
Achieving Ecological
Resilience Through Regime

Shift Management

Full text available at: http://dx.doi.org/10.1561/2600000021



Other titles in Foundations and Trends R© in Systems and Control

On the Control of Multi-Agent Systems: A Survey
Fei Chen and Wei Ren
ISBN: 978-1-68083-582-3

Analysis and Synthesis of Reset Control Systems
Christophe Prieur, Isabelle Queinnec, Sophie Tarbouriech and Luca
Zaccarian
ISBN: 978-1-68083-522-9

Control and State Estimation for Max-Plus Linear Systems
Laurent Hardouin, Bertrand Cottenceau, Ying Shang and Jorg Raisch
ISBN: 978-1-68083-544-1



Achieving Ecological Resilience
Through Regime Shift

Management

M. D. Lemmon
Department of Electrical Engineering

University of Notre Dame
USA

lemmon@nd.edu

Boston — Delft

Full text available at: http://dx.doi.org/10.1561/2600000021



Foundations and Trends R© in Systems and Control

Published, sold and distributed by:
now Publishers Inc.
PO Box 1024
Hanover, MA 02339
United States
Tel. +1-781-985-4510
www.nowpublishers.com
sales@nowpublishers.com

Outside North America:
now Publishers Inc.
PO Box 179
2600 AD Delft
The Netherlands
Tel. +31-6-51115274

The preferred citation for this publication is

M. D. Lemmon. Achieving Ecological Resilience Through Regime Shift Management.
Foundations and TrendsR© in Systems and Control, vol. 7, no. 4, pp. 384–499, 2020.

ISBN: 978-1-68083-717-9
c© 2020 M. D. Lemmon

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system,
or transmitted in any form or by any means, mechanical, photocopying, recording or otherwise,
without prior written permission of the publishers.

Photocopying. In the USA: This journal is registered at the Copyright Clearance Center, Inc., 222
Rosewood Drive, Danvers, MA 01923. Authorization to photocopy items for internal or personal
use, or the internal or personal use of specific clients, is granted by now Publishers Inc for users
registered with the Copyright Clearance Center (CCC). The ‘services’ for users can be found on
the internet at: www.copyright.com

For those organizations that have been granted a photocopy license, a separate system of payment
has been arranged. Authorization does not extend to other kinds of copying, such as that for
general distribution, for advertising or promotional purposes, for creating new collective works,
or for resale. In the rest of the world: Permission to photocopy must be obtained from the
copyright owner. Please apply to now Publishers Inc., PO Box 1024, Hanover, MA 02339, USA;
Tel. +1 781 871 0245; www.nowpublishers.com; sales@nowpublishers.com

now Publishers Inc. has an exclusive license to publish this material worldwide. Permission
to use this content must be obtained from the copyright license holder. Please apply to now
Publishers, PO Box 179, 2600 AD Delft, The Netherlands, www.nowpublishers.com; e-mail:
sales@nowpublishers.com

Full text available at: http://dx.doi.org/10.1561/2600000021



Foundations and Trends R© in Systems and
Control

Volume 7, Issue 4, 2020
Editorial Board

Editors-in-Chief
Panos J. Antsaklis
University of Notre Dame
United States

Alessandro Astolfi
Imperial College London, United Kingdom
University of Rome ”Tor Vergata”, Italy

Editors

John Baillieuli
Boston University

Peter Caines
McGill University

Christos Cassandras
Boston University

Denis Dochain
UC Louvain

Magnus Egerstedt
Georgia Institute of Technology

Karl Henrik Johansson
KTH Stockholm

Miroslav Krstic
University of California, San Diego

Jan Maciejowski
University of Cambridge

Dragan Nesic
The University of Melbourne

Marios Polycarpou
University of Cyprus

Jörg Raisch
Technical University Berlin

Arjan van der Schaft
University of Groningen

M. Elena Valcher
University of Padova

Richard Vinter
Imperial College London

George Weiss
Tel Aviv University

Full text available at: http://dx.doi.org/10.1561/2600000021



Editorial Scope
Topics

Foundations and Trends R© in Systems and Control publishes survey and
tutorial articles in the following topics:

• Control of:

– Hybrid and Discrete
Event Systems

– Nonlinear Systems
– Network Systems
– Stochastic Systems
– Multi-agent Systems
– Distributed Parameter

Systems

– Delay Systems

• Filtering, Estimation,
Identification

• Optimal Control

• Systems Theory

• Control Applications

Information for Librarians

Foundations and Trends R© in Systems and Control, 2020, Volume 7, 4
issues. ISSN paper version 2325-6818. ISSN online version 2325-6826.
Also available as a combined paper and online subscription.

Full text available at: http://dx.doi.org/10.1561/2600000021



Contents

1 Introduction – What is a Resilient System? 3

2 Regime Shifts 9
2.1 Regime Shift Mechanisms for Shallow

Lake Eutrophication . . . . . . . . . . . . . . . . . . . . . 11
2.2 Regime Shifts in a Living System . . . . . . . . . . . . . . 16
2.3 Food Webs with Consumer-Resource Interactions . . . . . 22
2.4 Non-Equilibrium Regime Shifts . . . . . . . . . . . . . . . 25
2.5 Pseudo Regimes . . . . . . . . . . . . . . . . . . . . . . . 33
2.6 Summary and Further Reading . . . . . . . . . . . . . . . 37

3 Bifurcation Induced Regime Shifts 39
3.1 Distance to Local Bifurcations (D2B) . . . . . . . . . . . 40
3.2 Kinetic Realizations of Consumer-Resource Systems . . . . 43
3.3 Normalized Flux Parameters of Kinetic Systems . . . . . . 46
3.4 Distance to Local Bifurcation of Kinetic Systems . . . . . 48
3.5 Summary and Further Readings . . . . . . . . . . . . . . . 56

4 Shock-Induced Regime Shifts 59
4.1 Jump Diffusion Processes . . . . . . . . . . . . . . . . . . 60
4.2 Shock-Induced Regime Shift Certificates . . . . . . . . . . 64
4.3 Sum-of-Squares Regime Shift Certificates . . . . . . . . . 67

Full text available at: http://dx.doi.org/10.1561/2600000021



4.4 First Passage Times for Intra-Guild Predation System . . . 73
4.5 Summary and Further Reading . . . . . . . . . . . . . . . 77

5 System Restoration Through
Managed Regime Shifts 79
5.1 Finding All Equilibria of Consumer-Resource Systems . . . 82
5.2 Regime Transition System . . . . . . . . . . . . . . . . . . 87
5.3 Algorithmic Construction of Regime Transition System . . 90
5.4 Managing Regime Shifts for System Restoration . . . . . . 95
5.5 Summary and Further Readings . . . . . . . . . . . . . . . 99

6 Conclusion – Are Regime Shifts Real? 102

Acknowledgements 105

References 106

Full text available at: http://dx.doi.org/10.1561/2600000021



Achieving Ecological Resilience
Through Regime Shift
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ABSTRACT

Resilience has come to mean several things in the system
sciences. The term is used to describe systems whose function
is robust with respect to external disturbances. It is used
to describe systems that tolerate faults in some internal
component. It is also used to describe systems that have
the capacity to recover after a complete collapse of system
function. This monograph defines resilience in the last sense.
This notion of resilience is often called ecological resilience.
For a system to be ecologically resilient, one first accepts
system collapse as being inevitable and then requires that
the resources for subsequent system recovery be buried in
the wreckage of that collapse.

The ecological concept of a regime shift plays an important
role in describing abrupt shifts in ecosystem behavior. In
particular, the collapse of system function may be seen as an
instance of a regime shift. Restoring a collapsed ecosystem
often involves walking the system through a sequence of
alternative states before full recovery can be achieved. The
transitions between these alternative states are also regime
shifts. But in this case, these regime shifts are purposefully

M. D. Lemmon (2020), “Achieving Ecological Resilience Through Regime Shift
Management”, Foundations and TrendsR© in Systems and Control: Vol. 7, No. 4, pp
384–499. DOI: 10.1561/2600000021.

Full text available at: http://dx.doi.org/10.1561/2600000021



2

triggered to speed up the recovery process. Managing regime
shifts that trigger system collapse provides a way to con-
serve existing system function. Managing regime shifts that
systematically rebuild lost system function provides a way
to restore lost system function. Regime shifts, therefore, play
an important role in enhancing the ecological resilience of a
dynamical system.

This monograph formalizes the ecologist’s regime shift con-
cept by identifying regimes with components (also known as
basic sets) of a Morse decomposition of the system’s chain
recurrent set. This formalization allows the identification
of two distinct regime shift mechanisms; one triggered by
external shocks (shock-induced regime shift) and the other
triggered by bifurcations of the system flow (bifurcation-
induced regime shift). This allows one to define ecologi-
cal resilience in terms of a discrete abstraction (called the
regime transition system) that characterizes the sequences
of shock-induced regime shifts that can be triggered in the
system. This monograph shows how that transition system
can be constructed from the system’s differential equation
model and demonstrates how it can be used to enhance
the resilience of ecosystem foodwebs through the careful
management of the system’s regime shifts.

Full text available at: http://dx.doi.org/10.1561/2600000021



1
Introduction – What is a Resilient System?

Different scientific communities take different viewpoints of what it
means for a dynamical system to be resilient. Engineers often use the
term to describe systems that are fault-tolerant or robust to disturbances.
Ecologists, on the other hand, use the term ecological resilience (Holling,
1996) to describe ecosystems that have the capacity to spring back after
a catastrophic collapse. This monograph focuses on ecological resilience;
where system collapse is taken as being inevitable, though the seeds
for eventual system restoration are contained within the wreckage of
that collapse. The dictionary states that resilience is the capacity to
quickly recover from difficulties. This definition focuses on the ability
to restore lost system function and seems to be in greater harmony
with how ecologists use the term. This monograph, therefore, adopts
the ecologist’s view of system resilience.

Ecological resilience may be graphically illustrated by the bouncing
ball in Figure 1.1. Hitting the floor is the collapse experienced by the
falling ball. The rubber ball is resilient because it flies back into the
air after hitting the floor. On the other hand, if the ball had been a
wad of wet dough, it would have hit the floor and stuck there, thereby
illustrating that a wet ball of dough is not resilient. The bouncing rubber

3
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4 Introduction – What is a Resilient System?

Figure 1.1: Bouncing ball.

ball can also be used to illustrate another aspect of resilient systems;
namely that their behaviors are recurrent. After the rubber ball hits the
ground, it bounces back into the air and then falls back to earth where
it hits the ground again. This generates a sequence of bounces that
continue for several cycles. In other words, resilient systems traverse a
cycle of modes in which the system function (i.e., the ball’s height above
ground) declines until, upon hitting the floor, it redirects its kinetic
energy and bounces back up. For the ball this decline is inevitable.
What makes the ball resilient is that it can redirect or reorganize itself
in a manner that allows recovery of some of its original height. This
means that resilience refers not only to a system’s ability to withstand
collapse, it also refers to the ability of that system to restore lost system
function.

Ecologically resilient systems therefore cycle back and forth between
a nominal regime and an alternative regime. The transition between
regimes is called a regime shift. Figure 1.2 illustrates these shifts graphi-
cally by plotting an energy (Lyapunov) function, V (x), for a multi-stable
system whose two stable equilibria are local minima of V . The region
of attraction for one of the equilibria is the nominal regime and the
region of attraction for the alternative equilibrium is the alternative
regime. A regime shift occurs if an external disturbance causes the sys-
tem state to jump from the nominal regime into the alternative regime.
Once the system state enters the alternative regime, it remains in that
regime until a future disturbance forces it back across the energy barrier
separating the two regimes. We refer to this first shift as a collapse

Full text available at: http://dx.doi.org/10.1561/2600000021
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Figure 1.2: Regime shifts in a multi-stable system.

since the alternative regime is usually treated as being undesirable.
System restoration occurs when the system state shifts back to the
nominal regime. This restoration of system function will always occur
in an ecologically resilient system, though it may take quite some time
before the restoration is complete. For this reason, one may intervene
by intentionally triggering regime shifts that force the system to jump
back more quickly. Achieving ecological resilience for the system in Fig-
ure 1.2 therefore requires the active management of regime shifts. With
regard to system collapse, regime shift management seeks to reduce the
likelihood of an impending collapse. This management policy may also
be called a conservation policy. For a collapsed system, regime shift
management seeks to hasten the restoration of lost system function.
This is done through a sequence of intentionally triggered regime shifts
that form a restoration plan for the system.

This monograph introduces a mathematical framework for regime
shift management that can be used to enhance a system’s ecological
resilience. There are at least three challenges to be overcome in the
development of a framework for ecological resilience. The first challenge
stems from the equilibrium-based view of regime shifts that was popu-
larized in Scheffer et al. (2001). Real life ecosystems are non-equilibrium
processes for which an equilibrium based notion of a regime is too
restrictive. So our first problem involves finding a precise formalization
of the regime shift concept that extends the equilibrium-based notion in

Full text available at: http://dx.doi.org/10.1561/2600000021



6 Introduction – What is a Resilient System?

Scheffer et al. (2001) to non-equilibrium processes. In the second place
we need to identify specific mechanisms driving a system state to jump
into the alternative regime. A good understanding of the mechanisms
triggering a regime shift will allow one to develop measures characteriz-
ing how close a system is to collapse. These measures play an important
role in developing conservation policies seeking to forestall an impending
shift. Finally, while system collapse is often sudden and catastrophic,
restoration is often more complicated. It is usually impossible to jump
back to the nominal regime with a single regime shift. In many cases, the
system’s resources need to be released and re-organized before a shift
back to the nominal regime can be realized. This means that complex
systems may need to follow a sequence of intermediate regimes (a.k.a.
order of succession) before restoring full system function. So the third
problem involves identifying a sequence of intermediate regimes leading
back to full restoration of system function.

The following sections address these three challenges with regard to
compartmental systems used in modeling ecosystem food webs. These
system models are sometimes referred to as consumer-resource sys-
tems because their dynamics are governed by the flow of resources to
consumers. In particular, we take the equilibrium-based notion of a
regime and generalize it to define regimes in terms of the basic sets of
a Morse decomposition for the system’s chain recurrent set. A regime
shift then occurs when the system state jumps between basic sets. This
formalization allows us to identify two distinct regime shift mechanisms.
There is a bifurcation-induced regime shift that is generated by local
bifurcations of the system and there is a shock-induced regime shift
that is triggered by impulsive shock like disturbances. For each of these
regime shift mechanisms we show how semidefinite programming tools
can be used to measure how close a system is to an impending regime
shift. The monograph then turns to the problem of system restoration.
In particular it uses a discrete abstraction of the system to characterize
sequences of shock-induced regime shifts that the system can generate.
This abstraction is then used to develop plans that realize the full
restoration of a collapsed system through active management of its
regime shifts.

Full text available at: http://dx.doi.org/10.1561/2600000021
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The monograph draws on mathematical methods in systems/control
theory as well as mathematical ecology. While its methods are demon-
strated on models for ecosystem foodwebs, the approach can be used
to describe the resilience of engineering infrastructure found in traffic
networks, power distribution systems, and wastewater management. The
results in this monograph, therefore, should be of interest to scientists
and engineers interested in the mathematical foundations of resilient
dynamical systems.

The remainder of the monograph is organized as follows. Section 2 de-
fines regime shifts in terms of the system’s basic sets. Section 3 introduces
a measure of how close a system is to triggering a bifurcation-induced
regime shifts, also called the D2B or distance-to-bifurcation. Section 4
uses a stochastic reachability problem to estimate the likelihood of
a shock-induced regime shift. This likelihood provides a probabilistic
measure of a system’s susceptibility to shock-induced regime shifts.
Section 5 uses algorithmic analysis of dynamical systems to construct
a discrete abstraction of a system’s regime shift sequences and then
shows how this abstraction could be used to formulate restoration plans
for a collapsed system. Section 6 closes with some comments on future
directions for this work.

Further Readings: Control engineering approaches to resilience are
frequently confined to fault detection and accommodation (Polycarpou
and Helmicki, 1995) and fault tolerant control (Blanke et al., 2006).
This view of resilience has been important in reconfigurable flight
control systems (Bodson and Groszkiewicz, 1997; Egbert and Halley,
2001). The ecological view of resilience, on the other hand, emphasizes
renewal over an engineering desire for predictability. This perspective
was raised in C.S. Holling’s review essay (Holling, 1996) and was based
on insights drawn from his earlier work concerning the resilience of
terrestrial (forest) systems (Holling, 1973). This ecological viewpoint
stresses the recurrent nature of resilient systems and later work sought
to apply this notion to complex socio-ecological systems Holling (2001).
A popularized extension of this recurrence idea was referred to as
panarchy in Folke (2006) and Gunderson (2001) and has motivated the
founding of international research organizations (Resilience Alliance

Full text available at: http://dx.doi.org/10.1561/2600000021



8 Introduction – What is a Resilient System?

and Stockholm Resilience Centre) that study the ecological resilience of
real-life socio-ecological systems.

Note on Mathematical Notation: The set of integers, real numbers,
and complex numbers are denoted as Z, R, and C, respectively. The
vector space of n-dimensional real valued vectors (a.k.a. Euclidean
n-space) is denoted as Rn. The set of n by m real valued matrices is
Rn×m. The set of non-negative n-dimensional real vectors is denoted as
Rn
≥0. A function f : X → Y is a rule that associates each element of the

set X to at most one element of the set Y . The value that f takes at
x ∈ X is denoted as f(x). A function with n continuous derivatives is
said to be Cn.

Full text available at: http://dx.doi.org/10.1561/2600000021
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