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Chapter 8

English summary

Toxicant effects on algae

Practically all life on earth indirectly depends on energy from sunlight. This
energy is harvested with photosynthesis by ‘green’ organisms. Beside macro-
phytes, in the aquatic environment algae play the role of being the primary
producers of stored energy. All other organism depend directly or indirectly
on them. If the primary producers are hampered in their activities, effects
will cascade down the whole ecosystem. To be able to predict the long-term
effects of toxicants on ecosystems, the first puzzle is to solve how the primary
producer responds to toxicant stress.

The very short-term effects of toxicants on algae are already known and
are well documented using classical descriptive statistics. However, for ecosys-
tem modelling there are additional requirements that are not covered by these
short-term statistical procedures. First, the classical approach gives results
that are difficult to extrapolate to other time points or other exposure con-
centrations. Furthermore, the effects are often measured and described on
the population level and not on the level of the individual. Therefore its is
not possible see which process within an individual was affected, e.g. nutrient
assimilation, growth, reproduction or death.

When one models an ecosystem these processes have to be considered sepa-
rately and included separately. Also the modelled toxicant effect should prefer-
ably affect only the correct biological processes. Thus, the classical descriptive
statistics based on oecd guidelines [13, 14] are of limited use for long-term
effect modelling, see for explanation [7, 8].

To obtain useful long-term dose-effect relationships for algae we designed,
in collaboration with ect Oekotoxikologie GmbH, an experiment in which
there would be long-term exposure (as in multiple algal generations), nutrient
limitation and toxicant stress.

The model for the algal growth should be able to extrapolate between
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time points, between toxicant doses and should incorporate mass-balance and
explicitly describe nutrient uptake, growth and death of the algae.

We made a conceptual model with all relevant biological processes and
derived a mathematical model for the algal growth, similarly as done in Section
1.2 of the General introduction. In short, the mathematical model consist of
coupled odes, resulting in a Marr-Pirt model for the algae and book keeping of
the limiting nutrient. The debtox module [1, 10] was used to approximate the
effect of the toxicant on the biological processes, yielding a time-independent
continuous dose-response model. The mathematical model was coded into a
computer model.

The experimental setup was designed with the conceptual model in mind,
thus the output of the experiments was usable as input for the computer model.
As the mass-balance of a closed system is easier to model than that of an open
system, the experiments were done in a closed glass flask: an Erlenmeyer.
The experiment generated two data sets: one in which the toxicant was a
herbicide and a second in which the toxic stressor was an insecticide. The
results were analysed using the classical descriptive statistical approach of the
oecd [13, 14] and published in Aquatic Toxicology [12].

The computer model was also applied on the two data sets. The data
fit produced a quantification of rates that determine the growth and death
of the algae under reference conditions and a quantified dose-effect relation
for each toxicant and its affected process. To describe the normal growth
of the algae only three parameters were needed and two for each toxicant
effect-relation. Without using a priori knowledge the data fits reveal that
the herbicide affected the growth-process of the algae and the insecticide the
death-process.

Hallam et al. discussed in 1993 [6] the concept of a minimal toxicant concen-
tration at at which a population will go extinct given a specific food availabil-
ity. Using the fitted parameter values and the equations we calculate the tox-
icant concentration at which the algal population will go extinct given known
nutrient loads. This yields a deterministic continuous function of extinction
concentrations depending on the nutrient load, in other words, a deterministic
population extinction threshold. Using standard data fitting techniques we
obtained the co-variance matrix which contains the interdependency of the
parameters values. Combining this covariance matrix with a second order
Taylor approximation leads to a confidence interval around this deterministic
population extinction threshold.

This would not have been possible with the oecd approach of descriptive
statistics. With the deterministic mechanistic modelling approach, it is pos-
sible to do predictions between concentrations, between time points and even
outside the original experimental conditions. The above mechanistic analysis
and discussion were published in Water Research [2] and form Chapter 2.
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Effects of toxicants on algal-predator system

Now that we could model and determine long-term effects on a small single
species system, could we do the same for a real but very simple multi-trophic
ecosystem? This would help extend the conceptual framework and resulting
mathematical model should help us to answer the ultimate question on how
toxicants affect ‘natural’ and therefore big and complex ecosystems.

An algal-predator-toxicant system was designed, again together with ect,
consisting of the same algal species and the predator was taken to be an
algivorous ciliate. This data and the statistical analysis are also published in
[12].

In this model the default Marr-Pirt building block, as used to describe
the algal growth, could not also be used to satisfactorily reproduce the growth
dynamics of the ciliates. The more sophisticated dynamic energy budget model
(deb) with reserves [11] did improve the data fit to the measurements of the
ciliate population size but not enough.

A key factor in the ciliate population dynamics, that is not covered in both
the default Marr-Pirt and deb models, is the existence of a feeding threshold
for ciliates [16]. The feeding threshold is implemented in the standard Holling
type II functional response as an additional term which lowers the perceived
prey density for the predator.

The analysis of the small multi-trophic ecosystem in by Weisse et al. in
[16] resulted in an article in which we model the observed, but still unex-
plained, effect of a feeding threshold in the Holling type-II functional response
on the time evolutions of ciliate and algae densities inside a confided volume.
Also, the long-term effects of the feeding thresholds on the dynamics of these
algal-ciliate ecosystems were analysed with bifurcation theory. Above findings
are published in Mathematical Modelling of Natural Phenomena [3] and form
Chapter 3.

The above work helped us to realize that the ciliate species used by ect
could also have a feeding threshold and that this property should be included
in the conceptual framework.

Effects of toxicants on an algal-predator system

with feeding threshold

The analysis continued, but now the idea of a ‘feeding threshold’ was added to
the conceptual framework. So far, this conceptual framework contains: mass-
balancing, odes (identical individuals), Marr-Pirt model for algal growth, deb
reserve-model for the ciliates, feeding threshold for predation on the algae by
ciliates and debtox concentration-effect relationships. Even with the inclusion
of the feeding threshold the dynamics from the model did not match the



180 English summary

dynamics in the experimental data.
Work published by Eichinger in 2009 [5] put us on the way to include

starvation in the deb growth model for the ciliates. Starvation leads to struc-
ture mobilization which again gives shrinkage and leads to less rapid predator
population decline. Therefore, we added ‘shrinkage’ to our conceptual frame-
work and the data fits improved. The model captures most but not all of the
behaviour of the affected system. Results are presented in Chapter 4.

Incorporation into the conceptual framework of a reserve, shrinkage and a
feeding threshold leads to more dynamics in the computed time evolution of the
ciliate biomass. However, each new addition to the conceptual framework leads
to an increase in the number of equations and parameters in the mathematical
model. Still the predicted dynamics do not match the experimentally observed
dynamics to full satisfaction. Likely, not all the relevant behaviour of the
ciliates is captured in enough detail but adding more detail to the conceptual
framework is not warranted given the size of the data sets. Independent of the
above modelling efforts, it can be concluded that the data sets do show that it
is experimentally possible to demonstrate indirect toxicant effects (occurring
as reduced densities) on the trophic level directly above the affected producer.

Toxicant effects on a simple riverine ecosystem

Parallel to the above mentioned work, we investigated whether it was feasible
at all to analyse a mathematical high dimensional ode-system that represents
a more complex but still simplified riverine ecosystem which is under nutrient
and toxicant stress. We found it is feasible to analyse such an exposed high
dimensional ecological systems, thus in theory an up scaling from Erlenmeyer
to river is possible.

To be more specific, the aquatic ecosystem consists of a limiting nutrient,
primary producers, consumer and a predator. Other components are two
types of detritus and bacterial degradation of the detritus for the closure of
the food circle. This work has been published in Ecological Modelling [9].
There we describe how species biomass densities responded to gradual changes
in the rate of water flow, toxicant inflow concentration and nutrient inflow
concentration.

The species together form the ecosystem, presence or absence of species
determine the ecosystem structure. The activities of the species determine
the ecosystem processes. We devised a method to find areas in the parameter-
space where the ecosystem is quantitatively not affected. These areas we de-
fined to be no-effect regions. These areas are formed by combinations of values
for nutrient loading and toxicant loading where the biomass densities are not
affected. The bifurcation analysis also resulted in areas where the quantities
are changed but not the ecosystem structure. Finally we determined where
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quantitative changes in biomasses occurred and simultaneously the behaviour
of the ecosystem was changed. Thus in this system toxicant stress was just
one stress besides nutrient stress and removal from the system due to flow
rate. Results are presented in Chapter 5.

Toxicant effects on a simple riverine ecosystem with sediment

Organisms within an aquatic ecosystem suffer simultaneously from multiple
stresses from abiotic factors, trophic interactions and from anthropogenic
sources such as habitat changes and chemical stress. Natural systems are
complex. We summarize the processes, attributes and composition into one
simplification. This simplification still has many behavioural characteristics of
the natural system but is vastly reduced in complexity. The resulting model is
still high in dimensions. The resulting system consists of a limiting nutrient,
a primary producer, a benthic consumer, pelagic consumer, predator, three
pools of detritus and sediment. We call this system the reference system as it
is not affected by toxicants. This system is a simplification of a natural aquatic
ecosystem but the major relevant processes that occur within an natural sys-
tem are present. These processes being photosynthesis, nutrient limitation,
competition for food, predation, detritus formation from death, faeces and al-
gal sinking and finally degradation of detritus into the limiting nutrient. Note
that this system is a food circle not a food web or chain. All biota can absorb
and release the toxicant and the toxicant can adsorb to the sediment.

As a representative for the primary producer we took one algal species, with
species property values from [2] to parameterize the algae and their response to
the toxicant. Benthic invertebrates such as clams and worms were modelled
with only one species which is to summarize all the characteristics of these
species. The predator is taken to be an aquatic vertebrate such as a fish,
its parameters are from [4]. The predator fish is stationary, which is more
appropriate for large aquatic vertebrates. Other parameter values are from
e.g. Aquatox [15], which is an ecotoxicological model that predicts short and
middle long-term effects of toxicant on fresh water ecosystems.

The behaviour of our simplified ecosystem was analysed with bifurcation
theory. We found in the case that we modelled the direct effects of a herbicide
on the algae that the biomasses of the other species responds rather gradually
to the increased concentration of the toxicant. However, often the gradually
changed biomasses remained at an intermediate density and then suddenly all
species went extinct, a catastrophic collapse occurred. Recovery of the system
would only occur if the toxicant influx was severely reduced.

We also found that eutrophic systems can postpone their collapse due
to higher initial biomasses and therefore higher toxicant binding capacity,
consequently reducing bioavailability of the toxicant for the algae.
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In general we found that before a system-collapse or loss of species occurs,
the system is not behaving much differently than at a slightly lower toxicant
influx rate. Therefore, there are no or difficult to see warnings before the
system collapses due to one drop of toxicant too many. This means, that
potentially devastating effects can result from a slight increase in the toxicant
influx rate, without any type of warning.

An additional effect is that the recovery of the system is potentially also
very difficult. The existence of a tangent bifurcation should be interpreted as
a threshold for species to successfully re-invade the system, making it more
difficult to restore the ecosystem. Results are presented in Chapter 6.

We like to stress that although long-term predictions are made, the pre-
dicted short-term dynamics could still be validated using multi-species models
as proposed in [12], Chapter 2, 3 and 4.
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