and

tallest tree with radio tower!. Each station can be plotted on a map by

noting two angles between three landmarks using a sextant held horizontally.

The depth at which measurements are made or samples takea should be controlled

by using marked and weighted lines.

In situ measurements that can be readily taken with appropriate instruments

iaclude temperature, salinity  by conductivity!, dissolved oxygea, light

peaetratioa  irradiance!, pH, ORP, and fluorescence. Such instruments should

be frequently calibrated with appropriate staadards. It should be noted that

some instruments  such as pH meters! are aot as seaworthy as others and more

reliable results can often be obtained by taking readings on samples back on

terra firma.

De fiaition of density stratif icatioa, if any, can be made by taking

vertical temperature and salinity profiles. Similarly, the depth of the

photic xone can be estimated by irradiaace measuremeats. With the knowledge

of such vertical dimensions the sampliag aad measuremeat program for nutrients,

chlorophyll-a, turbidity and current structure can be appropriately designed

and conducted. For example, consideration must be given to the fact that

current structuree above and below density stratification are almost always

different and exchange across a sharp density gradient is very Limited. Also,

different autrient concentrations and turbidity values are much more important

ia the photic zone than below it.

Sampling at selected depths can be accomplished by usiag any of several

discrete samplers such as a Van Dora sampler or by pumping the sample up

through a weighted hose. In the Latter case care must be taken to aLlow

sufficient time to clear the hose several times before taking the sample.

Sample storage Limitations aad preservation requiremeats for each para-

meter are specified by several references oa methods, most notably by KPA.

These requirements include the use of glass coatainers for pesticides, preser-

vation with nitric acid to a pH of less than 2 aad cooling to 4 C for most0

heavy metals, and preservation with sulfuric acid to a pH of less than 2 and
0

cooliag to 4 C for most forms of nitrogen and phosphorus. Freezing of salt

water samples as a preservation technique is often aot appropriate because the



sample separates into frozen freshwater and unfrozen brine all the components

of which may not redissolve properly upon thawing. Some of the components may

precipitate  e.g., hydroxyapatite! and some may be partly lost through the

gaseous phase  e.g., ammonia!. Also, there is the possibility of selective

loss of the brine during handling and transport because of container deforma-

tion and loss of a tight seal due to freezing.

Specified limitations in sample holding time before analysis are often

very difficult, if not impossible, to meet for remote areas requiring air

transport of samples to a laboratory. For these cases, it might be noted that

the specified holding time limitations are conservative  possibly excessively

so! and that with careful and appropriate preservation techniques the analyses

can usually be satisfactorily completed. The exceedance of the specified

holding period should, of course, be noted with the data results.

In summary, field techniques for coastal water chemistry surveys involve:

l. Spatial and temporal location of the sampling and

measurement points

2. In situ measurements of appropriate parameters

3. Proper sampling and preservation techniques for parameters that

cannot be measured in situ.

Anal ses and Environmental Interaction

Analytical methods for a number of the chemical constituents considered

environmentally important in coastal waters might be described as being in the

developmental stage. Many of the methods specified in Standard Methods and by

the EPA are not appropriate for sea water, especially for the low concentrations

often found in relatively pristine tropical and subtropical areas. This

inadequacy in the officially specified methods has resulted in some diversity

in the methods used by various investigators. Until acceptable and uniform

methods for sea water analyses are finally developed and adopted by the KPA,

coastal water surveys will continue to require the use of some methods developed

by others.

The general requirements for analytical methods to measure chemical

constituents in coastal waters and elsewhere is to be able to calibrate the



method in the expected concentration range by use of primary standards and to

account for interferences fram other constituents of the seawater. For most

parameters primary standards can be made readily available, however, for some,

such as coliform and chlorophyll-a, this is not the case and reliance must be

placed directly on the method.

Three general categories of chemical analyses can be delineated in

environmental water quality survey work whose ob] ectives include the health of

the natural ecosystem. The first category include indicators of the general

environmental boundary conditions such as temperature, salinity, pH, dissolved

oxygen, oxidation reduction potential, and light penetration. As stated

previously, these parameters are best measured in situ by using pxopexly

calibrated meters and probes. The time of day that these measurements are

taken should be noted, especially for pH, dissolved oxygen, and oxidation

reduction potential because of their biologically induced diurnal fluctuations.

Large fluctuations in these parameters are indicative of an unbalanced and

unstable ecosystem resulting from excessive organic or nutrient loading and

limited mixing and transport.

The second general category of chemical analyses are those of toxic

substances such as heavy metals and pesticides. The FPA has recently identi-

fied more than one hundred suspected environmental toxicants and is in the

process of defining official test procedures. These procedures involve the

use of atomic absorption photometry, gas chromatography, and mass spectrometry

often preceded by various extraction and concentrating procedures. Since

these substances do not occur at significant concentrations under natural

conditions, sampling and analyses in coastal waters are not routinely neces-

sary unless there are active sources such as specific industrial discharges or

large urban or agricultural drainage areas where such substances are used.

However, when such sampling and analyses are called for the various sampling

and preservation techniques must be coordinated with the laboratory that is to

conduct the analyses. As a general observation, most of these toxic substances

are more likely to be found in association with solids than dissolved in the

watex and hence are more easily detected in sediment samples than in water

samples.

The third general category of chemical substances that might be analysed

in coastal ~aters are nutrients. The rate of photosynthesis can be increased



by the addition of the rate limiting nutrient, which might be nitrate or

ammonia nitrogen, orthophosphate, silicon, or any of the number of such micro-

nutrients as some metals or vitamins. With an increase in the rate of photo-

synthesis the accumulation  concentration! of planktonic organisms increases

exponentially for the period of time that exposure to the higher nutrient

levels persists or until another nutrient becomes limiting. That exposure

time is short in open coastal areas having good transport characteristics but

tends to be long in embayments with restricted exchange. Consequently, the

discharge and local concentration of nutrients in an open coastal area has a

much smaller effect on the plankton concentration than the same discharge in

an embayment.

The ob/ective of the coastal water survey has an effect on which form of

the nutrients should be analyzed. If, for example, the ob]ective is to make a

scientific study of the rate of phytoplankton response to the concentration of

a specific form of nitrogen  nitrate or ammonia! then that form should be

measured and the rate of formation and alteration of that form by other orga-

nisms shou3d also be accounted for. If, however, the objective is to control

eutrophication by lief. ting nutrient input then the total of all biologically

active form of that nutrient  i.e., total nitrogen and/or total phosphorus!

should be measured. This is because there are sufficient chemical and biolo-

gical pathways to transform one form to another and consequently control of

the input of a specific form would be ineffective.

Ana1yses of nutrient concentrations must be performed on samples preserved

against biological activity and loss of gaseous phases of the nutrient com-

pounds. Analyses of total nitrogen and total phosphorus involve digestion by

any of several methods to obtain measurable forms. Because the levels of

nutrients in tropical snd subtropical ocean waters are often near the limits

of reliable detection by available methods, great care must be exercised in

utilizing appropriate blanks and standards in these analyses.

In summary, analyses of environmental1y important chemical constituents

involve:

l. Selection and adaptation of analytical methods

2. Measurement of physical-chemical boundary condition parameters

3. Measurement of toxic substances

4. Measurement of nutrients



Data A lication

The data obtained from the water chemistry portion of a coastal water

environmental survey can be applied both to problem evaluation as well as to

defining workable control measures.

Comparison of water quality data, in the proper format, with applicable

water quality standards will define the degree of any exceedance of the

standards. Because of the necessarily broad basis for water quality standards

exceedance may or may not constitute a real environmental problem in a specific

area. Comparison with historical data is useful in defining any trends and

possibly the rate of change if the data base is complete enough. In most

cases, significant historical rates of change indicate that the biological

community is being sub!ected to a changing chemical environment with the

likely result of community simplification and imbalance. In some cases

historical changes are beneficial if they are the result of the relaxation of

a stressful condition.

Another useful approach for evaluating the significance of deviations from

water quality standards is to conduct a biological survey and evaluate the

degree of stress on the biological community related to the water quality

parameters in question. Xn many cases spatial gradients in biological stress

and water quality parameters can be used in defining causes of the stress.

Water chemistry data are a necessary part of quantitatively designing a

program to effectively relieve a stressful condition in a coastal water area.

In complex cases such a program may require the development of a computer

model calibrated with field water qua1ity data. Less complex cases can often

be satisfactori.ly described by performing a mass balance. Water chemistry

data for all significant inputs to the stressed area including point and non

point sources as well as background ocean water are part of the basic informa-

tion required. Such a mass balance can then be used to define the most cost

effective control measures.
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EFFECTS OF WASTE WATER

OISCHARGES ON PHYTOPLANI'TON COMYUNITIES

Edward A. Laws

OEPARTMENT OF OCEANOCRAPHY

University of Hawai'i

ABSTRACT

Methods aro described for the measurement of particu-
late carbon, particulate nitrogen, particulate phosphorus,
chlorophyll a and primally production. The rationale is dis-
cussed for measuring these parameters, along with inorganic
nutrionts and water clarity, in assessing the impact of
waste water discharges on phytoplankton communities. Re-
sults from a study at the Mokapu Sewage Outfall indicate
that there has been almost no impact outside the zone of
mixing. The main parameters aFfected have been particulate
phosphorus, ammonium and primary production.
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The response of the phytoplankton community to wastewater discharges

is of primary importance in determining the impact of the discharge

on the water column community, since phytoplankton along with benthic

algae are the initial beneficiaries of the nutrients discharged with

the water, and since phytoplankton form the first trophic level in

the water column food chain. It is perhaps useful to begin this

discussion by examining how we would expect the phytoplankton community

to respond to wastewater discharges, and then later on to see whether

these expectations are fulfilled.

First of all, we expect the inorganic nutrients in the wastewater

to be rapidly assimilated by phytoplankton and converted through

primary production into phytoplankton biomass. Hence we expect to

see an increase in. phytoplankton biomass. Unless we are dealing with

a light-limited system, we expect that the stimulated uptake of

nutrients by the phytoplankton will result in increased rates of

carbon fixation. Hence we expect to see an increase in primary

production rates as measured either by carbon fixation. or oxygen

evolution. Obviously we expect to see an increased uptake of nutrients,

but the ratio of essential nutrients in many wastewaters is usually

not very close to the ratio of nutrients typically found in phyto-

plankton. In particular, the ratio of inorganic nitrogen to orthophosphate

in sewage is usually about six on a molar basis, whereas the N:P

ratio in phytoplankton is generally found to be about 10-1S  Goldman

et al. 1979! . As a result, sewage is nitrogen-limited with respect
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to the nutritional needs of most phytoplankton, and one can expect

that roughly half the phosphate in the sewage will go unutilized by

the phytoplankton. In the immediate vicinity of the outfall we can

of course expect the concentrations of both inorganic nitrogen and

orthophosphate to be high, but generally we can expect that phyto-

plankton uptake will strip the water of most of its inorganic nitrogen

within a short distance from the outfall. However, orthophosphate,

being present in excess relative to the nutritional needs of phyto-

plankton, will not be stripped from the water, and in fact may act

as a sensitive tracer of the movement of the sewage plume  Ryther and

Dunstan l971!, If diatom populations are stimulated by the sewage

discharges, we can also expect that silicate concentrations will be

reduced in the water near the outfall, at least if the sewage is being

dumped into the ocean, since the silicate concentration in the sewage

is not likely to be large enough to satisfy the nutritional requirements

of the stimulated diatom production.

With respect to dissolved nutrients, we therefore expect to see

an increase in orthophcsphate,little change in inorganic nitrogen,

and perhaps a decrease in silicate. Of course, if we look at the

concentration of particulate materials, we expect to see an increase

in all cases corresponding to the increase in phytoplankton biomass

as well as that of higher trophic level organisms. These higher

concentrations of particulate materials will undoubtedly result in

reduced water clarity, as the particulate materials will both scatter

and absorb light. In summary, we expect to see the following effects:
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l. increased phytoplankton biomass

2. increased primary production

3. increased othrophosphate

4. little change in inorganic nitrogen

5. possible reduction in silicate

6. increased seston concentration

7. reduced water clarity

Before going inta the methodology of investigating these possible

effects, it seems worthwhile to point out that the world is not so

simple as we have suggested, and it is quite possible to imagine

complicating circumstances under which the sort of effects we have

described would be greatly modified. For example, Healey �979! has

discovered that carbon fixation is actually suppressed for as much

as several hours during and following rapid nutrient uptake by

nutrient deficient phytoplankton. This suppression evidently occurs

because metabolic systems are rapidly switched toward nutrient

assimilation when nutrients are made available to a nutrient-starved

population, and this focus on nutrient uptake continues until the

supply of nutrients is exhausted or until the cells contain a surplus

of nutrients.

Secondly, phytoplankton biomass and production are controlled

not just by the availability of nutrients and light, but rather by

the net effects of production controls  light, nutrients! and harvesting

mechanisms  grazing, sinking!. Figure l diag&mniatically illustrates
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this situation. An important point to note here is that for the

most part pelagic food chains are believed to function as closed

loops, wi.th nutrient recycling by way of animal excretion and bacterial

breakdown of detritus providing the principal sources of nutrients

to the phytoplankton, even in upwelling systems  Dugdale and Maclsaac

1971!. To the extent that this situation prevails in sewage-enriched

systems  Laws and Redalje, in press!, the external input of nutrients

from the sewage may have only a small effect on the turnover rate

of the phytoplankton, and it is possible that in the steady state

most of the additional seston resulting from sewage enrichment may

appear as detritus or animal biomass rather than as phytoplankton.

Ex erimeotal Techni ues

Measure of Biomass

There are a large number of possible measures of biomass which

could be used in ~ster qua3.ity studies. I will concentrate here

on four such measures: chlorophyll a, particulate carbon, particulate

nitrogen and particulate phosphorus. I have chosen these four

measures because I consider them to be useful indicators of

enrichment effects and because the methodology for making the

measurements is fairly mell understood. I have deliberately omitted

ATP from the list of biomass parameters because of analytical

difficulties associated with concentrating ATP samples by filtration.

Particulate carbon  PC! and particulate nitrogen  PN! are

probably the most straightforward and at the same time reliable of

the biomass measurements. A good reference for the procedures is
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Sharp �974!. Figure 2 indicates the sequence of steps routinely

used to analyze for PC and PN. A sample of water is filtered onto

a glass fiber filter, and the filter then stored frozen until

analysis. In open ocean areas it is usually advisable to filter

about two liters of water in order to be sure of having a good

signal-to-noise ratio in the subsequent analysis. The filters are

analyzed in a CHN analyzer. This procedure amounts to combusting the

sample, converting the carbon to CO2 and the nitrogen to N2, and

then passing the gases through a chromatography column to separate

them. The concentrations of C02 and N2 in the carrier gas stream are

then determined from the infrared absorption spectrum. Standards with

a known PC and PN content are routinely run to calibrate the

instrument. Figure 3 shows a typical CHN output with the C02 and N2

absorption peaks labeled.

Particulate phosphorus  PP} is somewhat more difficult to measure,

since phosphorus forms no convenient gases analogous to C02 and N2.

A sample is again filtered onto a glass fiber filter and frozen

prior to analysis, Two liters of open ocean water are usually

adequate for the analysis. Determination of PP then calls for

oxidizing the particulate material on the filter, either by UV

oxidation or by acid digestion. UV oxidizing units for this purpose

are available commercially  e.g La Dolls Scientific Co.!. In the

acid digestion method, the filter is placed at the bottom of a test

tube and one milliliter of concentrated sulfuric acid is added.

The tube is then capped with aluminum foil and heated to 100'C for
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FIGURE 2. PROCEDURE FOR DETERMINING PARTICULATE
CARBON  PC! AND PARTICULATE NITROGEN  PN! IN WATER SAMPLES.
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Carbon

FIGURE 3. OUTPUT FROM A CHN ANAI YZER.
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one hour. The acid is then diluted by adding 25 ml of distilled water,

the tube recapped, and the heating repeated for 30 minutes. This

procedure effectively digests organic material on the filter and

liberates the phosphorus as orthophosphate. The contents of the

test tube is then neutralized and the ~ster analyzed for orthophosphate

following standard procedures  Strickland and Parsons 1972! . The

UU oxidation procedure is a bit simpler, but obviously also requires

analysis for orthophosphate at the end. Figure 4 shows the sequence

of steps used to analyze for PP.

Chlorophyll a is a pigment found only in plants, and from that

standpoint would seem to be the most logical measure of phytoplankton

biomass, Indeed Chl a is routinely measured in water quali.ty studies,

but the fact is that unambiguous measurement of Chl a is by no means

trivial, and most measurements routinely used are only approximate

in that they fail it distinguish between Chl a and other pigments.

Thin la er chromato ra h

Thin layer chromatogrpahy  TLC! is a procedure which a1lows one

to separate Chl a from other pigments, Details of the procedure are

given by Jeffrey �968!. Unfortunately, TLC is a very time-consuming

procedure, and requires highly trained personnel if the job is to

be done correctly. As a result, TLC is not suitable for routine

analysis in most water quality labs.

Measurement on a s ectro hotometer

Until recent years the standard method for measuring Chl a

involved use of a spectrophotometer. Details of sampling and analytical



FIGURE 4. PROCEDURE FOR DETERMINING PARTICULATE PHOSPHORUS  PP! Ik
WATER SAMPLES.
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procedures are found in Strickland and Parsons �972!, and important

modifications in this procedure are given by Holm-Hansen �978!,

Riemann �978! and Whitney and Darley �979!. A diagram of the

procedure is shown in Fig. 5. A sample of water is filtered onto

a glass fiber filter, and the filter placed in a light-tight vial

and covered with about five milliliters of methanol. Usually

filtering two liters of open ocean water gives a signal-to-noise

ratio of at least 10 in the subsequent analysis. The sample is then

stored frozen until analysis. After a few days of storage in the

freezer, the Chl a will have extracted into the methanol, and analysis

can begin. The filter is usually removed from the vial and ground on

a tissue grinder in a cold methanol slurry under subdued light to

insure complete extraction of the pigment. Following this step filter

particles may be separated out either by centrifugation or by

filtration. The methanol containing the pigment is then placed in a

5-cm or 10-cm glass cuvette, and the absorbance of the Chl a measured

on a spectrophotometer. Here several complications arise.

1. The sample will invariably contain some pigments other than

Chl a, and the absorbance peaks from these peaks will overlap to a

certain extent with the Chl a peak. Assuming the sample contains

nothing more than Chl a, Chl b, and Chl c, appropriate corrections

for these overlaps can be made follow5ng procedures in Strickland

and Parsons �972! or Jeffrey and Humphrey �975!.

2. Unfortunately pigments other than Chl a, Chl b, and Chl c

are often found in natural water samples. These additional pigments

include pigments breakdown products, of which pheophorbide a and
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Filter sample onto glass fiber filter. Cover with either
acetone  seawater! or methanol  freshwater! and store
in a freezer in the dark for at least one day.

FIGURE g. PROCEDURE FOR DETERMINING Ch1 a IN WATER SAMPLES.

Measure Chl a absorbance on
spectrophotometer or fluro-
meter

Acidify sample and remeasure
absorbance to correct for
pheopigments. Note that this
method does not correct for
presence of Chlorophyl lide a

Extract Chl a into hexane layer
of acetone-hexane mixture with
separatory funnel

Measure Chl a absorbance on
spectro photometer or fluro-
meter

Acidify sample and remeasure
absorbance to correct for pheo-
phytin
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chlorophyllide a are the most important. Absorption peaks from

these breakdown products also overlaps with the Chl a absorption

peak. Chlorophyllide a is identical to Chl a except that the phytol

chain is missing, and results from the hydrolysis of the phytol

chain by chlorophyllases in senescent cells. Pheophorbide a lacks both

the phytol chain and magnesium, and appears to result from the passage

of phytoplankton cells through the guts of zooplankton  Jeffrey 1974!.

Acidification procedures described by Holm-Hansen �978! allow for

correction for the presence of pheopigments, which may consist of

both pheophorbide a and pheophytin a. However, these procedures

fail to distinguish between Chl a and chlorophyllide a. However,

Whitney and Darley �979! have recently described a two-phase solvent

extraction technique using acetone and hexane which allows separation

of Chl a from both chlorophyllide a and pheophorlide a. This method

appears to be the best approach in marine systems. However, in

freshwater systems, the method is subject to the criticism that acetone

does not effectively extract Chl a from blue-greens and chlorophytes,

and these classes of phytoplantkon are often dominant in freshwater

systems  Holm-Hansen 1978!.

Neasurement on a fluorometer

Fluorometers rather than spectrophotometers are now commonly

used for routine Chl a analysis, the principal reason being that

the fluorometer is far more sensitive than the spectrophotometer.

Only about 5X as much water need be filtered to obtain a good

signal-to-noise ratio on the fluorometer as compared to the
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spectrophotoneter. It is possible with a fluoroneter to correct

for the presence of breakdown products by an acidification. procedure

analogous to that used for the spectrophotometer  Holm-Hansen 1978!,

but it is impossible ta correct for the presence of Chl b and Chl c.

For this reason it is common practice to calibrate the fluorometer

with a spectrophotometer using an appropriate mixture of cultured

phytaplankton as the source of pigments  Strickland and Parsons

1972!.

Measurement of Primarv Production

There are basically two ways to measure primary praductian.

The first and older method involves measuring changes in the oxygen

concentration of the water, the second involves measurement of the

uptake of inorganic 14C-labeled carbon into the seston. The second

method is far mare sensitive than the first, and because of this

greater sensitivity is strongly recommended in most field applications.

Both methods are described in Strickland and Parsons �972!.

The o en method

An outline of the oxygen light-and-dark-bottle method is indicated

in Pig. 6. Six bottles, usually af 300 ml capacity, are filled with

the sample water. The water must be carefully siphoned into the incubation

bottles to avoid agitation which might alter the oxygen concentration.

The bottles are filled from the bottom and allowed to overflow until

the volume has been replaced at least once. The bottles are then

stoppered, and the oxygen in two of the bottles is chemically fixed

by adding one milliliter each of solutions of manganous sulfate and
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FIGURE 6. OXYGEN I IGHT AND DARK DOTTLE METHOD FOR MEASuREMENT
OF PHOTOSYNTHESIS AND RESPIRATION.
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alkaline iodide. Of the remaining four bottles, two are darkened

either by wrapping in foil or taping. These two bottles are

referred to as the dark bottles, The other two bottles, which

are clear and pass visible light, are referred to as the light

bottles. The two light and two dark bottles are then incubated

under appropriate light and temperature conditions for a period of

several hours, at the end of which time the oxygen content of each

bottle in fixed. The bottles may then be stored for up to several

days in the dark prior to analysis of the oxygen concentration in

each bottle. The oxygen concentration is determined by standard

Winkler titration  Strickland and Parsons 1972!. Indicating the

oxygen concentration in the initial bottles, the light bott'les and

the dark bottles by the symbols IB, LB and DB respectively, we then

have

Gross Photosynthesis = LB � DB

Ne t Pho t osynthes is LB - IB

Respiration = IB � DB

These results are of course expressed in terms of oxygen, but

appropriate equations for converting these values to carbon are

given in Strickland and Parsons �972!.

The C method

A diagram of the C method is shown in Fig. 7. Generally two
14

light bottles and one dark bottle are filled with sample water.

14
The samples are then spiked with a solution of C bicarbonate.

For open-ocean work, an activity of 10-20 pCuries per bottle is
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FIGURE 7. "C METHOD FOR MEASURiNG PHOTOSYNTHESIS.
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usually adequate. The bottles are then stoppered and incubated

under appropriate light and temperature conditions, usually for a

period of two or three hours. At the end of the incubation the

contents of each bottle are filtered, usually onto a 0.22' or 0.45'

cellulose-acetate or similar type filter. The filters are then

placed in glass vials and an appropriate fluor added. The activity

on the filters is then measured on a liquid scintillation counter.

Details of the method are found in Strickland and Parsons �972!.

14
There are a number of pitfalls to the C method, and a good review

of these problems may be found in Lean and Burnison �979!. It is

14
now generally assumed that the C method measures net carbon fixation

 as opposed to gross fixation! if the incubations are carried out

for more than a few hours, though there are disagreements in the older

literature as to whether the method measures net fixation or something

between net and gross fixation  Steemann Nielsen 1955; Ryther 19S6!.

Current information indicates that the difference between gross and

net production is probably small in most aquatic systems  Laws and

Wang 1978!.

There are a great number of variations in the techniques used

for primary production measurements. For example, are the incubations

to be done under in situ light conditions, or under surface light

with the total intensity adjusted with neutral density filters?

Since the spectral distribution of light changes with depth in the

water column, one cannot be sure that use of surface light with
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neutral density filters adequately mimics submarine light, although

some studies have indicated that such incubation techniques give

results comparable to in situ incubations  Head l976!.

Secondly, for how long and when should the incubations be

performed? We know that there is diurnal periodicity in photosynthetic

rates  MacCaull and Platt 1977!, so that incubations carried out

between 0700 and 1000 for example, may very well give different

results from incubations lasting from 1000 to 1300. Sunrise to

sunset or 24-hr incubations might avoid this problem, but we also

know that some phytoplankton appear to be seriously damaged by

confinement in incuations bottles for time periods as short as

three or foux hours  Venrick et al. 1977; Smith and Barber 1979!.

As a result it seems advisable to perform incubations for no more

than two or three hours, but in comparing two stations one must

therefoxe be careful that the incubations are performed at approximately

the same time of day.

Thirdly, concern has recently been expressed over possible

"bottle effects". The general feeling now is that polycarbonate

bottles are preferable to glass bottles, as glass bottles may leach

metals or in some way adversely affect the phytoplankton inside.

I have performed several comparisons of glass and polycarbonate

battles, and have found no significant difference between the results.

However, it is advisable to keep in mind that current feelings are

leaning toward the use of polycarbonate.
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Field Results

Table l shows the results of monthly field sampling during

1979 at the Mokapu outfall off Mokapu peninsula on. Oahu. The outfall

discharges secondary treated sewage from the Kaneohe Municipal and

Kaneohe Marine Corps Air Station sewage treatment plants. For sampling

purposes three stations were chosen, one in the zone of mixing, one

in a generally downcurrent direction  NW! from the zone of mixing,

and one in a generally upcurrent direction  SE!.

The most obvious effect of the discharge seems to have been

to increase the primary production rate in the mixing zone by about

40X relative to the other two stations, This increase in production

is reflected by the higher productivity index  PX! at the mixing

zone station. With the exception of PP, there has been little effect

on seston concentrations, The PP values are elevated at the mixing

zone station by about 80K versus the other two stations, though there

is no significant difference in orthophosphate concentrations.

The implication is that a significant amount of the excess phosphate

in the effluent has in fact been incorporated into the phytoplankton.

Ammonium concentrations in the mixing zone were about 40X higher than

at the other two stations, indicating that the phytoplankton had

not completely stripped the ammonium from the outfall. There was

no evidence of a decrease in silicate due to diatom uptake in the

mixing zone, suggesting that much of the stimulated production

was in fact associated with non-diatom species. The, fact that the

Chl a concentration at the mixing zone station was little different

from the other two stations may simply reflect the importance of
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Upcurrent DowncurrentMixing Zone

3.623. 88 3.23

0.4710. 434 0.410

14.125.514. 4

0.168

0.448

0. 207

0.677

0, 209

0,528Production

 mg C/m3/h!

0.130,130,12

O.ll 0. 150. 15

0.43 0.400.58

7.755.68 7. 20

0.0600.056 0. 054

PI  gC/g Chl a/h! 2.53 2.673.27

PC  uM!

PN  pM!

PP  nM!

Chl a  pg/1!

PO4  vM!

NO3 + NO  PN!

NH4  uM!

Si  vH!

K m !

Table l.

Field Resulta From Monthly Sampling

At Mokapu Outfall During 1979
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both production and harvesting mechanisms in regulating biomass.

In effect, phytoplankton in the mixing zone area appear to be

growing more rapidly  increased PI!, but they are evidently being

harvested more rapidly as well, with the result that there is little

change in biomass. As a result the clarity of the water as estimated

from the extinction coefficient of visible light  K! hhs been little

changed.

The similarity of parameter values measured at the upcurrent

and downcurrent stations is an indication that the effects of the sewage

discharge are largely confined to the zone of mixing. It is revealing

to compare these mean values with values reported from other oceanic

regions.

3Chlorophyll a concentrations of about 10-40 mg/m are typical of

phytoplankton blooms in fertile coastal waters, whereas Chl a

3
concentrations of ahout 0.05 mg/m are commonly found in barren tropical

3
seas ~ Average Chl a values in temperate seas are roughly 0.5 mg/m

 Riley and Chester 1971!. The Chl a concentrations in Table 1 therefore

characterize the Mokapu area as being intermediate between barren

tropical seas and temperate seas, a characterization which can hardly

be considered grounds for alarm.

Light extinction coefficients in subtropical oceanic waters are

-1
about 0.08 m  Jerlov 1948!. Water clarity near the outfalls is

therefore as good or better than in many subtropical ocean areas.

Curl and Small �965! reported that productivity indices  PI's!

between 5 and 10 were indicative of eutrophy, while v'alues less than



about 3 were indicative of oligotrophy. Thomas �970!, in a study of

photosynthetic parameters in the tropical Pacific, reported PI's in

eutrophic waters of 5.0 0.6 and 3+1  mean + 95% confidence! respectively.

Judging from these comparisons, the Mokapu area would appear to be

oligotrophic, even in the zone of mixing.

Eppley et al �972!, in a study of sewage outfall effects along

the southern California coast, reported mean concentrations of PC and

PN at control stations of 15-20 pM and about 2 ~ respectively. These

figures are considerably higher than any of the Mokapu values. In

the vicinity of sewer outfalls, Eppley et al �972! found PC and PN

concentrations of about 50 pM and 6 pM respectively, implying about a

three-fold increase in particulate concentrations. No evidence of a

comparable change is evident in our Mokapu data.
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