UNIVERSITYW

This is a repository copy of Social tipping points in animal societies.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/135248/

Version: Accepted Version

Article:

Pruitt, Jonathan, Berdahl, Andrew, Riehl, Christina et al. (14 more authors) (2018) Social
tipping points in animal societies. Proceedings of the Royal Society B: Biological Sciences.
20181282. ISSN 1471-2954

https://doi.org/10.1098/rspb.2018.1282

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose -
university consortium eprinis@whiterose.ac.uk
/,:-‘ Uriversities of Leecs: Shetfiekd & York https://eprints.whiterose.ac.uk/




oOoNoOOOTh~,WDN-=

AR OOWWWWWWWWLWWMNMNDMNDNPDMNDNPDNDNDNON 2 =222
N—=-O0OQOWooO~NOTOUOOPRRWN—-LOODOOONOOODOP,PWOUN—LOOCOONOOOOOITRARWLWND—=-OO

&~ B
A W

SOCIAL TIPPING POINTS IN ANIMAL SOCIETIES

Jonathan N. Pruitt'?, Andrew Berdahl*#, Christina Riehl’, Noa Pinter-Wollman®, Holly V.
Moeller! Elizabeth G. Pringle7, Lucy M. Aplin&g, Elva J. H. Robinson'?, J acopo Grilli*, Pamela
Yeh®, Van M. Savage®, Michael H. Price*, Joshua Garland*, Ian C. Gilby!!, Margaret C.
Crofoot'?, Grant N. Doeringl’z, Elizabeth A. Hobson*

! Department of Ecology, Evolution & Marine Biology, University of California - Santa Barbara,
Santa Barbara, CA USA 93106

2 Department of Psychology, Neuroscience & Behaviour, McMaster University, Hamilton
Ontario, Canada L8S 4K1

3 School of Aquatic and Fisheries Sciences, University of Washington, Seattle, Washington USA
98195

4Santa Fe Institute, Santa Fe, NM, USA 87501

> Department of Ecology & Evolutionary Biology, Princeton University, Princeton, NJ USA
08544

® Department of Ecology & Evolutionary Biology, University of California - Los Angeles, Los
Angeles, CA USA 90095

" Department of Biology, University of Nevada — Reno, Reno, NV USA 89557

8 Edward Grey Institute of Field Ornithology, Department of Zoology, University of Oxford,
Oxford OX1 3PS, UK

? Cognitive and Cultural Ecology Research Group, Max Planck Institute of Ornithology,
Radolfzell, Germany, DE 78315

19Department of Biology, University of York, Heslington, York, United Kingdom, YO10 5DD

"'School of Human Evolution and Social Change, and Institute of Human Origins, Arizona State
University, Tempe, AZ USA 85287

12 Department of Anthropology, University of California Davis, Davis, CA USA 95616

Word Count: 6776 (including references and figure legends)

Pruitt et al. 1



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

Abstract
Animal social groups are complex systems that are likely to exhibit tipping points—which are
defined as drastic shifts in the dynamics of systems that arise from small changes in
environmental conditions—yet this concept has not been carefully applied to these systems. Here
we summarize the concepts behind tipping points and describe instances in which they are likely
to occur in animal societies. We also offer ways in which the study of social tipping points can
open up new lines of inquiry in behavioral ecology and generate novel questions, methods, and
approaches in animal behavior and other fields, including community and ecosystem ecology.
While some behaviors of living systems are hard to predict, we argue that probing tipping points
across animal societies and across tiers of biological organization—populations, communities,
ecosystems—may help to reveal principles that transcend traditional disciplinary boundaries.
Keywords: complex system, collapse, cooperation, critical point, extinction, hysteresis, social

network, personality, phase transition
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Many animals are social, and behaviors that occur within social groups can affect individuals,
their immediate neighbors, and the overall performance of the society. In some cases, even small
changes in external environmental conditions can cause large and abrupt changes to individuals’
behaviors, interactions among group members, and therefore how the group functions as a
whole. Examples of changing environmental conditions include food deprivation, heat/cold
stress, predation risk, or various anthropogenic stressors. Uncovering how and why small
perturbations can cause marked and abrupt shifts in group dynamics is important for
understanding group functioning, cohesion, and responsiveness to the environment. Here, we
introduce the idea of tipping points, which have been used to better understand the dynamics of

complex systems in many fields.

The term tipping point was first used in the academic literature by Morton Grodzins to describe
racial segregation in US cities®. Ecologists and climate scientists have since used tipping points
to better understand shifts in lake eutrophication [1], forest-grass transitions [2], and coral reef
states [3]. Although the idea of tipping points has been used as a popular analogy for sudden
changes in social systems, the conceptual framework underlying tipping points has not been
widely applied to questions in behavioral ecology. In this article we explain what tipping points
are, how they have been studied in other contexts, and how the tipping-point framework could

provide new insights and predictive power into the study of animal behavior.

What are tipping points?
Tipping points are drastic shifts in the behavior of systems as a result of small changes to the

environment’. In ecology, tipping points are often referred to as ecological thresholds [4-6]. For
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example, a small change in the temperature of a lake can lead to large shifts in the composition
of the lake’s community. Other commonly cited examples of ecological tipping points include

sudden shifts in species dominance or population collapse [7, 8].

Similarly, in a social context, social tipping points occur when small changes to the physical or
social environment result in qualitative changes to group behavior or dynamics [9]. In animal
societies, tipping points could be used to explain social transitions such as the onset of collective
movements, shifts in group behavior from calm to agitated states, the emergence and
disappearance of wars between neighboring societies, the formation or disbandment of
cooperation, or the diffusion of new innovations. For instance, African desert locusts rapidly
shift between their little-observed solitary state to a swarming plague phenotype. The transition
between these states is density-mediated and catalyzed by positive feedback loops between
population density, individual activity level, and serotonin-mediated gregariousness [10-12].
Thus, small changes in population density can cause large and abrupt changes in both individual

state and group dynamics in these locusts.

CORE CONCEPTS OF SOCIAL TIPPING POINTS

There are several concepts that are needed to apply the conceptual framework of tipping points
to social systems. We describe these concepts here using an example. Social spider colonies
exhibit a tipping point towards violent infighting in response to heat stress (Figure 1) [13]. When
colonies have been in cool temperatures (<27°C) they are generally calm and cooperative but

transition into infighting at higher temperatures (>31°C). However, when the temperature cools,
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colonies do not immediately return to their calm state upon reaching the critical 30-31°C, but
require much cooler temperatures (<27-28°C) to return to their prior state. Thus, at an equivalent
temperature, say 29°C, a colony can be characterized by high levels of infighting or calm
cooperation, depending on its history. Notably, the shift between calm and agitated colony
behavior is mediated by temperature (the external environmental parameter), and this shift is

conspicuously abrupt, which is diagnostic of social tipping points (Figure 2).

Behavioral States & Environmental Parameters

Many animal social systems are capable of exhibiting multiple qualitatively distinct states. We
refer to these as behavioral states, such as the calm (blue) and agitated (red) colony states in the
spiders in Figure 1. The behavioral state expressed is dictated by the system’s dynamics as well
as environmental parameters such as humidity or temperature (Figure 1, x-axis) and internal
parameters such as metabolic or cognitive factors. For social tipping points, we deem forces
acting from outside the group to be environmental parameters and forces emerging from within

the group as internal parameters.

Environmental parameters can be abiotic or biotic. Most studies on tipping points have examined
abiotic drivers [2, 5, 13], whereas relative few have examined biotic drivers, social or otherwise.
Abiotic parameters include temperature, light, precipitation, oxygen levels, pH, aridity,
anthropogenic noise, tides, and terrain [2, 5, 7]. Biotic parameters can be social (e.g. the number
or collective phenotypes of nearby groups) or nonsocial (e.g. predation threat, food availability,
or presence of parasites/disease). It is worth noting that many tipping points may be driven by

changes in several environmental parameters, such as the combination of heat and UV exposure.
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129  Because of the potential combined effects, it is important to consider to what degree phenomena
130  like priming, enhanced lethality of multiple stressors, or cross-tolerance affect group behavior
131 [14-17]. Multiple interacting environmental parameters could be grouped into functionally

132  similar groups based on their properties or because of the shared effects that they have on social
133  groups.

134

135  Attractors & Basins of Attraction

136  Up to this point we have presented behavioral states as categorical (such as calm and agitated),
137  but behaviors can actually be more fluid. For example, a spider may be slightly irritated, but not
138  fully agitated. As time progresses, the spider may become calm or agitated, depending on

139  environmental parameters. In this example, the categorical states of calm and agitated are

140  referred to as attractors and the set of fluid states that tend towards these categorical states are
141  these attractors’ basins of attraction. In Figure 1, the solid red and blue lines depict the agitated
142  and calm attractors for a range of environmental parameters (here, temperature). The lighter
143  shaded areas in Figure 1 are the basins of attraction for these two attractors. For intermediate
144  environmental parameters, two attractors exist. At very low temperatures, there is only one

145  attractor, the calm state, while at very high temperatures, only the agitated attractor exists. It is
146  important to emphasize that attractors can appear and disappear, depending on environmental
147  parameters.

148

149  In some cases, environmentally-driven tipping points may be irreversible. For example, events
150  such as the onset of sex change in sequentially hermaphrodites [18], the onset of epidemic

151  spawning in marine invertebrates [19], or the emergence of sexual alates in social insects [20]
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can be one-way transitions in behavioral state driven by minor perturbations to environmental
parameters. In these cases, the former attractors have vanished as a consequence of the system

undergoing a tipping point.

In addition to the presence and number of attractors, the landscape of attraction can vary. In
Figure 1, this is depicted with the landscape slices above the main figure which show how the
geometry of the basins of attraction are modified as environmental parameters change. In each
case, the blue or red balls indicate the attractors at the bottom of wells symbolizing the basins of
attraction. The steepness of the walls of these basins of attraction determine the strength of the
feedback mechanisms keeping the system in a given state— the steeper the walls of the wells, the
quicker the system returns to the attractor state and the more resistant the state is to noise. When
the wells are shallow, the system returns to the attractor more slowly and drifts more widely in

response to noise [8, 21, 22].

Perturbations

There are two fundamentally different ways that a system can be perturbed. Either the behavioral
state or the environmental parameters can be perturbed. To think about the effect of perturbations
to the behavioral state, consider a single slice of the landscape of attractors in Figure 1. When the
behavioral state is perturbed, envision the system as one of the colored balls that are subject to
that particular landscape. If the ball is perturbed enough that it moves to another basin of
attraction then the system undergoes a behavioral state change. However, this kind of
perturbation is not technically classified as a tipping point because the the transition was not

caused by changes to the external environment. In contrast, when an environmental parameter
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changes, the landscape itself changes, which can alter the existence of attractors and the shapes
of their basins of attraction. In Figure 1, this is depicted by the series of slices showing the
landscapes governing the basins of attraction. The society moves through a tipping point when a
small change to environmental parameters results in a drastic enough modification to the
attractor landscape that the society is in an alternative basin of attraction. A critical difference
between the two types of perturbations is that when a tipping point occurs, the underlying
dynamics have changed and thus the previous regime’s models and data are no longer effective

in describing the new regime.

Attractor states are not necessarily advantageous or disadvantageous. For example, social groups
might proceed from a relative calm cooperative stable state to disbandment or collapse due to
infighting or cheating [13, 23]. However, a system might also switch between two states that
perform equally well. The alternative states might even be part of a system’s life history. Thus,
attractor states are not necessarily evolutionary stable states (ESS) nor adaptive peaks in a fitness

landscape, nor do they necessarily have negative consequences for social groups.

TIPPING POINTS: FREQUENTLY ASKED QUESTIONS

How can we recognize tipping points?

It can be difficult to recognize that a tipping point has occurred from observational data alone,
especially if observations are noisy. However, there are some signatures of tipping points that
one may recognize in their system of interest. One signature is that when a tipping point occurs,

small environmental changes alter system dynamics so that previous models explaining the
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behavior of the system built under one regime are no longer predictive when the regime has
shifted. Although there are many reasons a model may not explain data, assuming an equilibrium
state, a potential indication of a tipping point is when a model explains the data well under some
conditions but then fails when environmental parameters change. Other possible signatures of
tipping points include flickering between behavioral states and delayed recovery to prior states

following perturbation [9].

Are critical points and tipping points equivalent?

While the terms tipping point and critical point are often used interchangeably in the literature,
there are distinctions. Loosely, a critical point occurs when the stability of attractors changes.
Tipping points require a quantifiable change in behavioral state as a result of minor changes in
environmental parameters. This makes all tipping points critical points, but not all critical points
tipping points. For example, a system moving through a critical point could have a continuous
behavioral state as environmental parameters change, but a system with a tipping point would
have a discontinuity in the behavioral state as a function of the environmental parameters (see

Figure 2).

Is there hysteresis?

The existence of multiple behavioral states allows for the possibility of hysteresis — a concept
often linked to tipping points in the literature [24-26]. Hysteresis is a system’s lack of
reversibility as environmental parameters are varied. A system exhibits hysteresis if reverting the
environmental parameters in a system that has passed through a tipping point to the parameters

immediately preceding the change does not cause the system to revert to the previous behavioral
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state. For example, once agitated, spider societies require cooling to far lower temperatures to
return them to a calm state (Figure 1). However, not all tipping points will exhibit hysteresis.
Tipping points and hysteresis are important to consider because it changes the way that systems
should be modeled. In particular, researchers may assume that their systems as reversible in

parameter space but, if hysteresis is present, this is not the case.

Are there early warning signs of tipping points?

One of the most challenging aspects of tipping points is anticipating when and where they are
likely to occur [21, 22, 27]. There are two general predictors whose presence is thought to
anticipate an impending tipping point. First, increased variance in a system’s internal dynamics
is predicted to warn of an approaching tipping point [8, 28]. Destabilized dynamics, large swings
and oscillations, or flickering between states all potentially convey that the feedback that keeps a
system at one attractor state is weakening, which allows the system to wander farther from the
attractor. Second, the speed of recovery to baseline conditions is predicted to decrease when a
system is approaching its tipping point [1, 8]. This is because the strength of the feedback that
maintain systems in one state decreases as a system moves toward a tipping point, and therefore
the rate of recovery is slower. In behavior, there may be other warning signs based on individual

level characteristics, or early behavioral outcomes prior to more dramatic state shifts.

APPLYING TIPPING POINTS TO ANIMAL SOCIETIES

What can be learned?

Pruitt et al. 10
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Tipping points can inform our understanding of animal societies in a variety of ways. First,
documenting tipping points aids our ability to forecast dramatic state shifts in animal behavior
[28]. This, in turn, can help us to predict how societies will change in response to environmental
parameters, which is required for conservation [29-31]. Second, tipping points convey
information about societies’ comparative sensitivity to environmental parameters. The presence
of abrupt tipping points, pronounced hysteresis, an inability to recover to baseline dynamics
following perturbation, and large differences in behavioral states all convey that the internal
dynamics driving a system are strongly nonlinear. Additionally, in the presence of tipping points,
a system’s responsiveness to the environment could appear deceptively small, save for the
regions immediately around the tipping point. Many systems therefore may appear deceptively
stable, unless one specifically interrogates the limited set of conditions that trigger the system to
tip. Third, scrutinizing tipping points and their adaptive function may shed light on how social
groups are capable of incredible behavioral flexibility. For example, there is evidence that
societies may self-organize or evolve to keep themselves near tipping points, so that they can
respond dynamically to new information or environmental challenges [26, 32] and potentially
maximize the adaptive advantages of both order and disorder [32]. Fourth, scrutinizing tipping
points across tiers of biological organization may help us to determine whether there are
generalizable features about their dynamics that bridge tiers of biological organization. Fifth,
knowledge of tipping points can help guide researchers as to when a new modeling paradigm

may be necessary to predict system behavior.

How can social properties affect tipping points in social systems?

Pruittet al. 11
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Many social properties could influence whether tipping points occur in a society. These include
relatedness and group size, presence of keystone individuals, within-group behavioral diversity,
group social organization, and groups’ prior experience. In this section, we present a hypothetical

example and then use it as a lens to pose how social properties might impact tipping points.

Consider a hypothetical situation where the activity level of a group of marmosets depends on
the level of predation risk (Figure 3). When predation risk is low, groups are socially active and
have a chance of entering distracted social states. Distracted states may emerge when one
individual steals fruit or chases another individual, resulting in a competitive tit-for-tat game.
Once initiated, social activity can keep a group in an active and distracted state despite mild to
moderate increases in predation risk. However, at a tipping point, even a distracted group will
detect heightened risk, and activity will decrease in favor of vigilance. Returning back to social
activity will then require a large decrease in predation risk because vigilance renders a group
sensitive to even moderate risk. Thus, at some conditions, whether a group will be active or

inactive will depend on its prior state (distracted versus vigilant), creating a hysteresis window.

Relatedness & Group Size: Group relatedness and size likely influence tipping points.
Relatedness has an impact on a variety of social outcomes, including increased prosocial
behavior and decreased exploitation among group members [33, 34]. Thus, social feedback
driven by competitive interactions may be less stable between relatives [35]. Kin groups may
also be more likely to share information about predation risk even at risk to themselves, for
instance, via alarm calls [36, 37]. Group size is also likely to impact the above scenario.

Increasing group size could augment competitive interactions and keep individuals in a distracted
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state for longer. Larger groups may also compete more [38] and this could increase group
distraction. Yet, larger groups also have more individuals with which to detect changes in the
environment and share information [26, 39]. The net effect of group size may therefore depend
on the degree to which social interactions impede individuals’ probability of detecting risk and

the degree of information sharing.

Keystone Individuals: The presence of influential individuals impacts social tipping points. For
instance, the presence of leaders or reconciliatory individuals may prevent tit-for-tat feedback
loops from ever starting [40, 41]. In contrast, the presence of particularly aggressive, hungry, or
bold individuals could increase within-group conflict [42], thus changing the environmental

parameter values that result in a tipping point and the feedback strength that underlies them.

Behavioral Diversity: More phenotypically diverse systems are predicted to be more resistant to
and resilient from environmental stress [43, 44]. This, in turn, will shift the timing of tipping
points or cause a more linear collective response to environmental changes, i.e., eliminating
tipping points altogether. The so-called portfolio effect predicts that more diverse groups will
have increased odds that at least some constituents can endure novel environments, and
therefore, maintain group-level properties [45]. In contrast, homogeneous groups run the risk of
all individuals possessing the same sensitivities, making abrupt collective state shifts more likely.
However, even for diverse groups, there will be some environmental parameters that cause

tipping points in spite of any benefits.
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Social Organization: The social structure of our marmoset groups and the space in which the
interactions occur also likely effect tipping points [28]. In groups that live in or build structures,
such as nests, the geometry of these spaces can determine the kinds of interactions that
individuals engage in, the degree of competition among group members, risk of predation,
environmental sensitivity, and so on [46]. Nests also provide some homeostatic benefits to their
residents [47], which will likely impact the susceptibility of groups to changes in environmental
parameters. For groups that live in more open environments, geographical constraints such as
rivers, matrix habitat, and localized resources such as fruit trees will impact individuals’ position
in space and therefore the structure of social networks [48]. Networks, in turn, will shape

whether and how individuals interact and influence each other’s behavior [49].

Prior Experience: Whether or not social groups have previously been exposed to specific
environmental parameters will likely impact their future tipping points [1, 5]. For instance, prior
experience with anthropogenic noise might prime a marmoset group and desensitize it to
subsequent noise exposure [50]. In the related concept of cross-tolerance [51], experience with
one stressor can increase the system’s resistance to other stressors. The predicted outcome is
similar to that of priming but differs in that stressors can appear interchangeable. A final stressor
query is whether the social context of prior experience matters. For instance, the effects of prior
experience may depend on whether individuals acquired their experience in isolation, in a group
setting, or in a group setting that differs from their present group. The effects of such experiences

will likely not be equivalent.

Organizing Social Tipping Points
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Social Scale: Social tipping points can be the additive outcome of tipping points occurring
within each individual (individual-level) or the synergistic outcome of interactions among
individuals (group-level). For instance, in Polistes paper wasps, colonies may proceed
nonlinearly from a quiescent state to responsive state related to increases in disturbance. This
could be an additive process, whereby the group response is the sum of each individual wasp’s
threshold — beyond which it moves from inaction to agitation [52]. Alternatively, a group-level
response can be an emergent property, mediated by synergistic interactions between group
members. For instance, the probability of each wasp entering an agitated state may not be
independent from other wasps. The threshold to enter an agitated state may, for example,
decrease when neighbors becomes agitated. Experiments that evaluate individual responses in
isolation vs. group settings, in groups of various sizes, or in groups with contrasting abilities to

interact will be helpful for demonstrating the social scale at which tipping points operate.

Metabolic Tipping Points: A system may pass through a tipping point if environmental
parameters drive individuals into alternative metabolic states that affect individuals’ behavior.
For example, excessive heat can force social ectotherms into collective activity either to cool
themselves, like collective fanning behavior in honeybees [53], or to evacuate a nest site entirely.
Another potential example of a metabolic tipping point is when excessive cold or aridity causes
collective huddling to preserve heat and water in small bodied animals [54]. Metabolic tipping
points can be additive or synergistic. For instance, collective huddling behavior may enable
groups of homeotherms to remain socially active in environments that exceed the thresholds of

each individual [55]. In contrast, social ectotherms may exhibit a more additive response
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because constituents cannot share metabolic heat [56]. Other examples of metabolic tipping
points can occur because of contrasting hunger levels, fat stores, hypoxia, exposure to

contaminants, infection status, microbiomes, and so on.

Social or cognitive Tipping Points: Tipping points can also be mediated by social or cognitive
parameters, which arise because individuals’ perception of their environment has changed. For
instance, cautious or flight-prone behavior in one group member might catalyze that behavior in
another individual [57]. Alternatively, observer individuals may copy the successful foraging
strategies of innovative group mates [58] or the migration routes of older individuals [41, 59].
The key ingredient for these transitions is that actors are capable of observing their environment,
and then adjusting their behavior accordingly. In principle, social or cognitive state transitions
can occur at different social scales as well. For example, each individual may independently
learn about its environment, and therefore, the group’s behavior changes as the sum of these

individual assessments. However, social interactions will often result in an synergistic shift [60].

WHY STUDY TIPPING POINTS IN SOCIAL BEHAVIOR?

Many disciplines already use the ideas and terminology of tipping points to explore the

properties of complex systems. This leads one to ask: What strengths can behavioral ecologists

bring to the broader study of tipping points?
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First, animal social systems provide us with the opportunity to observe interactions between
individual-level and group-level tipping points. Although this review pertains to social tipping
points in the dynamics of whole societies, individual organisms are themselves complex living
systems with metabolic processes that can undergo tipping points in response to environmental
parameters [61, 62]. One can therefore probe the scale at which tipping points occur by
evaluating behavioral dynamics in response to environmental drivers when individuals are in
isolation versus group settings or across groups of various size. Linking tiers of multi-level
tipping points is a problem already faced by the tipping point literature on communities and
ecosystems [5, 62, 63], but one fears that the problem of scale (individual versus population
versus community versus ecosystem) might be intractably great in such systems. Social tipping
points in animal societies might therefore serve as a convenient intermediate ground in which to
develop and critically evaluate theory on multilevel tipping points. Such individual versus group-
level comparisons do not have clear analogs in the application of tipping points in the physical

sciences. This opens the door to new lines of empirical inquiry and theory.

Second, behavioral ecologists have the ability to create large numbers of experimental systems
[64, 65] and manipulate environmental parameters thought to cause tipping points [12], thus
allowing cause-effect inferences that elude purely theoretical studies or correlative studies on
other living systems. General ecologists have used the tipping point framework to explore
contrasting ecosystem dynamics [1], shifts in community composition and functioning [3, 7], and
decreases in the viability of imperiled wildlife populations [30, 31]. Engineering such systems or
altering them experimentally with a high degree of replication is often impossible or unethical.

For many social systems, this is not so.
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Third, using the tipping point framework has the potential to foster crosstalk between the kinds
of questions asked by behavioral ecologists and investigators interested in other kinds of
complex systems. The notion that similar principles might underlie the presence, severity,
timing, and recoverability of tipping points across contrasting physical and living systems is

intriguing, and behavioral ecologists are poised to enter this dialogue with precision.

Finally, animal societies raise our consciousness to the presence of asymmetrical interaction
rules, and therefore promise to inspire new kinds of tipping point models, which often assume
that interaction rules are simple, symmetrical, and invariant. In animals, we know that
individuals differ from each other in their attributes, the ways in which they interact, and the
social influence they exert over their groups. While behavioral ecologists have potentially much

to gain from the tipping point literature, the intellectual exchange promises to be bidirectional.

CONCLUSIONS

Many living systems exhibit drastic state shifts in response to small changes in environmental
parameters. We argue here that animal societies—Iike other kinds of living systems—can be
subject to tipping points and that a better understanding of tipping point dynamics can help us to
predict changes in sociality and behavior. Behavioral ecologists interested in such dynamics are
poised to contribute novel insights, both theoretically and empirically. The insights gleaned from
such studies have the potential to generate crosstalk between fields of ecology that typically

operate independently. The tipping-point framework in turn offers us (behavioral ecologists) a
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variety of opportunities. First, the tipping-point framework asks us to re-examine familiar
topics—information spread, collective action, group formation/disbandment, etc.—from a new
perspective, which opens up new flavors of inquiry. Second, tipping points draw our attention to
possible connections between the dynamics of social systems and other kinds of complex living
systems — highlighting the opportunity for generalizing principles across tiers of biological
organization. Third, the tipping points framework draws our attention to ideas from other
subdisciplines of ecology and allows us to critically evaluate these ideas in a new context.
Finally, understanding tipping points is of conservation importance for multiple tiers of
biological organization, which permits basic researchers to probe tipping points while
simultaneously collecting data that could prove useful for applied scientists. This incipient field

is therefore ripe for creation and entry, and there is much for us to discover together.

Acknowledgements

We thank the Santa Fe Institute for facilitating the Research Jam Session that gave rise to this
article. We are also indebted to two reviewers who improved the clarity of our work. The animal
images herein were illustrated by Mesa Schumacher (Figure 1, Fig 3) and Kendra Mojica (Figure
2).

Ethics Statement: Not applicable

Data Accessibility Statement: Not applicable

Competing Interests Statement: We claim no competing interests.

Author Contribution: All of the authors were involved in the development and writing of this
article.

Works Cited

Pruitt et al. 19



449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497

[1] Wang, R., Dearing, J.A., Langdon, P.G., Zhang, E.L., Yang, X.D., Dakos, V. & Scheffer, M.
2012 Flickering gives early warning signals of a critical transition to a eutrophic lake state.
Nature 492, 419-422. (doi:10.1038/nature11655).

[2] Hoffmann, W.A., Geiger, E.L., Gotsch, S.G., Rossatto, D.R., Silva, L.C.R., Lau, O.L.,
Haridasan, M. & Franco, A.C. 2012 Ecological thresholds at the savanna-forest boundary: How
plant traits, resources and fire govern the distribution of tropical biomes. Ecol. Lett. 15, 759-768.
(doi:10.1111/j.1461-0248.2012.01789.x).

[3] Dixson, D.L., Abrego, D. & Hay, M.E. 2014 Chemically mediated behavior of recruiting corals
and fishes: A tipping point that may limit reef recovery. Science 345, 892-897.
(doi:10.1126/science.1255057).

[4] Muradian, R. 2001 Ecological thresholds: A survey. Ecol. Econ. 38, 7-24.
(doi:10.1016/s0921-8009(01)00146-X).

[5] Conley, D.J., Carstensen, J., Vaquer-Sunyer, R. & Duarte, C.M. 2009 Ecosystem thresholds
with hypoxia. Hydrobiologia 629, 21-29. (doi:10.1007/s10750-009-9764-2).

[6] Andersen, T., Carstensen, J., Hernandez-Garcia, E. & Duarte, C.M. 2009 Ecological
thresholds and regime shifts: Approaches to identification. Trends Ecol. Evol. 24, 49-57.
(doi:10.1016/j.tree.2008.07.014).

[7] Hoegh-Guldberg, O., Mumby, P.J., Hooten, A.J., Steneck, R.S., Greenfield, P., Gomez, E.,
Harvell, C.D., Sale, P.F., Edwards, A.J., Caldeira, K., et al. 2007 Coral reefs under rapid climate
change and ocean acidification. Science 318, 1737-1742. (doi:10.1126/science.1152509).

[8] Dai, L., Vorselen, D., Korolev, K.S. & Gore, J. 2012 Generic indicators for loss of resilience
before a tipping point leading to population collapse. Science 336, 1175-1177.
(doi:10.1126/science.1219805).

[9] Lenton, T.M. 2013 Environmental tipping points. In Annual review of environment and
resources, vol 38 (eds. A. Gadgil & D.M. Liverman), pp. 1-29.

[10] Pener, M.P. & Yerushalmi, Y. 1998 The physiology of locust phase polymorphism: An
update. J. Insect Physiol. 44, 365-377. (doi:10.1016/s0022-1910(97)00169-8).

[11] Enserink, M. 2004 Entomology - can the war on locusts be won? Science 306, 1880-1882.
(doi:10.1126/science.306.5703.1880).

[12] Anstey, M.L., Rogers, S.M., Ott, S.R., Burrows, M. & Simpson, S.J. 2009 Serotonin
mediates behavioral gregarization underlying swarm formation in desert locusts. Science 323,
627-630. (doi:10.1126/science.1165939).

[13] Doering, G.N., Scharf, I., Moeller, H.V. & Pruitt, J.N. 2018 Social tipping points in animal
societies in response to heat stress: Timing, recovery and hysteresis Nature Ecology &
Evolution.

[14] Relyea, R.A. & Mills, N. 2001 Predator-induced stress makes the pesticide carbaryl more
deadly to gray treefrog tadpoles (hyla versicolor). Proc. Natl. Acad. Sci. U. S. A. 98, 2491-2496.
(doi:10.1073/pnas.031076198).

[15] Romansic, J.M., Johnson, P.T.J., Searle, C.L., Johnson, J.E., Tunstall, T.S., Han, B.A.,
Rohr, J.R. & Blaustein, A.R. 2011 Individual and combined effects of multiple pathogens on
pacific treefrogs. Oecologia 166, 1029-1041. (doi:10.1007/s00442-011-1932-1).

[16] McMahon, T.A., Sears, B.F., Venesky, M.D., Bessler, S.M., Brown, J.M., Deutsch, K.,
Halstead, N.T., Lentz, G., Tenouri, N., Young, S., et al. 2014 Amphibians acquire resistance to
live and dead fungus overcoming fungal immunosuppression. Nature 511, 224-+.
(doi:10.1038/nature13491).

[17] Hua, J., Cothran, R., Stoler, A. & Relyea, R. 2013 Cross-tolerance in amphibians: Wood
frog mortality when exposed to three insecticides with a common mode of action. Environ.
Toxicol. Chem. 32, 932-936. (doi:10.1002/etc.2121).

Pruitt et al. 20



498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548

[18] Devlin, R.H. & Nagahama, Y. 2002 Sex determination and sex differentiation in fish: An
overview of genetic, physiological, and environmental influences. Aquaculture 208, 191-364.
(doi:10.1016/s0044-8486(02)00057-1).

[19] Petersen, M.E. 1999 Reproduction and development in cirratulidae (annelida : Polychaeta).
Hydrobiologia 402, 107-128. (doi:10.1023/a:1003736408195).

[20] Moser, J.C., Reeve, J.D., Bento, J.M.S., Della Lucia, T.M.C., Cameron, R.S. & Heck, N.M.
2004 Eye size and behaviour of day- and night-flying leafcutting ant alates. Journal of Zoology
264, 69-75. (doi:10.1017/s0952836904005527).

[21] Lenton, T.M. 2011 Early warning of climate tipping points. Nature Climate Change 1, 201-
209. (doi:10.1038/nclimate1143).

[22] Lenton, T.M. 2013 What early warning systems are there for environmental shocks?
Environmental Science & Policy 27, S60-S75. (doi:10.1016/j.envsci.2012.06.011).

[23] Oldroyd, B.P., Smolenski, A.J., Cornuet, J.M. & Crozler, R.H. 1994 Anarchy in the beehive.
Nature 371, 749-749. (doi:10.1038/371749a0).

[24] Beekman, M., Sumpter, D.J.T. & Ratnieks, F.L.W. 2001 Phase transition between
disordered and ordered foraging in pharaoh's ants. Proc. Natl. Acad. Sci. U. S. A. 98, 9703-
9706. (doi:10.1073/pnas.161285298).

[25] Sumpter, D.J.T. & Beekman, M. 2003 From nonlinearity to optimality: Pheromone trail
foraging by ants. Anim. Behav. 66, 273-280. (doi:10.1006/anbe.2003.2224).

[26] Hein, A.M., Rosenthal, S.B., Hagstrom, G.I., Berdahl, A., Torney, C.J. & Couzin, I.D. 2015
The evolution of distributed sensing and collective computation in animal populations. Elife 4.
(doi:10.7554/eLife.10955).

[27] Barnosky, A.D., Hadly, E.A., Bascompte, J., Berlow, E.L., Brown, J.H., Fortelius, M., Getz,
W.M., Harte, J., Hastings, A., Marquet, P.A., et al. 2012 Approaching a state shift in earth's
biosphere. Nature 486, 52-58. (doi:10.1038/nature11018).

[28] Scheffer, M., Carpenter, S.R., Lenton, T.M., Bascompte, J., Brock, W., Dakos, V., van de
Koppel, J., van de Leemput, l.A., Levin, S.A., van Nes, E.H., et al. 2012 Anticipating critical
transitions. Science 338, 344-348. (doi:10.1126/science.1225244).

[29] Estes, J.A., Terborgh, J., Brashares, J.S., Power, M.E., Berger, J., Bond, W.J., Carpenter,
S.R., Essington, T.E., Holt, R.D., Jackson, J.B.C., et al. 2011 Trophic downgrading of planet
earth. Science 333, 301-306. (doi:10.1126/science.1205106).

[30] Rozek, J.C., Camp, R.J. & Reed, J.M. 2017 No evidence of critical slowing down in two
endangered hawaiian honeycreepers. Plos One 12. (doi:10.1371/journal.pone.0187518).

[31] Roger, E., Laffan, S.W. & Ramp, D. 2011 Road impacts a tipping point for wildlife
populations in threatened landscapes. Popul. Ecol. 53, 215-227. (doi:10.1007/s10144-010-
0209-6).

[32] Mora, T. & Bialek, W. 2011 Are biological systems poised at criticality? Journal of Statistical
Physics 144, 268-302. (doi:10.1007/s10955-011-0229-4).

[33] Gardner, A., West, S.A. & Wild, G. 2011 The genetical theory of kin selection. J. Evol. Biol.
24, 1020-1043. (doi:10.1111/j.1420-9101.2011.02236.x).

[34] Abbot, P. & Abe, J. & Alcock, J. & Alizon, S. & Alpedrinha, J.A.C. & Andersson, M. & Andre,
J.B. & van Baalen, M. & Balloux, F. & Balshine, S., et al. 2011 Inclusive fithess theory and
eusociality. Nature 471, E1-E4. (doi:10.1038/nature09831).

[35] Silk, J.B., Beehner, J.C., Bergman, T.J., Crockford, C., Engh, A.L., Moscovice, L.R., Wittig,
R.M., Seyfarth, R.M. & Cheney, D.L. 2010 Strong and consistent social bonds enhance the
longevity of female baboons. Curr. Biol. 20, 1359-1361. (doi:10.1016/j.cub.2010.05.067).

[36] Mateo, J.M. 2003 Kin recognition in ground squirrels and other rodents. J. Mammal. 84,
1163-1181. (doi:10.1644/BLe-011).

[37] Blumstein, D.T., Steinmetz, J., Armitage, K.B. & Daniel, J.C. 1997 Alarm calling in yellow-
bellied marmots .2. The importance of direct fithness. Anim. Behav. 53, 173-184.
(doi:10.1006/anbe.1996.0286).

Pruitt et al. 21



549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598

[38] Krause, J. & Ruxton, G.D. 2002 Living in groups. Oxford UK, Oxford Press.

[39] Lima, S.L. 1995 Back to the basics of antipredatory vigilance - the group-size effect. Anim.
Behav. 49, 11-20. (doi:10.1016/0003-3472(95)80149-9).

[40] Flack, J.C., Girvan, M., de Waal, F.B.M. & Krakauer, D.C. 2006 Policing stabilizes
construction of social niches in primates. Nature 439, 426-429. (doi:10.1038/nature04326).

[41] Flack, A., Pettit, B., Freeman, R., Guilford, T. & Biro, D. 2012 What are leaders made of?
The role of individual experience in determining leader-follower relations in homing pigeons.
Anim. Behav. 83, 703-709. (doi:10.1016/j.anbehav.2011.12.018).

[42] Chang, A.T. & Sih, A. 2013 Multilevel selection and effects of keystone hyperaggressive
males on mating success and behavior in stream water striders. Behav. Ecol. 24, 1166-1176.
(doi:10.1093/beheco/art044).

[43] Loreau, M., Naeem, S., Inchausti, P., Bengtsson, J., Grime, J.P., Hector, A., Hooper, D.U.,
Huston, M.A., Raffaelli, D., Schmid, B., et al. 2001 Ecology - biodiversity and ecosystem
functioning: Current knowledge and future challenges. Science 294, 804-808.
(doi:10.1126/science.1064088).

[44] Tilman, D. & Downing, J.A. 1994 Biodiversity and stability in grasslands. Nature 367, 363-
365. (doi:10.1038/367363a0).

[45] Bolnick, D.I., Svanback, R., Fordyce, J.A., Yang, L.H., Davis, J.M., Hulsey, C.D. & Forister,
M.L. 2003 The ecology of individuals: Incidence and implications of individual specialization.
Am. Nat. 161, 1-28.

[46] Pinter-Wollman, N., Fiore, S.M. & Theraulaz, G. 2017 The impact of architecture on
collective behaviour. Nature Ecology & Evolution 1. (doi:10.1038/s41559-017-0111).

[47] Oldroyd, B.P. & Fewell, J.H. 2007 Genetic diversity promotes homeostasis in insect
colonies. Trends Ecol. Evol. 22, 408-413. (doi:10.1016/j.tree.2007.06.001).

[48] Pinter-Wollman, N., Hobson, E.A., Smith, J.E., Edelman, A.J., Shizuka, D., de Silva, S.,
Waters, J.S., Prager, S.D., Sasaki, T., Wittemyer, G., et al. 2014 The dynamics of animal social
networks: Analytical, conceptual, and theoretical advances. Behav. Ecol. 25, 242-255.
(doi:10.1093/beheco/art047).

[49] Rosenthal, S.B., Twomey, C.R., Hartnett, A.T., Wu, H.S. & Couzin, I.D. 2015 Revealing the
hidden networks of interaction in mobile animal groups allows prediction of complex behavioral
contagion. Proc. Natl. Acad. Sci. U. S. A. 112, 4690-4695. (doi:10.1073/pnas.1420068112).
[50] Bahrndorff, S., Maien, J., Loeschcke, V. & Ellers, J. 2009 Dynamics of heat-induced
thermal stress resistance and hsp70 expression in the springtail, orchesella cincta. Funct. Ecol.
23, 233-239. (doi:10.1111/j.1365-2435.2009.01541 .x).

[51] Walter, J., Jentsch, A., Beierkuhnlein, C. & Kreyling, J. 2013 Ecological stress memory and
cross stress tolerance in plants in the face of climate extremes. Environ. Exp. Bot. 94, 3-8.
(doi:10.1016/j.envexpbot.2012.02.009).

[52] Bonabeau, E., Theraulaz, G. & Deneubourg, J.L. 1996 Quantitative study of the fixed
threshold model for the regulation of division of labour in insect societies. Proc. R. Soc. B-Biol.
Sci. 263, 1565-1569. (doi:10.1098/rspb.1996.0229).

[53] Jones, J.C., Myerscough, M.R., Graham, S. & Oldroyd, B.P. 2004 Honey bee nest
thermoregulation: Diversity promotes stability. Science 305, 402-404.
(doi:10.1126/science.1096340).

[54] Ostner, J. 2002 Social thermoregulation in redfronted lemurs (eulemur fulvus rufus). Folia
Primatol. 73, 175-180. (doi:10.1159/000065425).

[55] Ancel, A., Visser, H., Handrich, Y., Masman, D. & LeMaho, Y. 1997 Energy saving in
huddling penguins. Nature 385, 304-305. (doi:10.1038/385304a0).

[56] Schutz, L., Stuart-Fox, D. & Whiting, M.J. 2007 Does the lizard platysaurus broadleyi
aggregate because of social factors? J. Herpetol. 41, 354-359. (doi:10.1670/0022-
1511(2007)41[354:Dtlpba]2.0.Co;2).

Pruitt et al. 22



599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621

[57] Marras, S., Batty, R.S. & Domenici, P. 2012 Information transfer and antipredator
maneuvers in schooling herring. Adapt. Behav. 20, 44-56. (doi:10.1177/1059712311426799).
[58] Galef, B.G. & Whiskin, E.E. 2008 'Conformity' in norway rats? Anim. Behav. 75, 2035-2039.
(doi:10.1016/j.anbehav.2007.11.012).

[59] Pettit, B., Flack, A., Freeman, R., Guilford, T. & Biro, D. 2013 Not just passengers: Pigeons,
columba livia, can learn homing routes while flying with a more experienced conspecific. Proc.
R. Soc. B-Biol. Sci. 280. (doi:10.1098/rspb.2012.2160).

[60] Aplin, L.M., Farine, D.R., Morand-Ferron, J., Cockburn, A., Thornton, A. & Sheldon, B.C.
2015 Experimentally induced innovations lead to persistent culture via conformity in wild birds.
Nature 518, 538-541. (doi:10.1038/nature13998).

[61] Angilletta, M.J. 2006 Estimating and comparing thermal performance curves. J. Therm.
Biol. 31, 541-545. (doi:10.1016/}.jtherbio.2006.06.002).

[62] Scavia, D., Allan, J.D., Arend, K.K., Bartell, S., Beletsky, D., Bosch, N.S., Brandt, S.B.,
Briland, R.D., Daloglu, I., DePinto, J.V., et al. 2014 Assessing and addressing the re-
eutrophication of lake erie: Central basin hypoxia. J. Gt. Lakes Res. 40, 226-246.
(doi:10.1016/j.jglr.2014.02.004).

[63] Altieri, A.H. & Witman, J.D. 2006 Local extinction of a foundation species in a hypoxic
estuary: Integrating individuals to ecosystem. Ecology 87, 717-730. (doi:10.1890/05-0226).
[64] Hui, A. & Pinter-Wollman, N. 2014 Individual variation in exploratory behaviour improves
speed and accuracy of collective nest selection by argentine ants. Anim. Behav. 93, 261-266.
[65] Aviles, L. & Tufino, P. 1998 Colony size and individual fitness in the social spider
anelosimus eximius. Am. Nat. 152, 403-418. (doi:10.1086/286178).

Pruitt et al. 23



622

623
624

625
626
627
628
629
630
631
632
633
634
635
636

Figure 1 : A hysteresis window between an environment condition (e.g., temperature) and group
behavior (e.g., degree of infighting). This figure is modeled after a study on within-group
conflict in response to heat stress in social spiders. Groups that have been in an agitated state
(red) tend to remain agitated, whereas calm groups (blue) tend to remain calm. Therefore, there
exists a set of intermediate environmental conditions (T1<T<T2) where a group can be either
calm or agitated depending on its historical dynamics. In the lower panel, solid lines represent
stable equilibria states and the shaded regions show their basins of attraction. The dashed line is
an unstable equilibrium, which demarks the boundary between the basins of attraction. The
upper panels (A-E) provide an alternate abstraction of this system: for a given environmental
condition, the group response tends to a low point on the ‘landscape’. The bottoms of the troughs
in the upper panels are therefore stable equilibria and correspond to the locations of the solid red
and blue lines in the lower panel (see ‘Y’ label for an example). Tipping points occur when a
stable equilibrium (solid line/trough) collides with an unstable equilibrium (dashed line/peak)
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and is eliminated -- at this point the system transitions suddenly to the alternate remaining
equilibrium. In this system the tipping points are at T (when the system is in the agitated state
and temperature is decreasing) and at T> (when the system is in the calm state and temperature is

increasing).
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Figure 2: Social tipping points are characterized by an abrupt change in behavior state caused by small changes in environmental
parameters. Here, groups of territorial damselfish (brown fishes) may respond with vigilance and inspection (top image) towards
intruders or not (bottom image) depending on whether food is limited. One sign of a possible tipping point is a change point in the
data, where the data suddenly appears to be nonstationary. In the plot, this is depicted as a sudden change in the mean of
aggressiveness (y-axis). If a model for aggressiveness is built for conditions where food supply is low, but then applied to cases where
food supply is high, the model will have very large error. This reinforces the point that the old model is no longer valid for the new
data if a tipping point has occurred. The three function fitted to the identical data above have all been used to estimate the position of
tipping points along environmental gradients, though the center panel reinforces the point that entirely new models may be required to
explain system properties before vs. after a tipping point.
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Figure 3: A hysteresis window depicting the relationship between group activity level (y-axis) in association with contrasting levels of
predation risk (x-axis). At low levels of predation groups engage in social interactions that heighten group activity (1) but also distract
groups from detecting small to moderate levels of predation risk (2). However, at some increased level of predation risk groups
decrease activity and become vigilant (3), and extreme levels of risk will cause groups to go into hiding and cease activity (4). As risk
dissipates, groups require a much lower level of risk to resume social activity (5).
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