








One of the fundamental features of the empirical phosphorus loading models
is the sedimentation component function (i.e., s(P), vs(P) and Rp) which is essential
to all models and cannot be measured directly. To overcome this difficulty, the models -
employ a statistical approximation of the sedimentation coefficient of phosphorus
(s(P)) by using apparent settling velocity values of phosphorus (VS(P)) as a constant.
The settling velocity is called “’apparent” to indicate that it is an oversimplification —
an artifact of the model’s structure and time scale — because a phosphorus atom is
subject to many transformations and a range of transport mechanisms before it is
incorporated into the sediments (Chapra, 1977). The apparent settling velocity
describes net in-lake losses of phosphorus on an annual basis. The sedimentation
coefficient of phosphorus can be determined empirically for a given lake, subject
to the uncertainty associated with the measurements of phosphorus load, but it is
known to vary from lake to lake. Even from a cursory examination of the plot used
by Vollenweider (1976) when he determined the average sedimentation coefficient
of phosphorus used in his models, it is apparent that individual values varies greatly
(up to several times) compared to the mean value of 10/Z, which is equivalent to an
average apparent settling velocity of 10 m/y. Similarly, the retention coefficient of
phosphorus (Rp) varied considerably at a given water discharge height (qa) on the
graphical representation of the model which was used by Chapra (1975) and Dillon
and Kirchner (1975) to estimate average apparent settling velocities (v¢(P) = 16.0
and 13.2 m/y respectively) used in phosphorus loading models. While the average
apparent settling velocities used in the models operate well when used for a large
spectrum of lakes, individual lakes with higher or lower than average rates of phos-
phorus sedimentation (i.e. diatoms, phosphorus absorption to inorganic particles,
or extremely buoyant phytoplankton) are expected to differ from model predictions.
The difficulties associated with the adequate estimation of the sedimentation co-
efficient is only one of several uncertainties associated with the phosphorus loading
models.

[t must be stressed that in spite of a concentrated effort, there is uncertainty
about the accuracy of many data points obtained from a relatively limited number
of observations in the OECD Eutrophication Programme. This is particularly applicable
to the North American Project which used already available data often gathered for
other purposes. Applicable to all data is the uncertainty reflecting the natural
variability of a given situation, particularly loading. Treunert et al. (1974) and Kleiber
and Elebach (1978) have shown that decreasing sampling frequency increases the
uncertainty in loading estimates. On this basis alone, it is unlikely that the accuracy of
individual loading estimates is better than * 25 per cent. In addition to this, annual
variations in loading have been found to be at least of the same order of magnitude
and in some cases appreciably higher, even in undisturbed natural systems (Schindler
et al. 1976). Thus, the reported loading estimates have a built-in uncertainty of at
least * 35 per cent. Similar considerations apply to other variables such as nutrient
concentrations, chlorophyll, planktonic primary production, etc. The uncertainty
associated with lake concentrations is further complicated by the difficulties of
estimating average lake concentrations for basins exhibiting a peculiar shape or in-
complete mixing, factors previously mentioned. Similar uncertainties apply, in most
cases, particularly in shallow lakes and reservoirs, to the hydraulic (i.e. T(w) and
morphometric (i.e. Z) variables used in the models. Thus, a non-negligible error in
model prediction can be expected to stem from the error of estimation of the variables
employed in the model data set.

5.2. Some Reservations Concerning the Uncritical Use of the Nutrient Loading
Models

The central aim of the OECD International Cooperative Programme for the

Monitoring of Inland Waters was to examine the trophic response to nutrient loading

of a spectrum of lakes representing a wide range of geographic, hydraulic and trophic
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conditions and develop an optimal lake management strategy for the purpose of
controlling eutrophication. The nutrient loading concept employed in the programme
makes it possible by using simple correlation techniques to generalise on the average
statistical behaviour on lakes in response to nutrient loads. The programme confirmed
that a quantifiable relationship exists between the drainage basin as exemplified by
the intensity of phosphorus supply and the receiving body of water. If this relationship
is expressed in quantitative terms, it can be used to attempt to manage lake systems
by enabling estimation of the nutrient supply reduction required for lakes which are
considered overfertilised for their intended use. Statistically, it is possible to predict
the average lake phosphorus concentration and the average standing stock of phyto-
plankton in terms of chlorophyll z concentration and annual primary production.
By using the same relationships, it is possible to identify outliers, that is, water bodies
which respond differently, and the reasons for their deviating behaviour (which could
not have been detected otherwise) can be studied.

The participants were aware throughout the programme that the trophic
response (real or apparent) to nutrient load is modified by a complex interaction of
morphometric, physical, chemical and biological factors. They were also conscious of
the numerous assumptions made in the simple nutrient loading models used in the
programme and also that some of these assumptions were often not met. Therefore,
it is stressed that the generalisations made in this programme should not be used

rigidly and blindly. It should be kept in mind that biological factors alone could

profoundly modify both the nutrient load and the real or apparent trophic response
in a lake. These factors should also be considered before a costly treatment facility,
which would not give the expected results particularly in the shorter term, is
implemented.

In the following section, the important assumptions used in the nutrient load -
trophic response models are listed, along with factors known to modify the trophic
response in water bodies, in order to facilitate the recognition of possible causes of
unexpected trophic response.

The phosphorus loading models are derived from the mass balance model which
assumes:

steady state conditions in a completely mixed reactor;

- no change in concentration in the water column;

- that the lake concentration and the outflow concentration are equal;
that internal loading is not present;

- that the sedimentation component fraction, which is an essential component
of all phosphorus loading models, cannot be measured directly. Thus,
statistical approximations are employed in the various models which may
deviate considerably (up to several times) in some individual cases;

— that the nutrient load estimate is accurate (it is unlikely that individual
loading estimates are more accurate than + 35%);

- that nutrient load expressed in terms of annual rate reasonably approximates
steady state conditions;

— that nutrient load is at a steady state on an annual basis, (this is seldom the
case, even in undisturbed natural systems, considerable year to year
variations in nutrient load were detected due to fluctuations in annual
runoff);

- that the basin is open and that there is an annual water surplus or outflow
from the lake (the models cannot be applied without modification to closed
basins or arid and semi-arid regions);

- that these models are to be used in phosphorus limited lakes only.

142



5.3 Some Sensitive Areas where Limnological Knowledge is Essential in

Applying the Results of the OECD Eutrophication Programme

The models employ total phosphorus which includes all phosphorus
fractions present but some of this phosphorus is not available for plant
growth; the percentage of biologically available phosphorus may vary con-
siderably in individual cases and regions.

Phosphorus which is bound to soil particles (apatite) and is not biologically
available, should not be used in phosphorus loading calculations.

In some coloured, humic lakes, a large proportion of the total phosphorus
is not biologically available. ' '

Macrophytes and filamentous algae are ignored in the models; macrophytes
may contain_large amounts of phosphorus which is ignored in the deter-
mination of {P];.

Macrophytes often act as nutrient pumps and may cause appreciable internal
loading.

In anoxic, eutrophic lakes, large and usually unknown qugntities of phos-
phorus are released from the sediments; this is not taken into account in
the loading calculations and may result in a greater [P]) and a higher trophic
response than predicted from loading (see A7.5.3).

Biological activity such as by bottom feeding fish and emerging bottom
dwelling invertebrate fauna often produces considerable internal loading
of nutrients.

The presence or absence of fish and types present in a lake can profoundly
affect the apparent trophic response; in the absence of predation highly
abundant zooplankton reduce phytoplankton by grazing which results in
lower than expected chlorophyll @ concentrations:

The type of algal community can profoundly affect the sedimentation rate
of phosphorus; lakes dominated by diatoms remove phosphorus by sedimen-
tation at a much faster rate than lakes dominated by more buoyant green
or blue-green algae.

The chlorophyll a—total phosphorus ratio, an index of the efficiency of algae
to utilise phosphorus varies greatly among lakes (about 0.05 to 0.7 in the
OECD programme). A shift in algal composition and the efficiency of
phosphorus use can profoundly affect the trophic response in a given water
body.

In v}éry large water bodies and those of complex morphometry (not "mixed
reactors’”’) the realistic determination of average lake concentration re-
presentative for the basin may require a large number of measurements.
Concentration measurements from a single station, usually at zp,, are often
not representative for the basin.

In large water bodies or those complex morphometry, localised imbalances
in nutrient concentration and trophic response may develop (’local
reactors”). In extreme cases localised symptoms of eutrophication may
develop near point sources of nutrients, in an otherwise oligotrophic water
body.

The alteration of nutrient load is expected to alter the algal composition
in a water body which in some instances can profoundly alter the rate of
sedimentation of phosphorus and the efficiency of use of phosphorus by
algae; thus the intensity of trophic response may also deviate from expected
behaviour depending on the algal species present, particularly in the short
term, until the water body reaches a new equilibrium.

In shallow unstratified lakes, the recycling and utilisation of nutrients is
more efficient than in deep stratified lakes.

In reservoirs, peculiar flow regimes and hypolimnetic water withdrawal
(rich in nutrients) should be taken into account.
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" - Because of the reasons listed above and their interactions, the reduction of
phosphorus load may not have the expected result of a similar reduction
in trophic response, as would be expected from the average statistical
behaviour of water bodies.

— The nutrient loading models give an estimation of average conditions; local
conditions may deviate considerably, temporally and/or spatially.

— The prediction of lake concentration should be given with statistical con-
fidence limits to reflect more realistically the uncertainties in the model
prediction.

— The empirical phosphorus loading model should be used only for water
bodies within the range of conditions (hydrologic, morphometric, trophic
and climatic) represented by the model development data set.

5.4. Internal Loading

Where anoxic conditions develop at the water-sediment interface, substances
contained in the sediments, including nutrients, are realised into the water column
(Mortimer, 1941, 1942). Vollenweider (1968) and Lee (1970) pointed to the
importance of mixing processes within sediments and between sediments and the
overlying waters in controlling the release of phosphorus and other substances from
the sediments. It is now widely recognised that the mixing processes which occur
between sediments and the overlying water play an important role in the overall
phosphorus release from the sediments under both oxic and anoxic conditions
(Lee et al.,, 1977; Ryding and Forsberg, 1977; Schindler et al., 1977). This seems to
confirm that internal loading of phosphorus is a more serious threat in shallow lakes
than in deep lakes (Vollenweider, 1968). The importance of mixing processes in the
recycling of nutrients into lake waters was stressed further by Fee (1979) when he
showed that rates of planktonic primary production during the ice-free season
expressed per unit volume of the epilimnion, are linearly related to the ratio of
epilimnion sediment area in unfertilised lakes.

In extreme cases, internal loading of phosphorus could exceed that of external
loading (Vollenweider, 1968). When heavy internal loading exists, the observed lake
concentration of phosphorus can far exceed the value estimated from external loading
only. This condition is prevalent when the external load is reduced after a long history
of accelerated eutrophication. Under such conditions the lake concentration [P]) not
only exceeds the concentration estimated from the external load [P]yL but it can
exceed that of the average inflow concentration [P]; (e.g., Baldegersee, Greifensee,
Kreutzrichter Basin of Lucerne).

Experience gained in various recent lake restoration schemes suggests that the
history of accelerated eutrophication, that is, the length of time the lake has been
eutrophied, has an important bearing on lake behaviour with respect to internal loading
and phosphorus retention in the sediments (Edmonson, 1972; Michalski and Conroy,
1973; Larsen et al., 1975; Schindler, Schindler et al., 1973, 1977; Ryding and
Forsberg, 1977; Ahlgren, 1977). Apparently the history of eutrophication and the
amount and type of sediments accumulated, determine the time required for
recovery of the lake after the external load is reduced. Lake morphometry further
modifies the lake response to external loading. In shallow lakes where water circulation
is rapid and substances are quickly released from the epilimnion sediment, the internal
load would be more severe than in deep lakes where most of the substances released
from the anoxic hypolimnion sediment are prevented from entering the epilimnion
during periods of thermal stratification.

Schindler et al. (1977), showed that in artificially eutrophied lakes, with a
previous oligotrophic history, 81 per cent of total phosphorus and 61 per cent of
total nitrogen added over a six-year period were deposited in the sediments. In addition
1 and 11 per cent, respectively, appeared in the water column and the remainder was
lost through the outflow. Despite the increased total phosphorus content in the
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sediment and the anoxic conditions, the interstitial water contained less than 1 mg/m?
molybdate-reactive phosphorus, which is typical of the natural oligotrophic lakes
in the area. By contrast, Ryding and Forsberg (1977) observed that «fter reduction of
the external phosphorus load, in three shallow highly eutrophied lakes with a long
history with eutrophication 22 to 400 per cent of the external phosphorus load was re-
leased from the sediments. The net release of phosphorus under oxic conditions in the
lake exceed that of the rates obtained in the laboratory under anoxic conditions. They
suggested that mixing induced by the wind force plays a dominant role in the transport
of nutrients from the sediments of shallow lakes. In the three lakes after the phos-
phorus load reduction, the lake concentration [PIn was much higher than that
estimated from the external load [PIaL and the amount of phosphorus loss through
the outflow was greater than this external load. They also found heavy internal loading
of nitrogen, but a large proportion of the nitrogen (36 - 58 per cent) was lost to the
atmosphere as the result of denitrification. Ahlgren (1977) showed that during six
years after the reduction of the external phosphorus load in a deeper, thermally
stratified lake, the decrease of lake phosphorus concentration followed a simple
dilution curve. During the same period, the yearly loss of phosphorus through the
outflow was greater (more than two times higher in two years) or nearly equal to
the external phosphorus loading. In the later years net deposits of phosphorus
occurred on an annual basis, but seasonally, summer releases were sufficient to
maintain a heavy algal bloom.

Experience gained from lake recovery studies suggests that the condition of
the sediments is important in the extent of eutrophication and in the recovery of
lakes. Sediments remain oligotrophic and only become gradually eutrophic, long
after the water mass becomes highly eutrophic (Schindler et al., 1977). Conversely,
the highly eutrophic sediment would remain eutrophic long after the external load
is reduced and would thus delay the recovery of the lake.

A better understanding of the quantitative aspects of the release of phosphorus
from the sediments is needed in order to predict with confidence the time required
for the recovery of a heavily eutrophied lake.

5.5. Toxic and Potentially Hazardous Substances

The OECD Eutrophication Programme was established to clarify the role of
nutrients in eutrophication; it dit not examine the role of toxic and potentially
harmful substances associated with accelerated eutrophication. It is recognised,
however, that along with an increased trophic response, other harmful effects of
certain substances are part of the overall problem of man-made eutrophication.

Population growth and increased economic activity not only increase the
nutrient load to water bodies but also increase the loading of other substances which
may be hazardous to aquatic life and to human health. Some of these substances such
as trace elements were always present in low quantities in aquatic systems supplied in
the basic natural load, but with accelerated eutrophication, the increased amounts
supplied, accumulated and recycled in the aquatic system cause problems. Other
substances, mainly organic compounds of an anthropogenic nature, originating from
pesticides, paints and other chemicals, also enter into water courses and add to the
problem. These substances are usually found in very low concentrations in water
but they can accumulate in animal tissues and persists in a water body.

a) Trace Elements:
. Mercury, lead, arsenic, cadmium, selenium, cooper, zinc, chromium, and vadium
could cause serious local problems near point sources of industrial releases. The ad-

ditive and synergistic effects of the mixture of heavy metals can further increase the
hazard to aquatic life. Mercury and lead rank highest with respect to real or anticipated
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environmental hazard (Anon., 1978). Both of these elements can be converted by the
process of methylation by microorganisms into methyl mercury and methyl lead,

‘which are strong human nerve poisons.

b) Organic Compounds:

Organochlorine pesticides such as DDT, Aldrin-dieldrin, chlordene, polychlor-
inated biphenyls (PCBs), are of particular environmental concern. These organic
compounds are extremely persistant chemicals and have the ability to bioaccumulate.
These substances are known to cause reproductive failure in fish-eating birds, either
by failure of eggs to hatch or by the production of non-viable ofsspring.

¢) Microorganisms:
Pathogenic organisms can enter water systems from direct sewage discharge,
sewer overflows and septic tank failures. Depending on the size of the water body,

they can cause health hazards in nearshore regions or they can affect the whole water
body.
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