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Rivers are the lifelines of our planet. We depend on them for drinking
water and food production, and they are home to many plants and
animals. Unfortunately, rivers are under pressure from stressors like
increasing temperatures, pollution, and habitat destruction. We often
know how a single stressor impacts a river, but when more than
one stressor is present at the same time, the consequences are
often unpredictable. To protect our rivers now and in the future, we
must understand what happens in the rivers when multiple stressors
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HABITAT
DESTRUCTION

Damaging or reduction
of the living space of an
organism or groups of
organisms, for example
by building a dam in
ariver.

STRESSORS

Any environmental
change that might
affect (mostly
negatively) organisms
or entire ecosystems.
Examples include
fertilizers and
pesticides that enter
the water, or increased
water temperatures
and lower water levels
in rivers.

ECOSYSTEMS

All the organisms in a
defined environment (a
lake or forest) that live
and interact with

each other.

Figure 1

Multiple stressors that
commonly affect rivers.
(A, B) Pollution by
wastewater from cities
and industries. (C) High
water temperatures
due to climate change
and the removal of
trees next to the river.
(D) Habitat destruction
caused, for example, by
dams built to generate
electricity. Dams form
barriers that organisms
cannot easily pass
through. (E) Pollution
by farming, as fertilizers
and pesticides used
during food production
end up in rivers.
Created with
BioRender.com. Image
credits: Sun (C): Jane
Thomas, dam (D): Kate
Moore, farming (E):
Tracey Saxby, https://
ian.umces.edu/media-
library.

are present at the same time. However, it is difficult to understand
what multiple stressors are doing to aquatic life by just observing a
river or doing a laboratory experiment. In this article, you will learn
how experimental miniature streams can help us to investigate the
consequences of multiple stressors on rivers.

RIVERS UNDER STRESS

All of us feel under pressure sometimes and are affected by stress in
one way or another. Just like humans, the natural environment can
be under pressure from stress, such as high temperatures, pollution,
and habitat destruction (Figure 1). Often, the environment is affected
by multiple stressors—more than one kind of stress at the same time.
Delicate ecosystems like rivers are very sensitive to multiple stressors,
and the plants and animals living in them can be severely affected.
Rivers are essential for us, too, because we depend on them for
drinking water and food production. Yet, they contain <1% of the
surface fresh water on our planet [1], making it even more important
to protect what little river water is available.

Figure 1

How can we protect our rivers if we do not know how multiple
stressors affect them? Fortunately, scientists can create experimental
miniature streams to safely test the effects of multiple stressors on a
river, without actually harming the river or its inhabitants.
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AQUATIC
ORGANISMS

All living creatures, for
example, plants and
animals, living in
environments made up
of water, like rivers,
lakes, and the ocean.

LARVAE

Young insects are
called larvae. After
hatching from the egg,
aquatic insects look
very different from their
adult flying forms.
During this stage, the
insects feed and grow.

Figure 2

When 1 + 1 = 3. (A)
Five mayfly larvae live in
an unstressed river. (B)
During a hot summer,
the heat stress kills one
of the five mayflies. (C)
During a dry summer,
low water levels kill one
of the mayflies. (D) We
would expect two
mayfly larvae to be lost
if both heat stress and
low water levels affect
the river. (E) Instead,
three mayfly larvae are
lost if both stressors
affect the river. This is a
1+ 1 = 3 scenario.
Image credits: River
cross section and
thermometer: Tracey
Saxby, mayfly larva:
Dieter Tracey, https://
ian.umces.edu/media-
library.

WHEN1+1-=3

When multiple stressors put pressure on rivers, the effects on the
aquatic organisms can sometimes be different from what we would
expect [2]. Imagine it is a particularly warm and dry summer, and a
river is affected by both a low water level, due to poor rainfall, and a
high water temperature. There are many animals living in this river, and
some are more sensitive to these stressors than others. Mayfly larvae
are sensitive to both stressors. A low water level alone would kill one
out of five mayfly larvae, and high temperature alone would also Kill
one out of five larvae.

So how many mayfly larvae die when the two stressors are present at
the same time?

We would expect that 1 + 1 = 2, meaning that we could just add
up the number of mayfly larvae dying from each stressor. This would
mean that two mayfly larvae out of five are lost in the multiple-stressor
scenario. However, we actually see that three out of five larvae die,
which gives us a 1 4+ 1 = 3 situation (Figure 2). How can this be?

A) no stress &

B) high temperature: i

C) low water level:
1 mayfly larva lost &

1 mayfly larva lost

D) expectation:
1+1=2 l

E) observation:
1+1=3 l

Figure 2
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REPLICATES

Copies of identical
conditions within a
scientific experiment.
Only if the results are
consistent among the
replicates, we can be
certain that they are not
produced by chance.

To answer this question, we must first understand how low water
levels and high temperature put pressure on the river. Rivers are rich
in oxygen because, when the water is flowing, it mixes with the air.
Oxygen is essential for mayfly larvae and other aquatic animals. But
if the speed of the water movement is reduced, less water and air
are mixed together, which can decrease the amount of oxygen in the
water. This can happen when the water level in the river is low because
the water flows more slowly. An increase in water temperature can also
reduce the amount of oxygen in the river, because oxygen does not
dissolve well in warm water. But this still does not explain why we lose
more mayfly larvae than expected when both stressors are present. So,
what are we missing?

We must remember that rivers are complex ecosystems in which many
kinds of organisms interact with each other. Stressors can change the
way organisms interact. In our example, several kinds of algae live in
the river, along with the mayfly larvae. Some algae prefer warm, slow
water, and they multiply quickly under these conditions—using large
quantities of oxygen as they do so. These algae reduce the already
limited amount of oxygen in the water, which kills even more mayfly
larvae than low water levels or high temperature alone.

Keep in mind that multiple stressors can interact in various ways. For
example, we mightalso have a 1 4+ 1 = 1 situation, in which the harmful
effect of multiple stressors on the river is less than expected. We could
even have a situation in which 1 + 1 = 0, in which nothing changes
because the two stressors cancel each other. But the most dangerous
situation for a river is the 1 + 1 = 3 scenario.

HOW CAN WE STUDY MULTIPLE STRESSORS?

To better understand the effects of multiple stressors, we can directly
observe rivers by looking at changes in water quality and the organisms
living there. For example, we could see what happens to a river after a
hot summer with little rain. But every river is different, so it isimpossible
to know if the changes we see are caused only by low water levels
and high temperatures, or whether they are caused by other stressors
we did not consider. This could result in false conclusions and actions
taken to protect the river that might not be effective.

An alternative to observing rivers themselves is to use aquariums
or other types of containers in laboratory experiments, in which
we can have everything under our control. The advantage of these
experiments is that we can safely test various stressor combinations
without harming the river. We can also have many aquariums with
the same conditions, which are called replicates. If we add a stressor
and observe the same change in all the aquarium replicates, we can
be confident that the stressor we used is causing the change that
we see.
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Figure 3

The experimental
system ExStream. (A)
Top view of ExStream.
The system is always
constructed next to a
river. Water is taken
from the river and
pumped through 64
miniature streams. (B)
Side view. The river
water first enters the
header tanks on top of
a scaffold. (C) Top view
from the header tank.
Water flows
downwards through
pipes into the miniature
streams. (D) Close-up
of a miniature stream.
The mini streams are
filled with sediment
from the river and
fallen leaves as a food
source for the animals.
©Photos (A, C, D) taken
by Philipp M. Rehsen.

The main disadvantage of using laboratory aquarium experiments is
that they are over simplified compared to a real river. This is because
fewer types of organisms are presentin the experiment, and conditions
like light and temperature do not change the same way they do in
nature. To study multiple stressors, we need a realistic experiment in a
natural setting, which means outside. We also need replicates so that
we can be certain that our measurements are correct. At the same
time, we do not want to harm the river itself. So, what can we do?

EXSTREAM: STUDYING MINIATURE STREAMS

We can use water from a river to create artificial, miniature streams in
an outdoor experiment (Figure 3). By pumping water from the river into
small enclosures, we can simulate the natural conditions of the river.
To create the right habitats for various river organisms, we add sand,
gravel, and stones taken from the river, to make them feel comfortable.
We also add fallen leaves that can be used as food by organisms such
as the mayfly larvae in our example. By pumping water from the river,
organisms that live in the river are carried into these experimental
miniature streams. Like in a real river, they can decide to stay, or they
can leave if the conditions are not right. For example, if mayfly larvae
feel stressed, they can move out of the miniature stream through a
hole in the enclosure, by way of the water current.

leaf bags

Figure 3

We call this system of miniature streams ExStream [3], and it can be
manipulated like aquariums in a laboratory. For example, we can add
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warm water to simulate high water temperature, or we can control
the speed of the water by changing the size of the inlet opening of the
miniature streams.

If we manipulate only some of the miniature streams and let the others
remain in natural conditions, we can compare them. The differences
between manipulated and natural miniature streams tell us about the
effects of the stressor. As we have many miniature stream replicates,
we can see if the effect of the stressor is the same in all stressed
miniature streams. By using stressors alone or in various combinations,
we can identify the individual and combined effects of stressors on
aquatic organisms like algae, insects, crustaceans, parasites, bacteria,
and fungi. This helps us to understand what we can do to protect
our rivers.

CONCLUSIONS

In nature, things are much more complicated than in our mayfly
example. We only looked at two stressors and two organisms, mayfly
larvae and algae. But many more organisms live in rivers, and more
than two stressors can be present at the same time. The many river
organisms can each be affected by different stressors, which can
have multiple effects on the ways the organisms interact with each
other. This complexity is what makes the consequences of multiple
stressors so unpredictable, and why it is important to try to understand
their effect on rivers. From the above example, we can learn that
it is essential for slow-flowing river sections to avoid high water
temperatures, for example by planting trees on the river's banks—this
offers shade to cool down the water.

Miniature stream experiments allow us to identify and understand
stressful situations when 1 + 1 = 3. This is crucial given how delicate
and complex rivers are and how important they are for us humans
and for nature. Only by understanding how stressors interact can we
effectively protect our rivers now and in the future.
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