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Plan of the talk

• Introduction: what are long transients?

• Basic mechanisms generating long transients (nonspatial
systems)

• Relation to tipping points

• A (brief) look at spatial systems

• Conclusions



What is it all about

Transient: lasting for only a short time; temporary
(Cambridge English Dictionary)

Typically, transients are associated with the effect of the initial
conditions and disappear relatively fast.

Long-term dynamics are usually associated with the system’s
attractors.

“Long transient” is apparently an oxymoron??

However...



Examples of long transients in population models

Dynamics of a nonspatial, time-discrete, single-species model:
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Examples of long transients in population models

Time-continuous single-species model with time-delay:
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Examples of long transients in population models

Space-time-continuous, 3-species model (plankton dynamics):
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Empirical examples are abundant too
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Transient dynamics of an altered large marine
ecosystem
Kenneth T. Frank1, Brian Petrie1, Jonathan A. D. Fisher2 & William C. Leggett2

Overfishing of large-bodied benthic fishes and their subsequent
population collapses on the Scotian Shelf of Canada’s east coast1,2

and elsewhere3,4 resulted in restructuring of entire food webs now
dominated by planktivorous, forage fish species and macroinver-
tebrates. Despite the imposition of strict management measures in
force since the early 1990s, the Scotian Shelf ecosystem has not
reverted back to its former structure. Here we provide evidence
of the transient nature of this ecosystem and its current return
path towards benthic fish species domination. The prolonged
duration of the altered food web, and its current recovery, was
and is being governed by the oscillatory, runaway consumption
dynamics of the forage fish complex. These erupting forage species,
which reached biomass levels 900% greater than those prevalent
during the pre-collapse years of large benthic predators, are now in
decline, having outstripped their zooplankton food supply. This
dampening, and the associated reduction in the intensity of pre-
dation, was accompanied by lagged increases in species abundances
at both lower and higher trophic levels, first witnessed in zooplank-
ton and then in large-bodied predators, all consistent with a return
towards the earlier ecosystem structure. We conclude that the
reversibility of perturbed ecosystems can occur and that this bodes
well for other collapsed fisheries.

The recent demonstration that overfishing of large-bodied preda-
tors in the northwest Atlantic initiated a trophic cascade, typified by
reciprocal changes in biomass between adjacent trophic levels extend-
ing to the base of the food web1,2, overturned the long-held view that
large marine ecosystems are resistant to restructuring5. It has been
proposed6,7 that such trophic cascades are characteristic of ecosystems
that have been transformed into undesirable states involving large
changes in ecological functions and/or economic resources8,9.
Although the excessive consumption characteristic of trophic cascades
may be unstable6, whether, how, and on what time scales such altered,
diverse food webs and their key species and functional groups will
recover remains unknown1,3,4. This has led to controversy regarding
the efficacy of and experimentation with strategies based on conven-
tional management approaches such as moratoria on exploitation,
culling and re-stocking intended to return ecosystems to their former
structure10–13. Using four decades of high quality, annual, fishery-
independent data (see Methods) representative of multiple trophic
levels on the eastern Scotian Shelf (Supplementary Fig. 1), we docu-
ment the transient nature of its altered ecosystem and its return
towards dominance by large-bodied predators.

The collapse of the northwest Atlantic cod (Gadus morhua) and
several other large predatory fishes in the early 1990s (Fig. 1a), caused
principally by over-fishing14,15, precipitated the first documented open
ocean trophic cascade in a large marine ecosystem1. The total biomass
of cod, one of the ecosystem’s dominant species, has hovered at less
than 5% of pre-collapse levels for almost two decades despite the
implementation of strict regulations forbidding their capture15.

Recent investigations13,16 have provided strong evidence that, fol-
lowing these collapses, the eastern Scotian Shelf, and other northwest
Atlantic ecosystems in which similar collapses occurred, moved to

apparent alternate states in which planktivorous forage fishes and
macroinvertebrates became the dominant predators3. Released from
predation on the eastern Scotian Shelf, the biomass of forage fishes
increased by 900% (Fig. 1b) and macroinvertebrates by 200% com-
pared to the pre-collapse years13. They then competed directly with
and/or preyed upon the early life stages of their once benthic predators,
a phenomenon termed predator–prey reversal17 which seems to be one
of the leading causes of the delayed recovery of the benthic fish com-
plex in this and other large marine ecosystems4,17,18. Although forage
fish constitute approximately half the diet of an expanding, resident
grey seal (Halichoerus grypus) population, estimates of their consump-
tion of pelagic fish species (1995–2000) were only 35% of the benthic

1Ocean Sciences Division, Bedford Institute of Oceanography, P.O. Box 1006, Dartmouth, Nova Scotia B2Y 4A2, Canada. 2Department of Biology, Queen’s University, Kingston, Ontario K7L 3N6, Canada.
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Figure 1 | Variability of the eastern Scotian Shelf ecosystem. a–e, Data
(Supplementary Fig. 1) based on large-bodied benthic fish (a), their prey
(forage fishes, b) with estimated carrying capacity (dashed line), benthic fish
exploitation history expressed as annual per cent biomass removal
(c), changing ecosystem structure based on the leading mode (PCA1) of biotic
data spanning four trophic levels and the demarcation of regimes29 of 22, 14 and
4 years duration (pink solid line) (d), and temperatures with averages shown for
the three regimes (dashed vertical lines) (e). Vertical bars in a and b show
6s.e.m. (n 5 27).
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Flour beetle data (lab) Forage fishes (field)
(from Cushing et al., 1998) (from Frank et al., 2011)
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Empirical examples are abundant too
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In all above examples, a regime shift occurs

A well-known theory of regime shifts relates it to a tipping point:
a bifurcation (e.g. saddle-node) due to a slow change in some
system’s parameter (environmental conditions) (e.g. Scheffer et
al. 2009, 2012; Kuehn 2011; Dakos et al., 2012, 2014)

Interestingly, in all above examples, parameters (environmental
conditions) are constant!

How that can be possible?



Overview of the baseline mechanisms

“Crawl-by”: transients induced by a saddle
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Transients induced by a saddle

Consider a generic population dynamics model:

duk (t)
dt

= fk (u), k = 1, . . . , n,

where u = (u1, . . . , un) are the population densities, t is time.

Linearized system in the vicinity of a steady state ū:

dxk (t)
dt

= ak1x1 + . . . aknxn, k = 1, . . . , n,

where xk (t) = uk (t)− ūk .

Solution is a linear combination of exponents eλi t . Let λ1 be the eigenvalue with the
largest real part, Reλ1 > 0. The time spent in the vicinity of the (unstable) steady state
is estimated as

τ ∝
1

Reλ1
.



Transients induced by a saddle

Nonlinear effects can substantially increase the range of appropriate
initial conditions:
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Example: Rosenzweig–MacArthur model
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This will result in recurrent long transients:
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Generalization 1

A modified prey-predator system can have a saddle point in the
interior of the domain (not at the origin), so that the decay to
low density is not a necessary property

Example: strong Allee effect for prey, quadratic mortality for
predator

March 26, 2015 13:26 WSPC/S0218-1274 1530007

M. Sen & M. Banerjee
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Generalization 2

Saddle-induced transients in a higher-dimensional systems

A case of more complex dynamics: connected saddles:

(Ashwin & Timme, 2005)



Ghost attractors

Consider a generic two-species system:

du
dt

= F (u, v ;p),
dv
dt

= G(u, v ;p)

0 0.2 0.4 0.6 0.8 1 1.2 1.4

0

0.2

0.4

0.6

0.8

1

1.2

o 

o 

o

o 

Two-species nonlinear competition model (Hastings et al. 2018)



Ghost attractors

A change in the parameter value can bring the system beyond
the saddle-node bifurcation:

A 

 

u 0 
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However, the local bifurcation does not change the global
structure of the phase flow: the system slows down in the
vicinity of the pre-bifurcation steady state location



Ghost attractors

The long transient dynamics occur:

 Species v 

Time 0 

v0 

v* 

Long term transient 

True asymptotics 

The transient’s duration depends on the closeness to the bifurcation:

τ ∝ |p − pc |−0.5 .



Ghost attractors

A similar mechanism applies to more complicated dynamics, e.g. periodic solutions
(limit cycles) and chaos.

Example: long-term chaotic transient (chaotic ghost) in a resource-consumer-predator
system(Hastings and Powell 1991; McCann and Yodzis 1994)

P
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C

Pre-bifurcation: chaotic attractor Post-bifurcation: the two basins
coexists with a stable limit cycle merge, chaotic attractor disappears

Chaotic transients can be particularly long: τ ∝ exp
(
k |p − pc |−γ

)
(k , γ > 0)

(Grebogi et al. 1983, 1985)



Ghost attractors

Example of the time-series generated by a chaotic ghost:
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Slow-fast systems

Consider

du(t)
dt

= f (u, v , ε),
dv(t)

dt
= εg(u, v , ε), ε� 1. (1)

Introducing a rescaled time τ = εt , it turns into

ε
du(τ)

dτ
= f (u, v , ε),

dv(τ)

dτ
= g(u, v , ε). (2)

In the limit ε→ 0, system (1) turns into

du(t)
dt

= f (u, v , 0),
dv(t)

dt
= 0,

and system (2) turns into

0 = f (u, v , 0),
dv(τ)

dτ
= g(u, v , 0),



Slow-fast systems

Example 1: periodical dynamics in a prey-predator system
(ε = 0.01)
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Slow-fast systems

Example 2: aperiodical dynamics in a two-species competition
system

Black (dashed) curve for ε = 1, red curve for ε = 0.002



Relation between long transients and tipping points



Relation between long transients and tipping points
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Long transients in higher dimensional systems

• Effect of time-delay is known to generate long transients but the scaling law is
unknown

I Effect of noise - broad and variable. For non-chaotic systems (saddles and
ghosts), tends to decrease the transient’s life-time but would not normally destroy
it. Can create the transient dynamics (e.g. in bistable systems):

•

I For chaotic transients, noise can increase as well as decrease the transient’s
life-time (Grebogi et al. 1983; Do and Lai 2004, 2005).

I Spatial systems: new types of transients (e.g. related to population waves
propagation).



A brief look at the spatial systems

What are the new phenomena brought in by explicit space?

• Pattern formation

• Synchronization / desynchronization & onset of
spatiotemporal chaos

• Travelling waves



A brief look at the spatial systems

Consider the space-continuous, time-discrete single-species
system:

u(x , t + 1) =
∫ L

0
g(x − y)F (u(x , t))dx , F (u) = uer(1−u).

For distributed random initial conditions, the system’s dynamics
exhibit a chaotic saddle:

lead to a more complex geometrical object.
Some of the wild possibilities are illus-

trated in Fig. 2. Starting from random
initial conditions, there is little apparent
form to the dynamics for almost 1000 years.
Then, for almost 10,000 years the dynamics
are usually cyclic, with several intervals (of
up to 100 years) where the dynamics are
very different. Finally, after 16,000 years
the dynamics become chaotic.

This kind of unpredictable dynamics,
with apparent changes from cycles to chaos
or vice versa, is typical. Further examples
are illustrated for several choices of r and for
D (Fig. 3). We first focused on a moderate
time scale of 100 to 200 years, recognizing
that even this time scale may be much
longer than the time scale of ecological
interest. After 100 to 200 years, the dynam-
ics have not even begun to settle down [Fig.
3, column (i)l: The patterns do not corre-
spond to any of the potential long-term
asymptotic behaviors. Local (in space) be-
havior is no more predictable.
We next examined the behavior of the

model on a time scale of 1000 to 2500 years.
The dynamic behavior shows indications of
equilibrium, cyclic, or chaotic dynamics,
depending on the parameters or initial con-
ditions [Fig. 3, column (ii)]. However, the
suggestion that the system has reached its
asymptotic dynamics on this time scale is
typically not correct (15, 16). The dynamics
on a time scale of 10,000 to 12,000 years
could be different from the dynamics on a
time scale of 1000 to 2500 years, changing
from apparent chaos to cycles or vice versa
[Fig. 3, column (iii)J. For other parameter
choices, these changes in dynamics can take
place on a shorter, ecological time scale.

Thus, after a major disturbance, popula-
tion dynamics may be quite unpredictable
for a long time. Continual disturbance may
prevent the system from ever attaining one
of the simple asymptotic behaviors. In oth-
er studies motivated by physical problems,
the time scale for coupled lattice models to
approach their asymptotic behavior has
been observed to scale with the exponential
(16) of the number of cells, or be even
longer (15), indicating the extremely long
transient behavior that is possible. Chaos
acts as a noise amplifier, which, in combi-
nation with spatial structure, leads to ex-
tremely long transients.

In spatially structured systems, ecologi-
cal time scales do not in general correspond
to asymptotic behavior. Consequently, we
expect "unpredictable" behavior for these
systems, with "unexplained" changes in
dynamics, as observed for sea urchins (4-
6), Dungeness crab (7, 8), plankton (9),
and insects (10), for example. Thus, anal-
yses should emphasize transient behavior as
well as asymptotic behavior, particularly for
disturbed systems. In the case of sea urchin
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quasi-cycles at the intermediate time scale, and (C) apparent chaos at the longest time scale. (D) The
complete time series.
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Fig. 3. Dynamics of a spatially structured model (1-3) of a population with pelagic larvae along a
coastline for various time scales, initial conditions, and parameter values. The presence of long transients
is apparent from the plots. The plots are of total population size at year t versus total population size at
year t - 1, with each column representing different time scales and each row a different example. In row
A, the habitat was divided into four segments of equal length, which were initially set at two different
population levels, r = 3.25 and D = 800; the dynamics changed from an apparent chaos to a simple
four-point cycle. In row B, the initial conditions were random in space, r = 3.25 and D = 800; the
dynamics took a long time to approach a chaotic attractor. In row C, the initial conditions were random
in space, r = 3.75 and D = 400; the dynamics took a long time to approach a simple four-point cycle.
In all of these examples, the form of the dynamics from time scale (iii) t = 10,000 to 12,000 was still found
at t = 100,000.
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(Hastings and Higgins, 1994)



A brief look at the spatial systems

The above system exhibits long transients in terms of the spatially average values

Knowledge of the spatial population distribution can provide a different angle on long
transients

Example: “wave of chaos” in a space-time-continuous prey-predator system:

FIG. 2. Typical spatial distribution of species (solid line for prey, dashed for predator) obtained from initial conditions (9) and (10) in the case
of ``smooth'' (regular) pattern formation (top, at t=1600 for parameters k=2.0, r=0.4, H=0.3, ==10&5, and $=10&2) and ``sharp'' (chaotic) pat-
tern formation (middle and bottom, at t=1000 and t=2000, respectively, obtained for ==2_10&5 and $=&4_10&2 ; other parameters are the
same).

161Wave of Chaos in Population Dynamics

(Petrovskii and Malchow, 2001)

Spread of the chaotic phase over the system can take a very long
time, τ ∝ L

c .



A brief look at the spatial systems

For compact initial conditions, the system’s dynamics usually consists
of a succession of population waves

Example: space-time-continuous (diffusion-reaction) prey-predator
system, invasion of predator; dynamical stabilization in the wake of
the invasion front
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(Petrovskii and Malchow, 2000) (Petrovskii et al., 2016)



A brief look at the spatial systems

For compact initial conditions, the system’s dynamics usually consists
of a succession of population waves

Example: space-time-continuous (diffusion-reaction) prey-predator
system, invasion of predator; dynamical stabilization in the wake of
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(Petrovskii and Malchow, 2000) (Petrovskii et al., 2016)



Conclusions

• Long transients do occur

• The life-time of long transients can be arbitrary long
(cf. scaling laws)

• We have identified a few basic mechanisms for the long
transients to occur

• Long transients provide an alternative scenario of regime
shifts
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Thanks for listening


