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Summary

S
elf-organization is a universal phenomenon in the natural world, found
at all levels of biological organization, from molecules to ecosystems.

Theoretical studies predict that self-organization makes ecosystems more
efficient in terms of the transfer of resources to biomass, and more
robust to disturbances. However, unraveling these emergent properties
of self-organization for ecosystem functioning still is a major challenge
for ecological theory. Due to global change and large-scale anthropogenic
disturbances (such as fisheries) causing degeneration of spatial and
structural organization, many ecosystems reveal a large and disproportional
decrease of carrying capacity. Hence, understanding the mechanisms of
spatial self-organization in ecosystems is of crucial importance to ecosystem
management and conservation. In this thesis, using intertidal mussel beds
as a model ecosystem, I studied the mechanism of spatial pattern formation
in ecosystems and their effects on ecosystem functioning. My study covers
patterns emerging on a single to multiple spatial scales and unravels a new
mechanism of self-organization, unrecognized so far by ecological theory.

First, I examine whether and how the emergent properties of spatial
self-organization depend on specific underlying mechanisms. In chapter 2,
combining prior studies and new experimental data, I posed an alternative
mechanism to explain spatial self-organization in mussel beds. I found
that this new, alternative mechanism could generate similar spatial patterns
as the previously proposed mechanism. However, it predicts that, with
this new mechanism, self-organization affects ecosystem functioning in a
completely different way, in terms of productivity and ecological resilience.
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In the previous model, where high mussel densities reduce mussel loss
rates, patterns are predicted to strongly increase net mussel production and
decrease the recovery time of the bed following a disturbance. When pattern
formation is generated by increased feeding efficiency on hummocks, only
minor emergent effects of pattern formation on ecosystem functioning
are predicted. Therefore, my results provide a warning against making
predictions of the implications and emergent properties of spatial self-
organization, when the mechanisms that underlie self-organization are
incompletely understood and not based on experimental study.

The mechanisms for pattern formation in mussel beds addressed in
chapter 2 follow the activator-inhibitor principle outlined by Alan Turing
in 1953. According to this principle, local activation combined with long-
range inhibition of growth and survival are an essential prerequisite for
pattern formation. In chapter 3, I show that a different principle, which
is solely based on density-dependent movement by organism, represents
an alternative class of self-organization in ecology. This principle is
referred to as phase separation in physics. Using laboratory experiments
with self-organizing mussels, I derive an empirical relation between the
speed of animal movement and local animal density. By incorporating
this relation in a partial differential equation, I demonstrate that this model
corresponds mathematically to the well-known Cahn-Hilliard equation for
phase separation in physics. This study thereby reveals a new class of spatial
self-organization mechanisms in ecological systems, unrecognized as such
by ecological theory.

In chapter 2 and 3, I have separately studied two kinds of spatial self-
organization, which both are found in mussel beds, one occurring at small
spatial scales due to behavioral aggregation, and one occurring at large
spatial scales due to the interplay of facilitation and competition. In real-
world mussel beds, both types of patterns occur nested within one another.
In chapter 4, I report on the interplay of behavioral and demographic
processes at two organizational levels in mussel beds. Mathematical
analysis of an individual-based model, where I subsequently removed
small-scale behavioral self-organization and large-scale demographic self-
organization, reveals a striking effect of the interplay of different levels of
biological complexity on ecosystem resilience. My model demonstrates that
mussel beds are less vulnerability to disturbances, have larger resistance
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to deteriorating conditions, are less vulnerable to tipping points, and
experience a smaller magnitude of change at these tipping points, when
they are more complex. My analysis highlights that complexity occurring
at multiple organizational levels (or spatial scales) can be an important
determinant of the resilience of self-organizing populations.

In chapter 5, I show that spatial heterogeneity, resulting from the
large-scale effects of mussels on their environment, significantly alters the
emergent properties predicted by idealized self-organization models that
use homogeneous conditions. Our model explicitly considers that the
suspended algae, the prime food for the mussels, are supplied by tidal
water flow from the seaward boundary of the bed, generating a gradual
depletion of algae over the simulated domain. Predictions of the model are
consistent with properties of natural mussel patterns, namely a decline in
mussel biomass and a change in spatial patterning from the leading edge
to the center of the bed. Analysis of the model reveals a fundamental
change in ecosystem functioning when this intrinsic algal depletion gradient
is included in the model. Firstly, no enhancement of productivity is
predicted irrespective of parameter setting; the equilibrium amount of
mussel is entirely set by the input of algae. Secondly, alternate stable
states, potentially present in the original model, are absent when gradual
depletion of algae in the upper water layer is allowed. My findings stress
the importance of including realistic environmental settings when assessing
the emergent properties of self-organized ecosystems.

Finally, in chapter 6, I review recent studies that detail movement-
based pattern formation in a wide range of ecological settings. These
studies highlight the broad application of a new pattern formation principle,
outlined in chapter 3, that is well known to physics as the Cahn-Hilliard
principle of phase separation, but is unrecognized within ecology. I
provide a heuristic procedure explaining how this movement principle
drives regular pattern formation and how to test this mechanism in an
experimental setup. My study highlights that behavioral processes such as
movement, both in isolation and in unison with demographic processes, can
be an important determinant of spatial complexity in ecosystems.

In conclusion, although spatial self-organization has since the 1990s
become a dominant topic in ecology, understanding of how self-organized
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pattern formation affects ecosystem functioning is still lacking. My research
provides insight in how patterns can make mussel beds more productive
and robust, and how this depends on a multitude of interacting processes.
Mussel beds are, of course, just an example of a self-organized ecosystem,
of which many forms are found all over the world. Yet, my study provides
an interesting perspective on the importance of naturally developing spatial
patterns for ecosystem functioning. Much research nevertheless still needs
to be done to investigate whether and to what extent the current conclusions
can be applied to other ecosystems.




