
BIODIVERSITY
Published: 05 April 2024

doi: 10.3389/frym.2024.1302974

SOLVING THE PUZZLE OF ECOSYSTEM RECOVERY

Helena S. Bayat 1*, Julian Enß 2,3, Camilo Escobar-Sierra 4, Svenja M. Gillmann 2,3, Shaista Khaliq 5,

Annabel Kuppels 6, Graciela M. Madariaga 7,8, Kristin Peters 9, Alexandra Schlenker 10, Daniel Hering 2,3

and Matthijs Vos 6

1Department of Natural and Environmental Sciences of the Rhineland Palatinate Technical University, Institute for

Environmental Sciences, Landau id Pfalz, Germany

2Aquatic Ecology, Faculty of Biology of the University of Duisburg-Essen, Essen, Germany

3Centre for Water and Environmental Research (ZWU), Essen, Germany

4Institute of Zoology, Faculty of Mathematics and Natural Science of the University of Cologne, Cologne, Germany

5Instrumental Analytical Chemistry, Faculty of Chemistry of the University of Duisburg-Essen, Essen, Germany

6Faculty of Biology and Biotechnology, Theoretical and Applied Biodiversity Research, Ruhr University Bochum, Bochum,

Germany

7Department 2, Community and Ecosystem Ecology of the Leibniz Institute of Freshwater Ecology and Inland Fisheries, Berlin,

Germany

8Geography Department, Humboldt-Universität zu Berlin, Berlin, Germany

9Department of Hydrology and Water Resources Management, Institute of Natural Resource Conservation of Kiel University,

Kiel, Germany

10Department of River Ecology, Helmholtz Centre for Environmental Research—UFZ, Magdeburg, Germany

YOUNG REVIEWERS:

ALMA

AGE: 11

BATOUL

AGE: 9

Human activities, past and present, have a big impact on nature,

a�ecting ecosystems in profound ways. Scientists are working hard

to figure out the best methods to restore damaged ecosystems. But

ecosystem restoration often does not go as planned, resulting in

very di�erent ecosystems than before. For example, some animals

that used to live in an ecosystem can take a long time to return

or do not come back at all. To understand the complexities of
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ecosystem recovery, scientists have come up with a theory called the

asymmetric response concept (ARC), to understand how ecosystems

recover. The ARC helps us describe the various responses that can

happen after ecosystem damage and why the responses happen

that way. Once we understand these responses, we can help

ecosystems become healthy again. By learning how organisms rejoin

damaged ecosystems, we can better protect our environment for

the future.

JOSEPHINE

AGE: 12

TAMMAM

AGE: 14

WHAT ARE STRESSORS?

Onour planet, we live together withmany types of organisms: animals,
plants, and even very small organisms like fungi or bacteria. A group of
organisms living in the same area forms what is called a community.
A community interacts with its environment for food and shelter.
Together, the community and its environment make up an ecosystem.
A coral reef, a forest, and a river are all examples of ecosystems.
Organisms within an ecosystem depend on each other and on their
habitat. Let us look at the example of a river: in this freshwater
ecosystem, shrimp provide food for fish. The same shrimp shred the
leaves that fall into the river, converting them into smaller pieces and
releasing nutrients that are needed for algae to grow. Algae provide
food for river snails, which can also be eaten by fish. Bacteria and
fungi act like a clean-up crew, taking care of all the leftovers. These
organisms all play important roles in keeping the water clean and
helping the river to stay healthy (Figure 1A). All parts of an ecosystem
are connected and in a dynamic balance with each other, fitting
together like pieces of a living puzzle.

Figure 1

Figure 1

Three rivers in Germany
as examples of what
healthy, degraded, and
recovering ecosystem
look like. (A) A
near-natural, healthy
part of a river, where
lots of di�erent species
can live. (B) A
channeled, degraded
river section, where
habitat has been
damaged and many
organisms can no
longer happily live. The
river bottom has been
turned to concrete, and
wastewater flows into
the river, turning it
brown. (C) A restored
and recovering section
of a river, where some
of the original habitat is
back and some original
species can live again.

Humans take part in river ecosystems too, but many human activities
are harmful to rivers. Humans can destroy river habitats by building
dams that block the flow of water, turning riverbeds into concrete
channels, overfishing, or polluting the water with chemicals and trash.
These disturbances happen along with natural events like storms,
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floods, and fires—events that natural communities are more adapted
to. All these stressors make it hard for living organisms to survive

STRESSOR

Any factor that causes
organisms,
communities, or
ecosystems to become
damaged, such as
chemicals, high
temperatures,
pollution, or
habitat destruction.

and can damage their habitats, disrupting the balance that holds the
ecosystem together and causing the ecosystem to become degraded

DEGRADED

An of unhealthy, bad
condition following
damage. In nature, a
degraded ecosystem is
no longer a nice place
for many organisms
to live.

(Figure 1B). Some stressors can be stronger than others and, in many
instances, multiple natural and human-caused stressors occur at the
same time [1].

CAN ECOSYSTEMS RECOVER?

The good news is that ecosystems can recover once stressors are
removed. Healthy ecosystems are important for humans as well as for
many other species, and many people have been working to restore
degraded ecosystems (Figure 1C). Some recover quickly without any
human help once the stressors are gone. This is the response scientists
most hope for. However, other ecosystems do not recover as well
[2]. Some take so many years to recover that it is hard to tell if
they are recovering at all. The asymmetric response concept (ARC)
is a description of the possible trajectories (paths) ecosystems can

TRAJECTORY

The path an ecosystem
takes, measured by
how the community
changes over time.

take to recovery and the mechanisms explaining each type of path.
“Asymmetric” in this name means that the rate at which ecosystems
recover can di�er, to the point that some never reach full recovery
without help. The ARC helps us find out which ecosystems need our
help to recover and how much e�ort is needed to restore them.

ECOSYSTEM TRAJECTORIES

The ARC defines five ecosystem trajectories, which reflect the real-life
results of restoration e�orts (Figure 2) [3, 4]. The first two trajectories,

RESTORATION

The process of fixing
something or making it
new again. For
ecosystems, this
usually means cleaning
up the habitat,
removing stressors, and
reintroducing species.

called the rubber band model and the broken leg model, lead to
complete recovery but di�er in the amount of time it takes the
ecosystem to get there. The others, the partial recovery, no recovery,
and new state models, either recover partly or not at all, even after a
long time.

For the rubber band and broken leg trajectories, communities recover
completely but take di�erent amounts of time to do so. If you pull on
a rubber band, it immediately goes back to its original state after you
release it. Similarly, in the rubber band trajectory, any species lost from
the community can return shortly after the stressor is gone. On the
other hand, if you break your leg, it takes much longer to heal. So, in
the broken leg trajectory, species that are lost or reduced in number
need more time to return to the community, compared to the time it
took to lose them due to stress.

Sometimes full recovery is not possible, and communities can either
be partially recovered, not recovered, or transformed into a new
state. In the case of partial recovery, some of the lost species cannot
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Figure 2

Figure 2

After stress, a
community’s recovery
can be complete and
fast (rubber band
trajectory) or complete
and slow (broken leg
trajectory). In complete
recovery, all the original
species come back to
the community
eventually. Recovery
can also be incomplete,
which means that not
all species come back
to the community. No
recovery means that
the community
remains the same as it
was during the stress.
Partial recovery means
that some, but not all,
species come back. In a
new state, di�erent
species fill in the roles
of the species that were
there before (created
with BioRender.com).

return to the community after the stress is gone. So, in the final
community, one or more species are missing compared to the original
community. For example, if our river had two fish species, only one
might come back. In some cases, recovery is not possible at all, and
the community remains in a degraded state, in which none of the lost
species can return. In this case, no fish return to our river. Both partial
recovery and no recovery are caused by changes in the balance of how
species fit together in the degraded community. Among the puzzle
pieces of ecosystem function, these changes involve relationships
between two ormore species, known as biotic interactions. Examples

BIOTIC

INTERACTIONS

A relationship between
two or more species in
a community, such as
predator-prey
relationships, or
competition between
species for a resource.

are relationships between predators and their prey and competition
between organisms. Another possibility is that, after stress release, the
community can transform into a new state, in which new species take
the place of those from the original community. For example, a new
type of fish could take the place of the fish that were in our river before
the stressor, and a salamander might take the place of a frog.

ECOLOGICAL MECHANISMS SHAPE ECOSYSTEM

TRAJECTORIES

As scientists, we want to find out which trajectory a degraded
ecosystem will take once the stress disappears. To do so, we must
understand what ecosystem responses occur during stress and how
those responses change when the stress is gone. A community’s
recovery depends on howmany organisms survive the stressful period.
A species’ ability to survive stress is known as its individual tolerance.

TOLERANCE

The ability to withstand
environmental factors
such as temperature or
pollution. Sensitive
species can only
survive a small range of
conditions, while
tolerant species can
survive in many
di�erent conditions.

For example, some frogs can freeze solid to survive cold winters,
making them cold tolerant. Tolerance is most important during stress,
and the individual tolerances of many species combined a�ect how
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the whole community changes under stress (Figure 3). A single
species can also have di�erent tolerances to di�erent stresses—a very
cold-tolerant frog can be very sensitive (intolerant) to chemicals in the
water, for example. So, when there are multiple stressors at the same
time, things can get complicated.

Figure 3

Figure 3

Tolerance, dispersal,
and biotic interactions
change in terms of how
important they are after
stressors are gone and
the ecosystem
recovers. During stress
environmental factors,
such as temperature or
pollution, are out of the
range that sensitive
species can survive in.
Tolerance is most
important during stress,
since only tolerant
species can survive in
the stressed ecosystem.
Tolerance becomes
less important during
recovery, when
less-tolerant organisms
can survive in the
ecosystem again. Biotic
interactions and
dispersal become more
important during
recovery. Dispersal
determines how many
and which species can
come back to the
ecosystem. Biotic
interactions influence
the conditions, such as
food or competition,
that allow the species
that come back to stay
in the ecosystem
(created with
BioRender.com).

Even if organisms are not tolerant, they can still come back to the
damaged ecosystem once the stress is gone. The ability to move,
known scientifically as dispersal, can help organisms escape a stressor

DISPERSAL

The movement of
species into or out of a
habitat. Dispersal can
be slow or fast.

and come back when the stressor is released. For some species,
coming back will be easy—for example, if they did not move very far
away or if they are really good at flying long distances. For others,
coming back to a recovering ecosystem is more di�cult. Think about
a tiny river snail trying to move upriver compared to a fish that can
swim quickly, for example.

Even if an organism makes it back to the recovering ecosystem, the
organism might not remain there because the ecosystem may have
changed during the stress. If a fish that eats shrimp travels back to
a recovering location where all shrimp have died, the fish will have
nothing to eat and cannot survive there. This relationship between
a predator and its prey is an example of a biotic interaction. These
interactions are really important for ecosystems to function, but they
can also prevent species from returning and prevent the ecosystem
from recovering completely. Biotic interactions and dispersal are
extremely important during recovery (Figure 3).

The combination of the tolerance of organisms, their dispersal, and the
biotic interactions between them determines how many organisms
die or leave during stress, and which ones can come back once
the stress is gone. An ecosystem with many tolerant organisms and
organisms that can disperse easily yet remain nearby (or can easily
return) will be more likely to follow the rubber band trajectory of
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recovery. If many organisms are sensitive and all the food sources
for important predators disappear, the ecosystem may not recover
at all. If some species have high dispersal and others do not, partial
recovery can occur, as only some animals will come back. A degraded
community may also be invaded by new species that can deal better
with the new balance of biotic interactions in the degraded ecosystem.
Knowing which trajectory a stressed ecosystem will follow and which
mechanisms lead to that trajectory helps scientists and ecosystem
managers to create a plan of action to put the ecosystem on the path
to recovery.

HOWCAN THE ARC BE USED?

With the asymmetric response concept, scientists can understand
how the mechanisms of individual tolerance, dispersal, and biotic
interactions work together to a�ect the trajectory of the ecosystem
they are restoring. When they understand the trajectory an ecosystem
will follow, they can give this information to ecosystemmanagers who
take action to help return the ecosystem to a healthy state. Ecosystem
managers include people working at water companies; natural parks;
and city, state, and county governments, who make rules on how
land and water are used. For ecosystems that follow the rubber band
trajectory, nothing extra is needed. But for ecosystems that have no
recovery, action is needed to avoid mistakes of the past. Are there not
enough organisms living nearby? Managers can re-introduce them.
Did the food source of a predator disappear? Managers can make
sure the food source is back before re-introducing the predator. Once
ecosystemmanagers knowwhich conditions lead to no recovery, they
can take steps to make sure those conditions do not happen again.
Together, scientists and managers can use the ARC to restore more
degraded ecosystems back to a healthy and happy state.
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ALMA, AGE: 11

Welcome ! I am Alma. I like mathematics and science, especially biology. Last year,

I took a robotics course, and it was very helpful to me. I hope to get into medical

school. My hobbies are drawing and coloring. I am a highly creative person with an

inquisitive mind. Also, I am a social person who enjoys new experiences. I ammaking
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amazing things out of Legos. I have a pet, which is a cat, which I love. I play with her

a lot.

BATOUL, AGE: 9

Hi. I am Batoul, and I am 9 years old. My favorite color is purple. My favorite fruit

is watermelon. I enjoy reading. Basketball and swimming are two of my favorite

hobbies. Mathematics and science are my favorite subjects because they allow me

to try new things and participate in argumentative discussions. At school, I am a

member of a group that works to protect the environment.
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enjoyed working on the article and I hope to do another one.
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Hello, my name is Tammam. I am 14 years old. My hobbies are playing padel

and tennis. I enjoy reading and asking questions to improve my knowledge. Also,

I like biology and medicine, so I aspire to be a great doctor in the future. I am

looking forward to increasing my knowledge of health science. My favorite pieces

of equipment are the microscope and the telescope.
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