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11.1. INTRODUCTION

The aim of the present paper is to review and discuss present knowledgeof the
principles of ecotoxicology of aquatic plant communities. More than 70% of the
earth's surface is covered by the oceans and the major primary producers in these
areas are small planktonic algae. Most earlier toxicological studies have been
concerned with these algae, and other aquatic plants have been studied only rarely.
Possibly the main reasons for selecting planktonic algae as routine test organisms
are the relative ease with which they can be handled in the laboratory and, perhaps
more important still, their short generation periods. However, the shallow-water
areas of aquatic environments are more liable to be polluted than the oceans. These
areas are often dominated by plant communities other than the phytoplankton and
though the latter still play an important part, it would seem more relevant to
include the whole plant community in the investigation.
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11.2. PRINCIPLESOFTOXICITYTESTS

Below will be found some remarks on general principles related to tests on the
toxicity of pollutants on aquatic plants. For further details, reference is made to
the report of a group of experts appointed by ACMRR/IABOof FAO, who have
recently completed their task 'to reviewand critically evaluatemethods of toxicity
tests on aquatic organisms'(FAO, in press).

The toxicity of a particular element or compound may be tested at different
levels of biological organization. For monocultures of unicellular algaethe action of
the toxicant may be tested by using any of the following properties: growth rate
(increase in cell number or increase in the content of organic matter in the cell
population), motility, gamete production, cell division, cytoplasmatic streaming,
protein synthesis, permeability of the cytoplasmatic membrane, blockage of uptake
sites for a particular nutrient etc., CO2 fixation or production, O2 uptake or
production.

When considering the influence of a toxicant on growth, true cause-effect
relationships may be difficult to assess,since different processes are involved, for
example:

(1) gross photosynthesis of the plant;

(2) respiration of the plant;

(3) cell division processes.

Thus a diminished growth rate may be the result of a reduction in the rate of
photosynthesis, increasedrespiration rate, inhibition of cell divisionmechanisms, or
combinations of these factors. It is well known, for example, that respiration is
affected by changes in temperature to a greater extent than photosynthesis, as
photochemical processes are almost independent of temperature. Thus with low
illumination and increased temperature, decreased growth rates may be recorded,
since respiration is increased but photosynthesis is unaltered (e.g. Cairns et al.,
1975). In addition, the primary cause of a decrease in growth rate may be due tq
the action of a toxic substance on particular processes, such as the uptake
mechanisms for variousessential plant nutrients. Most earlier studies, however,have
considered the influence of toxicants on growth rate (Le. increase in cell number or
algal dry weight) or the rate of photosynthesis. The last has been measured
preferentially by means of the 14C-method, originally described for measurements
of phytoplankton primary production (Steemann-Nielsen, 1952). What is actually
measured by the 14C-method is still a matter for discussion (e.g. Hobson et al.,
1976), in particular when certain environmental factors act as stressors. Although
information obtained by the 14C-method may serve as a first approximation, it is
the influence of the toxicant on net production which is most important. Net
production is the basis for all other forms of life in the community, and a reduced
net production is associated Witha lower input of energy to the system.
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Attempts have been made to measure the effects of pollutants on the
community as a whole using the followingindicators: community structure, species
diversity, community nutrient cycling including turnover rates of vital biological
elements. A community may be changed if exposed to compounds or elements
toxic to individual cellsor individualorganismswithin the community.

Many factors may modify the toxic effect of a substance on the growth of
aquatic plants; considered to be of particular importance in this context are:

(1) types and composition of species;

(2) developmental stage(s) of the test species, or the species present in the
community;

(3) the physiological state of the individual species or of various speciesof the
community;

(4) the number or biomass of the plants;

(5) composition of test culture medium or of abiotic factors in the environ-
ment;

(6) procedure of the experiments; applications of water-insoluble toxicants to
test systems, loss of toxicant from the test system by evaporation etc.;

(7) presence of other toxicants in the test culture medium or in the enViron-
ment: the question of additive, synergisticor antagonistic effects;

(8) short-term versus long-term incubations including the question of adap-
tation of individual speciesto the particular toxicant, and short-term 'shock'
effects;

(9) small-scaleexperiments versuslarge-scaleexperiments.

Evidently both vertebrates and invertebrates, as well as microalgae and other
aquatic plants, show great variation in their response to various stress factors
depending on the developmental stage of the organism. This aspect has been best
illustrated in unicellular plants in synchronous culture. The physiology of the plant,
as well as its response to toxicants, changesthrough successivestagesof the plant's
development. Many current test systems consist of a mixture of different
developmental stages, for instance, cultures of microalgae under continuous
illumination. In these systems the (mode of) action of the toxicant may not be
detected and the results of such tests should be interpreted with caution.

11.3. THE FATE AND SIGNIFICANCEOF THE POLLUTANTIN TEST
SOLUTIONSAND IN NATURALWATERS

To assess the result of a toxicity test it is necessary to know the concentration of

the pollutant in the test medium, as well as the fate of the pollutant. Is the
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observed effect a direct one, i.e. caused by the added pollutant? Or are we dealing
with an indirect effect of the pollutant? These questions are not easy to answer
for various reasons, some of which are given below. One problem is the lack of
appropriate analytical chemical methods, and another that of possible interactions
between the pollutant and the constituents of the test solution or the natural
receivingwater.

The study of dissolvedorganic compounds in the sea is very recent, a probable
reason being that work in this field had to await the development of new analytical
techniques. The major difficulty in isolating these compounds is the great
preponderance of inorganic salts in the sea water, as shown by the following
example: Duursma (1960) found the dissolvedorganic carbon and dissolvedorganic
nitrogen in the Norwegian Sea coastal water to be 1.0 mg/l and 0.1 mg/l,
respectively. The ratio of inorganic salt to dissolved organic carbon is thus
approximately 35,000 to 1, and the ratio of inorganic salt to dissolved organic
nitrogen 350,000 to 1.Such facts make it easy to understand that most of the work
up to now has been methodological.

Dissolved organic compounds enter the sea from many different sources. It is
possible that the largest fraction originates from the marine organismsthemselves,
in particular from zoo- and phytoplankton. Another fraction originates in the
terrestrial environment and is brought to the seaby riversor from the atmosphere.
The organic pollutants are to be found in the pool of dissolvedorganic substances
in sea water, and it is those which are not found naturally that seem to playa
particularly important role in relation to the pollution of the aquatic environment.
It is not easy to demonstrate, however, either the role of these substances or that of
those naturally present. It has proved difficult, for instance, to differentiate
between dissolved and particulate organic compounds because the distinction
between the two fractions depends on the filtration or centrifugation technique
employed. It is thus impossible to decide whether the dissolvedorganic substances
of natural sea water are in solution or if they exist as colloidal matter. Organic
compounds are easily adsorbed on to the hydroxides of iron or aluminium. For this
reason, it is assumed that at least some of the dissolved organic compounds of sea
water are adsorbed on colloidal or largerparticles. It is known that river water may
contain high concentrations of colloidal organic matter and when it reaches the
ocean, the colloids present coagulate rapidly.

The response to a given concentration of toxicant varies not only with the
receptor plant community but also with the waters in which a community resides.
For example Glooschenko (1971) found differences in the effects of DDT and
dieldrin in situ on natural phytoplankton depending on whether they were tested in
Lake Erie or Lake Ontario. Another example of the dependence of effects on the
nature of the test waters is provided by experiments of Skaar et al. (1974) which
demonstrated a low nickel-binding capacity of phosphate-starved cells of the
diatom Phaeodactylum tricomutum; addition of phosphate to the culture medium
increased the binding capacity. However, when nickel ions were added before or
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together with the phosphate, almost no increase in nickel-binding capacity of
phosphate-starved cells was found. Similarly, the influence of copper on 14CO2
uptake of natural phytoplankton was found to vary in different lakes (Steemann-
Nielsen and Bruun-Laursen, 1976). Whereas addition of copper to the water
generally gave lower uptake rates, the opposite was found after addition of small
doses of copper to phytoplankton sampled in a lake with a high humus content. It
is assumed that the copper is bound to humus under natural conditions and as such
is unavailable to the algae.Whensufficient copper is added, the binding capacity of
the humus is exceeded and thus copper is made available to the plants. A low
concentration of copper in the state at which the plants can utilize it, is necessary
for growth, but at higher copper levelstoxic effects occur. This example shows the
possible dual role of a pollutant and the importance of the concentration in this
respect.

Copper is found in natural waters in both particulate and dissolvedforms (Table
11.1) (Kamp-Nielsen, 1972) and unfortunately, little is known about the
equilibrium constants between the different copper species (Sylva, 1976). This
aspect is important for toxicological studies, since only some (or one of the) copper
species present in solution may be taken up by the plants and hence exhibit
toxicity (e.g. Mandelli, 1969; Gachter etal., 1973). Moreover, more accurate
estimates are needed of the rates at which, for instance, copper is mobilized from
various copper compounds under different environmental conditions. The rate at
which the most toxic species of, for example, copper, is supplied to the plants is of
more importance than the concentration of total copper in the water. The
discrepancies between the results of different workers with regard to measurements
of copper toxicity on plants may be due to the varying states of the metal in
different test media or in natural waters. Similar considerations apply to most other
heavy metals.

Heavy metals seem to have a more severe toxic effect when present in the ionic
state than when in the form of various complexes. Deep ocean water usually
contains these metals in the unchelated state, whereas copper ions, for example, are
present in only small quantities in surface waters. This is ascribed to the presence of

Table 11.1 Chemical States of Copper in Natural Waters. (Reproduced from
Kamp-Nielsen, 1972, with permission of Pergamon Press, Ltd.

Copper fractions Examples

Dissolved, ionic
Dissolved, inorganic complexed
Dissolved, organic complexed
Adsorbed to particles

Cu+, Cu2+
CuC03, Cu(CN)-, CuCl~-
Cu-peptides, Cu-humates, Cu-porphyrins
eu2+ adsorbed to Fe(OHh-micelles,

seston, algae
CuS, CuO, CU2(OHhC03
Copper in algae, animals, seston

Particulate, inorganic
Particulate, organic
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a relatively high level of dissolved organic matter in the upper water layers where

these substances form complexes with the copper ions. Steemann-Nielsen and
Wium-Andersen (1970) suggested that the low primary production observed in the
water at the centre of an upwelling area, compared with that occurring in the
peripheral waters is due to the different states at which copper is present in the two
types of water. The occurrence of relatively high levels of dissolved organic matter
in surface layers of natural fresh and marine waters is ascribed to the high metabolic
activity exhibited by the plankton, which excrete dissolved organic compounds.
This excretion seems to increase when the organisms are under stress (e.g. when
competing for nutrients or light), and thus also when the organisms are exposed to
toxic substances (Steemann-Nielsen and Wium-Andersen, 1970). It may be argued,
therefore, that the dissolved organic molecules act as external detoxicants. Davies
(1976) similarly found internal detoxication of mercury by binding of the metal to
cell constituents, predominantly proteins, in Dunaliella tertiolecta.

11.4. THEUPTAKEAND ACCUMULATIONOF TOXICANTSIN PLANT
TISSUE

In general, the exposure of natural and laboratory populations of aquatic plants
to high concentrations of toxic compounds of heavy metals and organohalogens
may cause a reduction in rates of photosynthesis or growth. At low concentrations
there are, however, species differences. Thus for example, the concentration of a
substance may inhibit growth or photosynthesis of one species while another is
unaffected or even stimulated (e.g. Fisher and Wurster, 1973). A consistent view
regarding the general effects of toxicants cannot be given(e.g. Leland et al., 1976),
firstly, because aquatic plants differ in their inherent response to toxicants and,
secondly, because the effects of the toxicants are also strongly influenced by the
chemical composition of the surrounding medium. Similarly,the concentrations of
toxicant residues reported for different aquatic plants from various water types
(e.g. Reish and Kauwling 1976) may be of limited significance.Lorchetal. (1976)
found that the accumulation factors for the green alga Pediastrum tetras varied
from 4 to 1,710. They were able to relate this variation to the culture conditions
and, in particular, to the chemical composition of the culture medium. Although
the results of these earlier toxicological studies on aquatic plants are sometimes
conflicting and difficult to interpret, they have illustrated some important
principles of ecotoxicology. These principles are discussed briefly below, and
special attention is paid both to the studies on the effects of toxicants on natural
aquatic plant communities and to laboratory studies offering ecologicallymeaning-
ful results.

The uptake of both toxic heavy metals and organohalogensby aquatic plants
seems to be initiated most often by a phase of rapid and passiveadsorption to the
cell wall. For example, Fujita and Hashizume (1975) found that about 20% of the
total amount of mercury found in dividingcells of the diatom Synedra ulna was
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taken up by adsorption and could be eliminated by washingwith distilled water. A
further 50% was apparently accumulated in the inner part of the cells and, the
remaining 30% seemed relatively firmly physically or chemically adsorbed to the
cell membrane. The adsorption isotherm of mercury uptake by Synedra was:

log C' = 2.603 + log C1.3

where C' and C are concentrations (molar) in cellsand culture medium respectively.
However, it could not be concluded from the experiments whether the uptake of
mercury by Synedra was due solely to adsorption in a monolayer on the cell surface
or if it was the combination of biological uptake and passive adsorption which
obeyed the isotherm. Davies(1973) suggestedthat the uptake of zinc in the diatom
Phaeodactyium tricornutum starts as a rapid adsorption onto the cell membrane
followed by diffusion-controlleduptake rate and then by binding to proteins within
the cell. This binding of zinc to protein may control the concentration in the cell.
During the growth cycle the concentration of zinc reached a maximum and then
decreased as the amount of protein in the cell declined. Similar uptake patterns
have been described for other metals, in e.g. Skaaret ai. (1974) who studied nickel
uptake in the same diatom species.

The initial uptake of organohalogencompounds by unicellular algaealso appears
to be a rapid process. The uptake of DDT, for example,was found to be completed
in less than 15 seconds after addition of 14C-labelledDDT to a culture of Chiorella

sp. (Sodergren, 1968). The uptake was predominantly an adsorption to the cell
membrane and no difference was found between the uptake rates of livingand dead
cells. The adsorption capacity of Chiorella cells was at least 6.3 x iO-6 Jig DDT
per cell, and thus equivalent to 0.32 Jig DDT per mg algal dry weight. The
accumulation of DDT in continuous-flow cultures of the algae followed the
equation:

Cc(t) =Co(1 - e-(Qt/v»)

where

Cc = concentration in the cells
Co = concentration in the influent

Q = the volume of liquid added per day to the system
t = time in days
v = culture volume.

Salonen and Vaajakorpi (1976) demonstrated the same initial rapid uptake of
DDT in a small pond in Finland. DDT was added to the water and its concentration

was followed for 60 days in the abiotic and biotic compartments of the system
(Figure 11.1). It was found that small suspended particles, whether alive or dead,
took up DDT more rapidly than largerparticles.
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Figure 11.1 The DDT concentrations in filtered pond water and in some
plants as a function of time after labelling the pond. (Reproduced by permission
of Georg Thieme Verlag, from Salonen and Vaajakorpi, 1976)

There are only a few studies on higher aquatic plants which allow the calculation
of reliable concentration (accumulation) factors for toxicants in plant tissues.
Mortimer and Kudo (1975) maintained the mercury at constant concentrations in
the water of experimental containers by controlling the input of mercury into the
test system. In addition, they continuously measured the actual concentrations of
mercury chloride and methylmercury cWoride in plants, bed sediments, and on the
glasswalls of the containers. The aquatic macrophyte Elodea densa was used as the
test plant and its growth was determined for the 17 days' experiment. Uptake was
directly proportional to time and to water concentration. The relationship of
uptake to the mercury concentration in the flowing water was expressed as the
concentration factor:

fJ.gHg/g plant

fJ.gHg/g water

The daily increment of mercury uptake was related to water concentration, and to
the weight of the plant tissue, and was estimated from the specific activity values
determined at days 3, 7, 10, 14, and 17. The transfer coefficients were calculated
as:

fJ.gHg/g plant/day =cm3 water/g plant/day (day-I)
fJ.gHg/cm3 water

which is equivalent to the volume of water cleared of mercury per gram of plant per
day. The transfer coefficients revealed a reasonably consistent grouping around
5,000 day-I for both mercury compounds at concentrations up to about 10 ppb of
mercury.
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11.5. TEST SYSTEMSCOMPAREDWITHNATURALSYSTEMS.
INTERACTIONSBETWEENTOXICANTSAND BETWEENPLANTSPECIES

It is usual for only one organismand only one toxic substance to be used at one
time in practical laboratory tests. In the natural environment, however, a number of
pollutants are usually present simultaneously along with severalspecies of aquatic
plants. This raises the question of combined action. Do different toxic substances
antagonize each other, or are their harmful effects additive or synergistic?
Furthermore, does the coexistence of plants influence toxicity and accumulation
rates?

Hutchinson and Czyrska (1975) exposed the floating aquatic weeds Salviniaand
Lemna to various concentrations of heavy metals. The growth of Salviniawasbetter
at 0.01 and 0.05 ppm of cadmium when in competition with Lemna than when
grown alone. In the absence of competition, Salviniafailed to surviveat 0.05 ppm of
cadmium. In contrast, the growth of Lemna was significantly reduced when it was
grown together with Salvinia. Thus in the laboratory, the effect of the metals on
the growth of only one of the test plants was changed when the two specieswere
grown together. The rate at which the metals were accumulated in the plants was
also altered when the plants were grown together. In this case the cadmium level
in Lemna tissue increased while the cadmium concentration in Salvinia was
correspondingly reduced. It should be mentioned, however, that the concentrations
of the toxicants given above are calculated on the basis of the amount of toxicant
added initially and the volume of culture medium. If one of the plant specieshad a
more efficient uptake mechanism(s) for the toxicant (e.g. due to a larger surface
area) the concentration at which the other plant is exposed in the competition
experiment is lower than calculated. Thus the experiments demonstrate the
differences in the initial uptake capacities for toxicants in different plant species.It
seems, however, that there are also other mechanisms involved. It was shown, for
instance, that at the same initial toxicant concentration, the accumulation of
cadmium in plant tissue of Lemna is higher when grown together with Salviniathan
when grown alone.

The metals tested in the study by Hutchinson and Czyrska (1975) apparently
acted synergistically in Lemna. When nickel and copper were present at the same
time, the uptake rates of both metals were increased. Similarly, the presence of zinc
appeared to result in a higher cadmium uptake. The accumulation of both
substances was higher in Lemna tissue when the plant was grown together with
Salvinia than when grown alone. On the other hand, cadmium and zinc levels in
Salvinia were the samewhether it wasgrown alone or together with Lemna.

Interactions of other toxicants such as PCB's, DDT and DDE have also been
demonstrated in laboratory toxicity tests on microalgae(Figure 11.2). Mosseret al.
(1974) observed substantial growth inhibition when the marine diatom
Thalassiosirapseudonana (strain 3H) was treated with 10 ppb PCBsand 100 ppb
DDE simultaneously, while growth of the diatom was only slightly reduced when
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Figure 11.2 Interactions among PCBs, DDT, and DDE in ThaZassiosira
pseudonana. The concentrations of PCBs and DDT in B were 50 ppb and
500 ppb, respectively. The number of hours after which DDT is added to
the PCBs treated cultures of the alga is indicated in brackets. (Re-
produced by permission of Springer-Verlag, New York, Inc., from Mosser
etaZ.,1974)

treated with just one' of these substances at the same concentrations (Figure
11.2A). So in this case, PCBs and DDE acted synergistically. In contrast, the
interaction of PCBsand DDT was antagonistic. When the diatom was treated with
50 ppb PCB's, growth was almost stopped. The simultaneous addition of 500 ppb
DDT restored growth rate to about two thirds of that in control cultures. The
addition of DDT after 12-24 h inoculation with PCBsalso reversed the inhibition
caused by the latter (Figure II.2B). The mechanism appeared to be an intracellular
interaction rather than a physicalprocess (coprecipitation etc.) because the process
was reversible. Almost no interaction was demonstrated between DDT and DDE.
Hence the effect of simultaneous exposure to these substances was additive.

The examples given above Clearlydemonstrate that toxicity test experiments
conducted on only one plant species and with one toxic substance only will not
always allow prediction of the effects of toxicants on natural plant communities.

11.6. SOMELONG-TERMEFFECTS OF TOXICSUBSTANCESON AQUATIC
PLANT COMMUNITIES

In recent years, attempts have been made to obtain more reliable data on the
influence of toxic substances on entire natural communities and ecosystems. The
aim of the CEPEXprogramme(Reeve etal., 1976) is to identify sensitive,
short-term indicator reactions of long-term sublethal pollutants. This may be
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accomplished by correlating metabolic, behavioural or other quickly measurable
variables with subtle effects on community and population structure and function.
Current ecotoxicological studies can be separated into two groups. In the CEPEX
programme and related studies, laboratory experiments, basically derived from
classical toxicological tests, are' intended to be used in monitoring the 'state of the
environment'. For the same purpose, others have aimed at identifying indicator
species for the various types of pollution.

The following discussion concerns some aspects of recent long-term and
large-scalestudies in ecotoxicology and includes investigationson indicator species,
adaptation of aquatic plant populations and communities to toxic substances, and
changes in community structure and function as a consequenceof exposure of the
systems to toxicants.

Whitton (1970) attempted to demonstrate correlations between the abundance
of different plants and the discharge of a number of pollutants in various
concentrations in British rivers.He showed, for instance, that the filamentous green
algae Microspora and Ulothrix tended to be resistant to copper, lead, and zinc,
whereas Oedogonium was sensitive. In contrast, the generaMougeotia, Spirogyra
and Zygnema (Zygnematales), showed a wide range of behaviour with respect to
zinc. However, it was concluded that the existing information is inadequate to
enable decisions to be made as to species or genera of higher benthic algaesuitable
to serve as indicators of metal pollution. Littler and Murray (1975) found that
brown algal species and surf grass were replaced by blue-green algae, sea lettuce
(Ulva lactuca) and some fmely branched red algae in the vicinity of a small
domestic outfall at San Clemento Island. The last were characterized as having
higher productivities and shorter life histories. Obviously, the experience gained
from such natural long-term exposures of plant communities to pollutants offers a
more realistic basis for predictions about the effects of polluting substances on
natural plant communities than the results of acute toxicity tests.

In a recent paper, Stockner and Antia (1976) warned against using the
conclusions based on observations made by the usual acute toxicity tests because
the physiological mechanism of adaptation to long-term exposure is neglected in
most of these tests. Stockner and Costella (1976) studied the effect of pulpmill
effluent on the growth of the marine planktonic algae Skeletonema costatum and
Amphidinium carteri. They interpreted the prolonged lagphases of algalgrowth to
mean that time was required for physiological adaptation prior to commencement
of exponential growth. Generally, these algae required from severaldays to as long
as 3 weeks to adapt to the higher concentrations of kraft effluent from the pulpmill
(Figure 11.3). No loss of toxicity of the kraft effluent was observed on long-term
storage (90 days). During the initial phases of exposure to pollutants, the algae
tolerated only low concentrations of the pollutants, whereas much higher levels
were accepted by repeated exposure to gradually increasing concentrations
(Stockner and Antia, 1976). As pointed out earlier, however, such long-term
experimentsmay be difficult to interpret in terms of the exact cause-effect
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Figure 11.3 Response of Skeletonema costatum to various con-
centrations of pulpmill effluent and to filtered sea-water controls.
Only the response to the kraft fraction of the pUlpmill effluent is
shown. (Reproduced by permission of Minister of Supply and
Services, Canada, from Stockner and Costella, 1976)

relationships because physicochemical factors may obscure the possible physio-
logical adaptation of the plants. In addition, it is difficult to assess whether the
observed adaptation is a rapid, reversiblephysiological response or an alteration of
the genetic material of the cells. A distinction has also to be made between the
adaptation of the species and that of the community. Populations of most algal
species show great variations in their sensitivity to various toxicants (Lazaroff and
Moore, 1966; Reeve et al., 1976). In natural plant communities, some speciesmay
become dominant after long-term exposure to pollutants, while others are
eliminated. Several laboratory experiments with mixed cultures of algae have
demonstrated similar changes in the species composition upon exposure to
toxicants (e.g. Mosseret al., 1972; Jensen et aI., 1975; Reeveet al., 1976).

Our conception of the ecosystems has changed frequently in recent years (e.g.
Kerr and Neal, 1976). Current theories concerning natural communities and
ecosystemshave moved the focus from the classicalcharacteristics(indicator species
diversity etc.) towards other distinguishingfeatures. A promising theory may be the
type which emphasizes the analysis of the size distribution of organismsin aquatic
communities (e.g. Sheldon etal., 1972; Kerr and Neal, 1976). This ecological
pattern is likely to be useful also in the context of ecotoxicology.

When semi-long-term(of up to 280h of exposure, e.g. Jensen etal., 1975) or
long-term and large-scaleexperiments (e.g. the CEPEX programme, Reeve et al.,
1976) on the effects of toxicants are conducted on phytoplankton communities,
small algal species tend to dominate. If these observations prove to be the general
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rule of community response to stress factors, includingtoxic substances, significant
changes in plant community structure and function occur. It is well known that
heavy doses of plant nutrients to lakes over prolonged periods result in a high
eutrophication status. The increase in eutrophication level is usually correlated
with an alteration of the species composition and the small planktonic algae (the
nannoplankton) become dominant (e.g. Pavoni, 1963). Dominance of small
phytoplankton cells may be favourable to the higher trophic levels of the grazer
food chains of the aquatic system, since the herbivorous zooplankton preferably
feed on the small suspended particles in the water. Predominance of the small algal
cells, however, may also result when the herbivorous zooplankton is more
susceptible to the toxicant than the other organismsof the planktonic community.
Grazing of the zooplankton on the small algae is thereby reduced, and these algae
will dominate over other algal species due to their relatively high growth rates.
Some of the results obtained in the CEPEX programme also indicated that the
herbivorous zooplankton were more susceptible to copper than other planktonic
organisms. These findings demonstrate the need to analyseentire communities and
ecosystems when studying the effects of pollutants because investigations of only
one functional group within the system (e.g. the phytoplankton) can offer only
inadequate information on the fate and effects of the pollutant.

When the aquatic environmentsare dominated by smallsize classesand the total
biomass is maintained at the same level or increased, a higher uptake and
accumulation capacity for toxic substances results. The effect of toxicants on the
size distribution of plant communities may be self-promoting by analogy with the
self-promoting eutrophication processes observed in aquatic systems receivinglarge
amounts of plant nutrients. An important aim of future ecotoxicologicalstudies is
to identify the critical maximum dose of toxicants which the various types of
aquatic plant communities can tolerate. Maki and Johnson (1976) studied the
effect of a toxicant, the lampricide TFM (3-trifluoromethyI4-nitrophenol) on the
metabolism of benthic communities in artificial streams. During exposure to
9.0 mgfl TFM, gross primary production was suppressed by 20-25%, while
respiration was increased by 3-50%. The stream community, however, demon-
strated a capacity to adjust to the influence of the toxicant as shownby the rapid
return of metabolic rates to pretreatment levelsafter the exposure period. It was
not demonstrated in the study whether an alteration in species composition had
occurred or if all the organismspresent were able to survivethe treatment.

After an initial adaptation period, the planktonic communities dominated by the
small size classes of cellsmay be assumed also to possessa higher metabolic activity
than the unpolluted communities, at least at relatively low toxicant concentrations.
Under these conditions a different status of element cycling results with increased
turnover rates in the aquatic systems. Indications of accelerated turnover rates of
elements in natural ecosystems have in fact been demonstrated as a result of the
increased discharge of many elements into the aquatic ecosystems (e.g. Wollast
etal., 1975; SCOPE, 1976).
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The biotic and abiotic compartments of the biosphere interact, and we may
assume that present-day life forms have been adapted to the environmental
conditions prevailing during the last few centuries. Unfortunately, we do not at
present understand the consequences of this increased rate of cycling of the
biologicallyessentialelements.

11.7. CONCLUDINGREMARKS

1. Our present knowledge of the behaviour of toxicants, their effects on natural
aquatic plant communities, and the consequences of possible alterations of these
communities for the structure and function of aquatic ecosystems is extremely
poor. There seem to be indications of alterations of communities of both
macrophytes and plankton. In macrophytic communities, plants with higher
metabolic rates and shorter life histories replace the original vegetation. In the
planktonic plant communities, the small algal species and cells tend to become
dominant when the communities are exposed to relatively low doses of toxic
substances. This may result in an increase in plant community metabolism and also
in ecosystem metabolism, since the herbivorous zooplankton feed predominantly
on the small suspended particles in the water. The turnover rates of elements within
the system, and the uptake and accumulation rates of toxicants will also be
increased. The two processes act in antagonism, since the higher uptake rates of
toxicants are usually accompanied by a suppressed metabolic activity of the
individual cells and organisms. The ecosystem response is thus dependent on the
internal 'buffer' capacity or adaptability of the system towards the toxicants. This
hypothesis needs to be confirmed, however, through more detailed studies of the
effects of long-term exposures to various toxicants or mixtures of toxicants on
large-scaletest communities and ecosystems.

2. The present lack of understanding of the effects of toxicants on natural
systems is also due to inadequate information on the baseline situations of the
systems. The difficulties of such assessments are ascribed mainly to the natural
spatial and temporal variations in both abiotic and biotic factors in the systems. The
planktonic communities are dominated by small organisms, thus creating the
problem of reproducibility of ecosystem analysis because even minor natural
changes in the environment may result in rapid changesin the species composition,
and in the type and level of the community metabolism.

3. It is apparent from the above discussion of the current acute toxicity tests
that no consistent view can be expressed with regard to the general effects of
toxicants in laboratory experiments and in nature. For future acute toxicity test
systems, the biological effects of one toxicant, or preferably that combination of
toxicants most relevant to the individual case should be tested. It would be best if
the toxicity test were carried out on the natural plant community including the
recipient water, or with a standard test medium to which the plant community has
been adapted. Alternatively, it is desirable that a well-known 'standard' test plant
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(or 'standard mixture' of plant species) should be cultivated in the recipient water.
The former procedure is to be preferred because the latter offers more information
about the test algae and its physiology than about the toxicity of the test
substance(s) to the plants present in the recipient water. It should, however, be
strongly emphasized that these screening tests should be as simple as possible to
perform (though including the precautions in Section 11.2). Even so, the results of
these tests should be interpreted with caution. Extrapolation to natural systems is
prevented mainly by their higher complexity due to their abiotic and biotic
interactions, and because the characteristics of populations are fundamentally
different from those of communities and ecosystems.
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