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of ecosystems
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Sensory feedbacks -> interactions with other individuals
Individual and collective computation are simultaneous



Decision-making in ecological 
systems

Navigation, attack, and evasion: 
robust behavioral control
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taking the lab into the sea
Decision-making in the wild: 
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Fish enter/exit 
in bursts

Gil and Hein PNAS 2017
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Could generate observed “bursty” behavior

Role of sensory information?

Gil et al. TREE 2018
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Formulate as self-exciting birth-
death model

Time (distance) until predator arrives (s, m)

Latent rate models:

rate

spontaneous
social
excitation

predator forcing

Time (distance) until predator arrives (s, m)

Likelihood-based method for 
comparing models



coupling to reduce the amount of algae fish consume. On the
contrary, if fish are more likely to enter foraging areas or feed
for longer periods of time when other foraging fish are present—
for example, because the presence of other foragers reduces per-
ceived risk (19, 20)—behavioral coupling could increase algal
consumption, at least across a range of consumer densities where
resource productivity is not limiting. These two scenarios have
vastly different implications for reef ecosystems. The first sce-
nario induces a negative density dependence that reduces the
amount of algae each fish can consume as population densities
rise (10, 14). The second scenario can induce a positive density
dependence across a range of population densities, potentially
causing Allee effects that could make fish populations highly vul-
nerable to extinction as they become small (9, 11, 13).

Results
Detecting and Quantifying Behavioral Coupling in Situ. To deter-
mine whether and how behavioral coupling influences algal con-
sumption, we engineered large underwater camera frames, each
equipped with an array of downward-facing video cameras to
remotely monitor foraging areas within the reef (Materials and
Methods and Fig. S1). This setup allowed us to observe continu-
ously all fish that entered or exited foraging areas and to record
the timing of thousands of fish foraging decisions.

Our data revealed that fish entered and exited foraging areas
in bursts of activity, interspersed among periods of low activity
(Fig. 1). Bursts were caused by strong temporal correlations in
fish behavior (Fig. S2) that could have been generated by two
nonmutually exclusive mechanisms: independent responses of
fish to environmental stimuli (e.g., nearby predators) and behav-
ioral coupling (2). To determine how these two mechanisms
influence fish foraging decisions, we experimentally manipulated
foraging areas by imposing an ecologically relevant threat: an
approaching spear fisherman (21) (Materials and Methods).

By applying the same threat stimulus in repeated trials (n =
51), we could condition observed responses of fish on a known
stimulus. In unmanipulated controls (n = 44), fish grazed forag-
ing areas continuously, with the exception of sporadic instances
when all fish briefly exited (Fig. S3). In the predator treatment,
all fish exited the foraging area in nearly 100% of experimen-

Fig. 1. (Top) Reef fish enter and exit foraging areas in bursts of activity.
Using overhead camera arrays (Fig. S1), we recorded (Middle) the times at
which reef fish exited (red bars) and entered (blue bars) foraging areas (bars
are exit/entry times from n = 44 concatenated time series; gray and white
bands indicate distinct time series). (Bottom) The rate of events (entries +
exits s�1), illustrating bursts of activity. Large bursts of activity occur more
frequently than expected if fish foraging decisions were temporally uncor-
related (permutation test, p = 1 ⇥ 10�4; Fig. S2).
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Fig. 2. Reef fish make foraging decisions by combining direct informa-
tion about predators with social cues. (A) An experimental time series from
the predator treatment, showing the density of foraging fish (gray) and
sequence of fish entries (blue) and exits (red) from the foraging area.
(B) Sequence of entries and exits for all n = 51 time series from the preda-
tor treatment. (C) Mean entry and exit rates calculated from time series
shown in B. (D and E) Normalized frequency distribution of (D) interexit and
(E) interentry intervals calculated from the time series shown in C and from
simulations using best-fit model (orange solid line) and best-fit model with-
out behavioral coupling (green dashed line; see SI Text, Multimodel Infer-
ence and Model Comparisons).

tal trials, and fish did not return for an average of 34 s (Fig. S3),
indicating that the predator treatment elicited a community-wide
flight response. Fig. 2A shows a typical time series of fish entries
and exits from the predator treatment (blue and red bars), along
with the density of foraging fish (gray density plot). When the
predator was far from the foraging area, fish entered and exited
individually or in short bursts of several entries or exits (Fig.
2A, time >20 s). As the predator came near the foraging area,
fish ceased to enter, and all remaining fish exited (Fig. 2A, time
<20 s). This pattern was consistently observed across predator
trials (Fig. 2 B and C).

The timing of entry and exit events (Fig. 2B) and changes in
event frequency are driven by underlying changes in fish behav-
ior. To infer the behavioral rules fish use to decide when to enter
and exit foraging areas, we modeled latent entry and exit rates
using a dynamical decision-making model.

Dynamical Decision-Making Model. To infer decision rules from
behavioral time series, we derived a dynamical decision-making

4704 | www.pnas.org/cgi/doi/10.1073/pnas.1615652114 Gil and Hein
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Fish respond to both predators and other fish
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Lower spontaneous exit 
rate when more 
neighbors present
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In 1905 the field naturalist Edmund Selous, 
a confirmed Darwinian and meticulous 
observer of bird behaviour, wrote of his 
wonderment when observing tens of thou-
sands of starlings coming together to roost: 
“they circle; now dense like a polished roof, 
now disseminated like the meshes of some 
vast all-heaven-sweeping net...wheeling, 
rending, darting…a madness in 
the sky”. 

Throughout his life Selous strug-
gled to explain the remarkable syn-
chrony and coherence of motion 
during flocking, and he concluded 
that somehow a connectivity of 
individual minds and transference 
of thoughts must underlie such 
behaviour. “They must think col-
lectively, all at the same time, or 
at least in streaks or patches — a 
square yard or so of an idea, a flash 
out of so many brains”.

We now know that such synchro-
nized group behaviour is mediated 
through sensory modalities such as 
vision, sound, pressure and odour detec-
tion. Individuals tend to maintain a per-
sonal space by avoiding those too close to 
themselves; group cohesion results from a 
longer-range attraction to others; and ani-
mals often align their direction of travel 
with that of nearby neighbours. These 
responses can account for many of the 
group structures we see in nature, including 
insect swarms and the dramatic vortex-like  
mills formed by some species of fish and 
bat. By adjusting their motion in response 
to that of near neighbours, individuals in 
groups both generate, and are influenced 
by, their social context — there is no cen-
tralized controller. 

But when observing a starling flock, or 
a sweeping, twisting school of tiny silvered 
fish, I often think of Selous’s concept of a 
collective mind. It is perhaps too easy to 
disregard his vision, based as it was on 
a Victorian fascination with telepathy. 
Indeed, his rich descriptions capture the 
essence of something more, something 
we still know very little about: how social 
interactions affect the way animals within 
highly coordinated groups acquire and 
process information.

For individuals within groups, survival 
can depend critically on how local behav-
ioural rules scale to collective properties. 
Pertinent information, such as the location 
of resources or predators, may often be 

detected by only a relatively small propor-
tion of group members due to limitations 
in individual sensory capabilities, often 
further restricted by crowding. Close 
behavioural coupling among near neigh-
bours, however, allows a localized change 
in direction to be amplified, creating a 
rapidly growing and propagating wave 
of turning across the group. This positive 
feedback results from the ability of indi-

viduals to influence and be influenced by 
others, and allows them to experience an 
‘effective range’ of perception much larger 
than their actual sensory range. 

The scaling from actual to effective 
sensory range is non-linear, however. It 
is hard for groups to remain cohesive and 
for information to spread if individu-
als respond only to others very close to 
themselves. As sensory range is increased, 
a response to a greater number of neigh-
bours increases cohesion and allows effec-
tive long-range transfer of directional 
information. If this range expands further 
still, groups that form are highly cohesive 
but individuals may get misdirected, as the 
motion of distant individuals is less likely 
to encode relevant information about 
localized stimuli.

Individuals within groups may modify 
their interactions in a context-dependent 
way. Under threat of attack, for example, 
individuals often align more strongly with 
one another, heightening collective sensi-
tivity to weak or ambiguous environmen-
tal stimuli, and so increasing the ‘system 
gain’. However, amplification can occur in 
response to random fluctuations, creating 
false alarms that can be costly.

Under different circumstances individ-
uals may adopt behaviour that facilitates 
collective damping of local fluctuations. 
During long-distance migration, for 

example, animals are often faced with 
the challenge of navigating up noisy and 
weak thermal or resource gradients. Local 
variability makes this task difficult, or 
even impossible, for individuals in isola-
tion. But coherent social interactions can 
allow groups to function like an integrated 
self-organizing array of sensors, again 
increasing effective perceptual range. As 
long as interactions are sufficiently sen-

sitive to ensure cohesion, but not 
too sensitive to local fluctuations 
and individual error, individuals 
can effectively respond to the weak 
long-range gradient.

We are beginning to comprehend 
more fully how individuals in groups 
can gain access to higher-order col-
lective computational capabilities 
such as the simultaneous acquisition 
and processing of information from 
widely distributed sources. Group 
members may come to a consensus 
not only about where to travel but 
also about what local rules to use. 
Thus, like the brain, groups may 
adapt to compute ‘the right thing’ in 

different contexts, matching their collective 
information-strategy with the statistical 
properties of their environment.

Selous wrote in despair of his contem-
poraries’ lack of interest in flocking: “If 
there really were anything extraordinary 
in the collective movements of birds…they 
would have been much discussed and 
much wondered at”. But today there is a 
rapidly expanding and vibrant community 
of biologists, engineers, mathematicians 
and physicists for whom flocking serves 
as inspiration. Such group behaviour 
holds clues about the evolution of social-
ity, and also for the development of novel 
technological solutions, from autonomous 
swarms of exploratory robots to flocks of 
communicating software agents that help 
each other to navigate through complex 
and unpredictable data environments.  ■
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Collective minds 
By tapping into social cues, individuals in a group may gain access to higher-order computational 
capacities that mirror the group’s responses to its environment.
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Animal groups in nature often display an enhanced collective information-
processing capacity. It has been speculated that natural selection will tune
this response to be optimal, ensuring that the group is reactive while also
being robust to noise. Here, we show that this is unlikely to be the case.
By using a simple model of decision-making in a dynamic environment,
we find that when individuals behave rationally and are subject to selection
based on their accuracy, optimality of collective decision-making is not
attained. Instead, individuals overly rely on social information and evolve
to be too readily influenced by their neighbours. This is due to a classic evol-
utionary conflict between individual and collective interest. The result is a
sub-optimal system that is poised on the cusp of total unresponsiveness.
Individuals in the evolved group exhibit delayed reactions to changes in
the environment, before responding with rapid, socially reinforced tran-
sitions, reminiscent of familiar human and animal social systems (markets,
stampedes, fashions, etc.). Our results demonstrate that behaviour of this
type may not be pathological, but instead could represent an evolutionary
attractor for such collective systems.

1. Introduction
Social influence is a powerful force in nature and society. In many contexts,
individuals gain an advantage by observing and then copying the actions of
others [1–3]. The result of this behaviour can be beneficial for all group mem-
bers; studies of collective behaviour in humans and animals have shown that
the use of social information can dampen individual errors and lead to greater
decision accuracy [4–7], and may also result in an emergent collective intelli-
gence [8,9]. While there are benefits to social information use, there can also
be downsides [10–13]. Although interaction can lead to enhanced information
processing [14] and the spreading of novel technologies [15], it may also lead to
a lack of responsiveness to changing environments [16] and an over-reliance
on the behaviour of others. When individuals devalue their own personal infor-
mation in favour of imitating the actions, or opinions, of others, this is termed
an information cascade [10]. For example, a lack of individual autonomy has
been blamed for disasters such as the Challenger shuttle accident [17] and
the 2008 financial collapse [18], while in a more commonplace setting Faria
et al. [19] showed that the use of social information led to increased risk
taking in road-crossing pedestrians. In the natural world, experiments have
shown animals are also susceptible to information cascades [20,21], causing
individuals to undervalue their personal information [22]. Further, simulations
suggest that social behaviour may lead to hysteresis, which means that collec-
tive movements, such as migration, are hard to recover once they are lost [23].

Given the substantial costs and benefits associated with the use of social
information, an important question is whether natural selection will tune indi-
vidual behaviour to optimize information processing at the collective level. To
investigate this question, we employ an individual-based model of information
use in the presence of an external, dynamic information source. We assume that

& 2014 The Author(s) Published by the Royal Society. All rights reserved.
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Collective detection of predatory attack by social foragers: 
fraught with ambiguity? 

STEVEN L. LIMA 
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Abstract. A cornerstone in the study of anti-predatory vigilance in socially feeding vertebrates is the 
idea of collective detection, that all members of the group are unambiguously alerted to an attack as 
long as it is detected by at least one group member. Collective detection in mixed flocks of emberizid 
sparrows, however, is an ambiguous and uncertain process. In these flocks,detectors of attack impart 
little information directly to their flockmates. Non-detectors infer the possibility of an approaching 
threat based upon the occurrence of departures from the flock, and appear unable to distinguish 
non-threat-induced departures from those induced by an approaching threat. Under such circum- 
stances, theory suggests that multiple detections of attack (or multiple departures) may be required to 
incite alarm in the flock. Experiments demonstrated such an effect: multiple threat-induced departures 
over a short time interval had a markedly greater effect on the escape behaviour of non-detectors than 
did single threat-induced departures. The effect of departures was moderated by their environmental 
context. Non-detectors responded more readily to departures that (1) originated from the outer portion 
of the flock, or (2) occurred when feeding far from protective cover. These sparrows also showed a range 
of behavioural responses to departures, from no response, to alertness, to immediate, full-blown escape. 
This ambiguous, departure-based form of collective detection implies that individuals must rely 
considerably on personal vigilance to detect predatory attack. Such a reliance may leave animals more 
vigilant than suggested by models of vigilance based upon the conventional version of collective 
detection. 

The collective detection of predatory attack is 
at the heart of all explanations of the well- 
documented decrease in an individual’s vigilance 
with increasing group size, or the group-size effect 
(Elgar 1989; Lima 1990). The essence of collective 
detection is that all members of the group are 
unambiguously alerted to an attack as long as it is 
detected by at least one individual. Given this 
form of collective detection, the group-size effect 
is seen as an outcome of the fact that individual 
group members can devote more time to feeding 
with increasing group size without detracting 
from the group’s ability to detect attack (Elgar 
1989). 

Pulliam (1973) first formulated this version of 
collective detection, which has since been incorpor- 
ated into virtually all models (Pulliam et al. 1982; 
Hart & Lendrem 1984; Lima 1987; Dehn 1990; 
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McNamara & Houston 1992) and empirical inves- 
tigations (Elgar & Catterall 1981; Dehn 1990) of 
anti-predatory vigilance. The idea that all mem- 
bers of the group are unambiguously alerted to an 
attack as long as it is detected by at least one 
individual is biologically plausible and appealing, 
but direct experimental support for such un- 
ambiguous collective detection is rather sparse 
(Kenward 1978; Lazarus 1979; see also Lima 
1995). 

The present exploration of the nature of col- 
lective detection stems from a study of mixed 
flocks of emberizid sparrows that demonstrated 
an apparent lack of collective detection, which 
challenges our current understanding of anti- 
predatory vigilance in social foragers. Specifically, 
I developed a technique whereby one bird in such 
a flock could be targeted for attack by a threaten- 
ing stimulus, while the remaining ‘non-detectors’ 
were unaware of the threat (Lima 1995). After the 
departure of the detector (or its flush to cover), 
non-detectors often appeared largely unaware of 
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Potential disadvantages of using socially acquired
information
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The acquisition and use of socially acquired information is commonly assumed to be profitable. We
challenge this assumption by exploring hypothetical scenarios where the use of such information either
provides no benefit or can actually be costly. First, we show that the level of incompatibility between the
acquisition of personal and socially acquired information will directly affect the extent to which the use
of socially acquired information can be profitable. When these two sources of information cannot be
acquired simultaneously, there may be no benefit to socially acquired information. Second, we assume
that a solitary individual’s behavioural decisions will be based on cues revealed by its own interactions
with the environment. However, in many cases, for social animals the only socially acquired information
available to individuals is the behavioural actions of others that expose their decisions, rather than the
cues on which these decisions were based. We argue that in such a situation the use of socially acquired
information can lead to informational cascades that sometimes result in sub-optimal behaviour. From this
theory of informational cascades, we predict that when erroneous cascades are costly, individuals should
pay attention only to socially generated cues and not behavioural decisions. We suggest three scenarios
that might be examples of informational cascades in nature.

Keywords: public information; informational cascades; social learning; sampling

1. INTRODUCTION

Individuals in groups may learn novel skills, find
resources, and estimate resource quality by obtaining
information from their own activities, and by collecting
information from other individuals. Thus, one advantage
that social individuals have over solitary animals is that
individuals in groups can acquire information faster, more
reliably and at lower cost (Clark & Mangel 1984, 1986;
Giraldeau et al. 1994; Giraldeau 1997; Galef & Giraldeau
2001). For instance, individuals in groups, much like soli-
tary animals, may learn skills by trial and error. However,
they may also observe other group members engaged in
their own trial and error learning and use such socially
acquired information to learn a skill more quickly
(Giraldeau 1997; Galef & Giraldeau 2001). Similarly,
individuals may learn about the location of resources by
searching on their own, but may also observe when
another individual has found a resource patch and then
move to the discovered resource; a process known as local
enhancement (Thorpe 1963) or area copying (Krebs et al.
1972; Pöysä 1992; Giraldeau 1997). In addition, an indi-
vidual may learn about the quality of a resource, such as
a food patch, by noting its own foraging success rate in
the patch. It may also make note of the successful and

* Author for correspondence (giraldeau.luc-alain@uqam.ca).
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unsuccessful search attempts of other foragers in the same
patch and use such socially acquired public information
to speed and improve the accuracy of its estimate (Clark &
Mangel 1986; Valone 1989; Valone & Templeton 2002).

Evidence for the use of various kinds of socially
acquired information in a variety of contexts is growing
(see Valone & Templeton 2002 for a review), and includes
habitat assessment (e.g. Boulinier & Danchin 1997), for-
aging (Galef & Giraldeau 2001), opponent assessment
(Freeman 1987; Oliveira et al. 1998; Johnsson & Akerman
1998) and mate choice (Gibson & Höglund 1992;
Dugatkin 1996; Nordell & Valone 1998; Galef & White
2000). Some attention has been directed to specifying the
conditions under which such social information use is
adaptive (Boyd & Richerson 1988; Laland et al. 1996).
Although some studies have presented evidence that the
use of social information can often be costly
(Beauchamp & Kacelnik 1991; Laland 1996; Laland &
Williams 1998; Day et al. 2001), in most cases socially
acquired information is assumed beneficial.

We examine two new potential disadvantages of using
socially acquired information. We begin with an explo-
ration of the consequences of incompatibility between the
acquisition of personally acquired and socially acquired
information. While most work implicitly assumes that
individuals can simultaneously collect personal and social
information, it may be difficult for some animals to
acquire both types of information simultaneously, because
of either cognitive or physical constraints (Dukas 1998;
Vickery et al. 1991). We then examine the consequences
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populations
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Abstract Many animal groups exhibit rapid, coordinated collective motion. Yet, the evolutionary
forces that cause such collective responses to evolve are poorly understood. Here, we develop
analytical methods and evolutionary simulations based on experimental data from schooling fish.
We use these methods to investigate how populations evolve within unpredictable, time-varying
resource environments. We show that populations evolve toward a distinctive regime in behavioral
phenotype space, where small responses of individuals to local environmental cues cause
spontaneous changes in the collective state of groups. These changes resemble phase transitions in
physical systems. Through these transitions, individuals evolve the emergent capacity to sense and
respond to resource gradients (i.e. individuals perceive gradients via social interactions, rather than
sensing gradients directly), and to allocate themselves among distinct, distant resource patches.
Our results yield new insight into how natural selection, acting on selfish individuals, results in the
highly effective collective responses evident in nature.
DOI: 10.7554/eLife.10955.001

Introduction
In many highly coordinated animal groups, such as fish schools and bird flocks, the ability of individu-
als to locate resources and avoid predators depends on the collective behavior of the group. For
example, when fish schools are attacked by predators, ’flash expansion’ (Pitcher et al., 1993) and
other coordinated collective motions, made possible above a certain group size, reduce individual
risk (Handegard et al., 2012). Similarly, fish can track dynamic resource patches far more effectively
when they are in a group (Berdahl et al., 2013). When an individual responds to a change in the
environment (e.g., predator, resource cue), this response propagates swiftly through the group
(Rosenthal et al., 2015), altering the group’s collective motion. How are such rapid, coordinated
responses possible? These responses may occur, in part, because the nature of social interactions
makes animal groups highly sensitive to small changes in the behavior of individual group members;
theoretical (Couzin et al., 2002; D’Orsogna et al., 2006; Kolpas et al., 2007) and empirical
(Tunstrøm et al., 2013; Buhl et al., 2006) studies of collective motion have revealed that minor
changes in individual behavior, such as speed (Tunstrøm et al., 2013), can cause sudden transitions
in group state, reminiscent of similarly sudden phase transitions between collective states in physical
systems (such as the solid-liquid-gas transitions as a function of increasing temperature). It has been
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What is the neural basis of these phenomena?

size of a dark spot would trigger the behavior. We did not
observe any escapes in response to a receding dark disk (Fig-
ure 2B), suggesting that expansion is an important parameter
of the looming stimulus.

Probability of Escape Is Invariant over Slow-to-
Moderate Approach Velocities
Our looming stimulus models an object approaching at a con-
stant velocity, which is fully described mathematically by the ob-
ject’s size-to-speed ratio (l/v), l being the half-width of the object
that is approaching at constant speed, v. Such constant velocity
stimuli have been widely used to investigate escape responses
in birds, fish, and insects [2, 6, 8, 27]. To further explore the
behavioral correlates of the looming stimulus, we varied l/v (Fig-
ure 3A). We tested a range of l/v values: 30 ms, 60 ms, 90 ms,
120 ms, and 150 ms, which correspond to approach speeds of
1, 0.5, 0.33, 0.25, and 0.2 cm/s for an object with a radius of
l = 0.03 cm.We found that the probability of escapes was consis-
tently high for l/v values above 30 ms. For the rapidly looming
stimulus of l/v = 30ms, however, there was a decrease in escape
probability (Figure 3B), suggesting that the expansion speed of
this stimulus might exceed the detection limit of the escape
circuitry.

Escape Is Evoked Once the Disk Exceeds a Threshold
Size of Approximately 20!

To dissect the stimulus parameters that are correlated with
escape onset, we looked at the timing of responses for the range
of l/v values. Strikingly, examining the remaining time to collision
at the escape behavior onsets across l/v values (Figure 3C)
revealed a strong linear relationship. This linear relationship
suggests that escape is initiated when the stimulus reaches a
threshold angular size on the retina, rather than at a fixed time
before collision with the approaching object [8]. We computed
this threshold angular size as 21.7! ± 2.5! (mean ± SE) based
on the slope of the linear regression in Figure 3C. Similarly, a

linear regression on the angular size at escape onset across l/v
values (excluding l/v = 30 ms, which does not reliably trigger
escape) supports the concept of an angular size threshold of
approximately 20! (Figure 3D).
To directly test this angular size threshold, we devised another

set of experiments with truncated looming stimuli, which expand
until a certain size is reached and then stop. Looming stimuli
truncated to 15! or smaller were relatively ineffective at triggering
the behavior but did occasionally elicit an escape (Figure 3E).
However, stimuli with final angular sizes above "20! reliably
induced escape. We fitted the data with a sigmoid, and confi-
dence intervals placed the center of the sigmoid (or point of
maximum slope), between 17.5 and 20.7! (Figure 3E, dashed
red lines). These data support the idea that the angular size of
the stimulus is a critical parameter for computing approach.
For stimuli that approach with constant speed, angular size

and speed are interrelated and thus difficult to disentangle. We
generated a linearly expanding stimulus in which angular expan-
sion was constant, unlike the constant approach speed stimuli
(e.g., Figure 3A) in which the angular size expands exponentially.
This stimulus expands more slowly than the constant approach
speed looming object, particularly toward the end of the stim-
ulus. We found that the 20!/s looming stimulus triggered more
escape responses than the slower or faster stimuli (Figure 3F),
indicating that the expansion speed of the looming stimulus is
an important factor in evoking escape.

Visual Areas AF6 andAF8Respond to Looming aswell as
Dimming Stimuli
Next we used functional imaging to determine whether there are
RGCs that respond to looming stimuli. RGC axons innervate nine
distinct arborization fields (AFs) in the larval brain, in addition to
the optic tectum (Figure S2) [28, 29]. We performed two-photon
calcium imaging of RGC axon terminals in larvae expressing the
calcium indicator GCaMP6s under control of the RGC-specific
promoter Islet2b. We presented a dark looming stimulus that

A B

Figure 2. A Dark Looming Disk Is the Most Effective Stimulus in Driving Escapes
(A) Schematics of the stimuli over time.

(B) Escape probability of larvae in response to the six stimuli above. Dark looming was the most effective in triggering escapes (n = 20 larvae; generalized

estimating equation [GEE], p < 13 10#7 for dark looming versus all the others, p% 0.04 for bright looming versus all the others; multiple comparison corrected by

Bonferroni-Holm). The dark receding stimulus did not trigger any escapes. Error bars indicate ±SE.
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Figure 1. Spiral fiber neurons respond to aversive stimuli
A. Left image: 5 day old zebrafish larvae. Top image: Tg(-6.7FRhcrtR:gal4VP16); 
Tg(UAS:GCaMP5) labels spiral fiber neurons (arrowhead) among other neurons. The M-cell 
and other reticulospinal neurons are labeled with tetramethylrhodamine dextran by 
reticulospinal backfill. Spiral fiber neuron cell bodies are located in rhombomere 3 in two 
rostro-caudal (R↔C) clusters, approximately 25–40 µm rostral, 5–15 µm lateral, and 0–20 
µm ventral of the axon cap. They all have axons descending contralaterally into the axon cap 
of the M-cell. Bottom image: Transient expression of membrane targeted GFP 
(UAS:GAP43-GFP) in Tg(-6.7FRhcrtR:gal4VP16) labels two spiral fiber neurons on the left 
and one spiral fiber neuron on the right that project to the contralateral M-cell axon cap 
(star).
B. Left image: 3 different stimuli were delivered to paralyzed zebrafish larvae: water puffs 
directed at the right ear, water puffs directed at the right side of the tail, and non-directional 
taps delivered onto the dish holding the fish. Top image: Projection of two-photon image 
stack showing M-cells and spiral fiber neuron axon terminals labeled with the calcium 
indicator Tg(UAS:GCaMP-HS) driven by Et(fos:Gal4-VP16)s1181t and 
Tg(-6.7FRhcrtR:gal4VP16) respectively. Middle panel: Typical spontaneous activity in the 
spiral fiber neuron axon terminals. Scale bars: 5 min horizontally, 1 Δf/f vertically. Bottom 
panel: Mean response amplitude in the right spiral fiber neuron axon terminals for different 
stimuli: ear puffs (n = 7, left panel), tail puffs (n = 5, middle panel), and taps (n = 6, right 
panel). For each fish, the change in fluorescence (Δf/f) from trials in which the axon cap was 
active was normalized to the maximum Δf/f across trials, and then averaged. The black line 
is the mean across fish with the standard error of the mean (SEM) shaded. Stimulus delivery 
is indicated by an arrowhead. Horizontal scale bar: 2 sec.
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A decision-making circuit for threat response 

D(t) = 1S
0
exp(�2S � 3N)

<latexit sha1_base64="AoKCMN51VjZxlZ6A4mZo1vEJ1ss=">AAACF3icjVC7SgNBFL3rM66vVUubwSAmhWE3FtoEg1pYSSTmAUkIs5NJMmR2d5iZFcMS8CNs/BUbC0VttfNv3DwEFQUPXDhzzr3cuccVnClt2+/G1PTM7Nx8YsFcXFpeWbXW1ssqCCWhJRLwQFZdrChnPi1ppjmtCkmx53JacXvHQ79ySaVigX+h+4I2PNzxWZsRrGOpaWVOUjqNcqjew0LgplPcqdMrkdqdvLOoiD75HjpLN62kk7FHQH+T5OGzmbsGgELTequ3AhJ61NeEY6Vqji10I8JSM8LpwKyHigpMerhDazH1sUdVIxrdNUDbsdJC7UDG5Ws0Ur9ORNhTqu+5caeHdVf99Ibib14t1O2DRsR8EWrqk/GidsiRDtAwJNRikhLN+zHBRLL4r4h0scREx1Ga/wuhnM04dsY5t5P5IxgjAZuwBSlwYB/ycAoFKAGBG7iDB3g0bo1748l4GbdOGZOZDfgG4/UDgKmehg==</latexit><latexit sha1_base64="nHi4VhjkzE+0YjqmoqxOuAGgfjU=">AAACF3icjVDLSgMxFM3UVx1foy7dBIvYLhxm6kI3xaIuXEml9gFtKZk004ZmZkKSEUvpX7hx7V+4caGoW92If2P6EFQUPHDh5Jx7ubnH44xK5TjvRmJqemZ2LjlvLiwuLa9Yq2tlGcUCkxKOWCSqHpKE0ZCUFFWMVLkgKPAYqXjdo6FfuSBC0ig8Vz1OGgFqh9SnGCktNS37OK0yMAfrXcQ5arrF7Tq55OmdyTsLi/CT78LTTNNKubYzAvybpA6ezBy/eTMLTeu13opwHJBQYYakrLkOV40+EopiRgZmPZaEI9xFbVLTNEQBkY3+6K4B3NJKC/qR0BUqOFK/TvRRIGUv8HRngFRH/vSG4m9eLVb+fqNPQx4rEuLxIj9mUEVwGBJsUUGwYj1NEBZU/xXiDhIIKx2l+b8QylnbdWz3zEnlD8EYSbABNkEauGAP5MEJKIASwOAK3IJ78GBcG3fGo/E8bk0Yk5l18A3GywdyOJ/6</latexit><latexit sha1_base64="nHi4VhjkzE+0YjqmoqxOuAGgfjU=">AAACF3icjVDLSgMxFM3UVx1foy7dBIvYLhxm6kI3xaIuXEml9gFtKZk004ZmZkKSEUvpX7hx7V+4caGoW92If2P6EFQUPHDh5Jx7ubnH44xK5TjvRmJqemZ2LjlvLiwuLa9Yq2tlGcUCkxKOWCSqHpKE0ZCUFFWMVLkgKPAYqXjdo6FfuSBC0ig8Vz1OGgFqh9SnGCktNS37OK0yMAfrXcQ5arrF7Tq55OmdyTsLi/CT78LTTNNKubYzAvybpA6ezBy/eTMLTeu13opwHJBQYYakrLkOV40+EopiRgZmPZaEI9xFbVLTNEQBkY3+6K4B3NJKC/qR0BUqOFK/TvRRIGUv8HRngFRH/vSG4m9eLVb+fqNPQx4rEuLxIj9mUEVwGBJsUUGwYj1NEBZU/xXiDhIIKx2l+b8QylnbdWz3zEnlD8EYSbABNkEauGAP5MEJKIASwOAK3IJ78GBcG3fGo/E8bk0Yk5l18A3GywdyOJ/6</latexit><latexit sha1_base64="ktn4ioLP7b8hOMwAZnFmSfR28MU=">AAACF3icjVDLSsNAFJ34rPUVdelmsIjtwpDUhW6Eoi5cSaX2AU0Ik+mkHTqZDDMTsZT+hRt/xY0LRdzqzr8xbSOoKHjgwplz7uXOPYFgVGnbfjdmZufmFxZzS/nlldW1dXNjs6HiRGJSxzGLZStAijDKSV1TzUhLSIKigJFm0D8d+81rIhWN+ZUeCOJFqMtpSDHSqeSb1llRl+AxdPtICOQ7tT2X3IjifvYuwxr85AfwouSbBceyJ4B/kwLIUPXNN7cT4yQiXGOGlGo7ttDeEElNMSOjvJsoIhDuoy5pp5SjiChvOLlrBHdTpQPDWKbFNZyoXyeGKFJqEAVpZ4R0T/30xuJvXjvR4ZE3pFwkmnA8XRQmDOoYjkOCHSoJ1myQEoQlTf8KcQ9JhHUaZf5/ITTKlmNbzqVdqJxkceTANtgBReCAQ1AB56AK6gCDW3APHsGTcWc8GM/Gy7R1xshmtsA3GK8fEXGcuQ==</latexit>

loom expansion rate

loom size
visual area occupied by 

neighboring fish

ki > 0 are constants

<latexit sha1_base64="bRmaTXCCmEHegAg/K4V+RcP5EM4=">AAACC3icjVA9SwNBEJ3zM55fp5Y2S4JgFe5sFEQN2lhGMB+QhLC32SRL9vaO3TkhhICljX/FxkIRW7G389+4l1ioKPhg4e17M7OzL0ykMOj7787M7Nz8wmJuyV1eWV1b9zY2qyZONeMVFstY10NquBSKV1Cg5PVEcxqFktfCwVnm1664NiJWlzhMeCuiPSW6glG0UtvLD9qCHBO/eUiaEcW+jkZUc3tjsTJIFZpx2ysERX8C8jcpnLy6R9cAUG57b81OzNKIK2SSGtMI/ARbdi4KJvnYbaaGJ5QNaI83LFU04qY1mvxlTHas0iHdWNujkEzUrx0jGhkzjEJbme1rfnqZ+JvXSLF70BoJlaTIFZs+1E0lwZhkwZCO0JyhHFpCmRZ2V8L6VFOGNj73fyFU94qBXwwu/ELpFKbIwTbkYRcC2IcSnEMZKsDgBu7gAR6dW+feeXKep6UzzmfPFnyD8/IBL5OcDA==</latexit><latexit sha1_base64="H+mvCxC3RBLp8w+MdImB6wBtbbM=">AAACC3icjVDLSgMxFM3UVx1foy7dhBbBVZlxoyBq0Y3LCvYBnaFk0rQNzSRDckcopXs3foV7Ny4UcSvu3Yh/Y9q6UFHwQODknHtvbk6cCm7A99+d3Mzs3PxCftFdWl5ZXfPWN2pGZZqyKlVC6UZMDBNcsipwEKyRakaSWLB63D8d+/VLpg1X8gIGKYsS0pW8wykBK7W8Qr/F8RH2wwMcJgR6OhkSzeyNKmmASDCjllcMSv4E+G9SPH5xD9ObN7fS8l7DtqJZwiRQQYxpBn4KkZ0LnAo2csPMsJTQPumypqWSJMxEw8lfRnjbKm3cUdoeCXiifu0YksSYQRLbyvG+5qc3Fn/zmhl09qMhl2kGTNLpQ51MYFB4HAxuc80oiIElhGpud8W0RzShYONz/xdCbbcU+KXg3C+WT9AUebSFCmgHBWgPldEZqqAqougK3aJ79OBcO3fOo/M0Lc05nz2b6Buc5w8hIp2A</latexit><latexit sha1_base64="H+mvCxC3RBLp8w+MdImB6wBtbbM=">AAACC3icjVDLSgMxFM3UVx1foy7dhBbBVZlxoyBq0Y3LCvYBnaFk0rQNzSRDckcopXs3foV7Ny4UcSvu3Yh/Y9q6UFHwQODknHtvbk6cCm7A99+d3Mzs3PxCftFdWl5ZXfPWN2pGZZqyKlVC6UZMDBNcsipwEKyRakaSWLB63D8d+/VLpg1X8gIGKYsS0pW8wykBK7W8Qr/F8RH2wwMcJgR6OhkSzeyNKmmASDCjllcMSv4E+G9SPH5xD9ObN7fS8l7DtqJZwiRQQYxpBn4KkZ0LnAo2csPMsJTQPumypqWSJMxEw8lfRnjbKm3cUdoeCXiifu0YksSYQRLbyvG+5qc3Fn/zmhl09qMhl2kGTNLpQ51MYFB4HAxuc80oiIElhGpud8W0RzShYONz/xdCbbcU+KXg3C+WT9AUebSFCmgHBWgPldEZqqAqougK3aJ79OBcO3fOo/M0Lc05nz2b6Buc5w8hIp2A</latexit><latexit sha1_base64="2f5G/kaiGCHJLCwMhPjBiwIUgfs=">AAACC3icjVDLSgMxFM3UV62vUZduQovgqsy4URCk6MZlBfuAdhgyaaYNTTJDckcoQ/du/BU3LhRx6w+482/MtF2oKHggcHLOvTc3J0oFN+B5H05paXllda28XtnY3NrecXf32ibJNGUtmohEdyNimOCKtYCDYN1UMyIjwTrR+LLwO7dMG56oG5ikLJBkqHjMKQErhW51HHJ8jr3+Ge5LAiMtc6KZvdFEGSAKzDR0a37dmwH/TWpogWbovvcHCc0kU0AFMabneykEdi5wKti00s8MSwkdkyHrWaqIZCbIZ3+Z4kOrDHCcaHsU4Jn6tSMn0piJjGxlsa/56RXib14vg/g0yLlKM2CKzh+KM4EhwUUweMA1oyAmlhCqud0V0xHRhIKNr/K/ENrHdd+r+9derXGxiKOMDlAVHSEfnaAGukJN1EIU3aEH9ISenXvn0XlxXuelJWfRs4++wXn7BMBMmj8=</latexit>

Mechanism for response rescaling from previous experiment
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no response

response

Correctly classifies
82-97% of responses
out of sample

A decision-making circuit for threat detection 

D(t) = 1S
0
exp(�2S � 3N)

<latexit sha1_base64="AoKCMN51VjZxlZ6A4mZo1vEJ1ss=">AAACF3icjVC7SgNBFL3rM66vVUubwSAmhWE3FtoEg1pYSSTmAUkIs5NJMmR2d5iZFcMS8CNs/BUbC0VttfNv3DwEFQUPXDhzzr3cuccVnClt2+/G1PTM7Nx8YsFcXFpeWbXW1ssqCCWhJRLwQFZdrChnPi1ppjmtCkmx53JacXvHQ79ySaVigX+h+4I2PNzxWZsRrGOpaWVOUjqNcqjew0LgplPcqdMrkdqdvLOoiD75HjpLN62kk7FHQH+T5OGzmbsGgELTequ3AhJ61NeEY6Vqji10I8JSM8LpwKyHigpMerhDazH1sUdVIxrdNUDbsdJC7UDG5Ws0Ur9ORNhTqu+5caeHdVf99Ibib14t1O2DRsR8EWrqk/GidsiRDtAwJNRikhLN+zHBRLL4r4h0scREx1Ga/wuhnM04dsY5t5P5IxgjAZuwBSlwYB/ycAoFKAGBG7iDB3g0bo1748l4GbdOGZOZDfgG4/UDgKmehg==</latexit><latexit sha1_base64="nHi4VhjkzE+0YjqmoqxOuAGgfjU=">AAACF3icjVDLSgMxFM3UVx1foy7dBIvYLhxm6kI3xaIuXEml9gFtKZk004ZmZkKSEUvpX7hx7V+4caGoW92If2P6EFQUPHDh5Jx7ubnH44xK5TjvRmJqemZ2LjlvLiwuLa9Yq2tlGcUCkxKOWCSqHpKE0ZCUFFWMVLkgKPAYqXjdo6FfuSBC0ig8Vz1OGgFqh9SnGCktNS37OK0yMAfrXcQ5arrF7Tq55OmdyTsLi/CT78LTTNNKubYzAvybpA6ezBy/eTMLTeu13opwHJBQYYakrLkOV40+EopiRgZmPZaEI9xFbVLTNEQBkY3+6K4B3NJKC/qR0BUqOFK/TvRRIGUv8HRngFRH/vSG4m9eLVb+fqNPQx4rEuLxIj9mUEVwGBJsUUGwYj1NEBZU/xXiDhIIKx2l+b8QylnbdWz3zEnlD8EYSbABNkEauGAP5MEJKIASwOAK3IJ78GBcG3fGo/E8bk0Yk5l18A3GywdyOJ/6</latexit><latexit sha1_base64="nHi4VhjkzE+0YjqmoqxOuAGgfjU=">AAACF3icjVDLSgMxFM3UVx1foy7dBIvYLhxm6kI3xaIuXEml9gFtKZk004ZmZkKSEUvpX7hx7V+4caGoW92If2P6EFQUPHDh5Jx7ubnH44xK5TjvRmJqemZ2LjlvLiwuLa9Yq2tlGcUCkxKOWCSqHpKE0ZCUFFWMVLkgKPAYqXjdo6FfuSBC0ig8Vz1OGgFqh9SnGCktNS37OK0yMAfrXcQ5arrF7Tq55OmdyTsLi/CT78LTTNNKubYzAvybpA6ezBy/eTMLTeu13opwHJBQYYakrLkOV40+EopiRgZmPZaEI9xFbVLTNEQBkY3+6K4B3NJKC/qR0BUqOFK/TvRRIGUv8HRngFRH/vSG4m9eLVb+fqNPQx4rEuLxIj9mUEVwGBJsUUGwYj1NEBZU/xXiDhIIKx2l+b8QylnbdWz3zEnlD8EYSbABNkEauGAP5MEJKIASwOAK3IJ78GBcG3fGo/E8bk0Yk5l18A3GywdyOJ/6</latexit><latexit sha1_base64="ktn4ioLP7b8hOMwAZnFmSfR28MU=">AAACF3icjVDLSsNAFJ34rPUVdelmsIjtwpDUhW6Eoi5cSaX2AU0Ik+mkHTqZDDMTsZT+hRt/xY0LRdzqzr8xbSOoKHjgwplz7uXOPYFgVGnbfjdmZufmFxZzS/nlldW1dXNjs6HiRGJSxzGLZStAijDKSV1TzUhLSIKigJFm0D8d+81rIhWN+ZUeCOJFqMtpSDHSqeSb1llRl+AxdPtICOQ7tT2X3IjifvYuwxr85AfwouSbBceyJ4B/kwLIUPXNN7cT4yQiXGOGlGo7ttDeEElNMSOjvJsoIhDuoy5pp5SjiChvOLlrBHdTpQPDWKbFNZyoXyeGKFJqEAVpZ4R0T/30xuJvXjvR4ZE3pFwkmnA8XRQmDOoYjkOCHSoJ1myQEoQlTf8KcQ9JhHUaZf5/ITTKlmNbzqVdqJxkceTANtgBReCAQ1AB56AK6gCDW3APHsGTcWc8GM/Gy7R1xshmtsA3GK8fEXGcuQ==</latexit>



Conserved algorithm translates data into escape responses

Same rule applies 
to 12 species in 9 
families

Hatsopolous et al. 1995, Fotowat & Gabbiani 2011, Peek & Card 2016

We weren’t the first to find 
this decision rule
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Transition in trajectory control 
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Dynamic gain control 
A
stimulus

shelter

heading
�stimulus

<latexit sha1_base64="lpvlPz+Y+nAuY5xMy7CwBJ0c71o=">AAAB+HicdVC7SgNBFL3rM8ZHopZaDAbBKswaNZZBG8sEzAOSJcxOZpMhsw/mIcQlX2JjoYitld9hZ+enOEkUouiBC4dz7uUejp8IrjTG787C4tLyympmLbu+sbmVy2/vNFRsJGV1GotYtnyimOARq2uuBWslkpHQF6zpDy8nfvOGScXj6FqPEuaFpB/xgFOirdTN5zrJgHdTpXlohFHjbr7gFvEUCBdxuYRL7oScnuHyCfq2CpX919oHAFS7+bdOL6YmZJGmgijVdnGivZRIzalg42zHKJYQOiR91rY0IiFTXjoNPkaHVumhIJZ2Io2m6vxFSkKlRqFvN0OiB+q3NxH/8tpGB+deyqPEaBbR2aPACKRjNGkB9bhkVIuRJYRKbrMiOiCSUG27ys6X8D9pHBddXHRrto0LmCEDe3AAR+BCGSpwBVWoAwUDd/AAj86tc+88Oc+z1QXn62YXfsB5+QTuVZYh</latexit><latexit sha1_base64="aUKt5LpeKcuhmTD+pTru9ms1i/Q=">AAAB+HicdVDJSgNBFOyJW4xLRj0q0hgET6HHqPEY9OIxAbNAMoSeTk/SpGehFyEOOfoVXjwo4tVTvsOb3+BP2JMoRNGCB0XVe7yivJgzqRB6tzILi0vLK9nV3Nr6xmbe3tpuyEgLQusk4pFoeVhSzkJaV0xx2ooFxYHHadMbXqZ+84YKyaLwWo1i6ga4HzKfEayM1LXznXjAuolULNBcy3HXLjhFNAVERVQuoZKTktMzVD6B31ahsjepfdztT6pd+63Ti4gOaKgIx1K2HRQrN8FCMcLpONfRksaYDHGftg0NcUClm0yDj+GhUXrQj4SZUMGpOn+R4EDKUeCZzQCrgfztpeJfXlsr/9xNWBhrRUMye+RrDlUE0xZgjwlKFB8ZgolgJiskAywwUaar3HwJ/5PGcdFBRadm2rgAM2TBLjgAR8ABZVABV6AK6oAADe7BI3iybq0H69l6ma1mrK+bHfAD1usnzJqXhw==</latexit><latexit sha1_base64="aUKt5LpeKcuhmTD+pTru9ms1i/Q=">AAAB+HicdVDJSgNBFOyJW4xLRj0q0hgET6HHqPEY9OIxAbNAMoSeTk/SpGehFyEOOfoVXjwo4tVTvsOb3+BP2JMoRNGCB0XVe7yivJgzqRB6tzILi0vLK9nV3Nr6xmbe3tpuyEgLQusk4pFoeVhSzkJaV0xx2ooFxYHHadMbXqZ+84YKyaLwWo1i6ga4HzKfEayM1LXznXjAuolULNBcy3HXLjhFNAVERVQuoZKTktMzVD6B31ahsjepfdztT6pd+63Ti4gOaKgIx1K2HRQrN8FCMcLpONfRksaYDHGftg0NcUClm0yDj+GhUXrQj4SZUMGpOn+R4EDKUeCZzQCrgfztpeJfXlsr/9xNWBhrRUMye+RrDlUE0xZgjwlKFB8ZgolgJiskAywwUaar3HwJ/5PGcdFBRadm2rgAM2TBLjgAR8ABZVABV6AK6oAADe7BI3iybq0H69l6ma1mrK+bHfAD1usnzJqXhw==</latexit><latexit sha1_base64="hfVhq7fJQRfhDqPCzoq9Nzrof8A=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCqzCxal0W3bisYB/QhjCZTtuhk0mYh1BDv8SNC0Xc+inu/BsnbYUqeuDC4Zx7uYcTpZwpjdCnU1hZXVvfKG6WtrZ3dsvu3n5LJUYS2iQJT2QnwopyJmhTM81pJ5UUxxGn7Wh8nfvteyoVS8SdnqQ0iPFQsAEjWFspdMu9dMTCTGkWG27UNHQrvodmgMhDtSqq+jk5v0C1M/htVcACjdD96PUTYmIqNOFYqa6PUh1kWGpGOJ2WekbRFJMxHtKupQLHVAXZLPgUHlulDweJtCM0nKnLFxmOlZrEkd2MsR6p314u/uV1jR5cBhkTqdFUkPmjgeFQJzBvAfaZpETziSWYSGazQjLCEhNtuyotl/A/aZ16PvL8W1SpXy3qKIJDcAROgA9qoA5uQAM0AQEGPIJn8OI8OE/Oq/M2Xy04i5sD8APO+xfeW5Pc</latexit>

�shelter
<latexit sha1_base64="U9uhOoO38gQmtQ7nudFRJGfxLsk=">AAAB9XicdVDJSgNBEK1xjXGLetRDYxA8hZmQ7Rj04jEBs0Ayhp5OJWnSs9Ddo4Qh/+HFgyJevfod3rz5KXYSBRV9UPB4r4qqel4kuNK2/WYtLa+srq2nNtKbW9s7u5m9/aYKY8mwwUIRyrZHFQoeYENzLbAdSaS+J7Dljc9nfusapeJhcKknEbo+HQZ8wBnVRrrqRiPeS9QIhUY57WWyds6uFJ1Shdg5p+AU8mVDiuVSMW8TJ2fPka0evdTfAaDWy7x2+yGLfQw0E1SpjmNH2k2o1JwJnKa7scKIsjEdYsfQgPqo3GR+9ZScGKVPBqE0FWgyV79PJNRXauJ7ptOneqR+ezPxL68T60HFTXgQxRoDtlg0iAXRIZlFQPpcItNiYghlkptbCRtRSZnJQKVNCF+fkv9JM59zTER1k8YZLJCCQziGU3CgDFW4gBo0gIGEW7iHB+vGurMeradF65L1OXMAP2A9fwCl3pV6</latexit><latexit sha1_base64="5W62qRGGzcUhyHCcEqA1snBd44A=">AAAB9XicdVDJSgNBEO2JW4xb1KMijUHwNMyEbMegF48JmAWSMfR0apImPQvdPUoYcvQfvHhQxKvXfIc3v8GfsJMoqOiDgsd7VVTVcyPOpLKsNyO1tLyyupZez2xsbm3vZHf3mjKMBYUGDXko2i6RwFkADcUUh3YkgPguh5Y7Op/5rWsQkoXBpRpH4PhkEDCPUaK0dNWNhqyXyCFwBWLSy+Ys06oU7VIFW6ZdsAv5sibFcqmYt7BtWnPkqofT+vvt0bTWy752+yGNfQgU5UTKjm1FykmIUIxymGS6sYSI0BEZQEfTgPggnWR+9QSfaKWPvVDoChSeq98nEuJLOfZd3ekTNZS/vZn4l9eJlVdxEhZEsYKALhZ5MccqxLMIcJ8JoIqPNSFUMH0rpkMiCNUZyIwO4etT/D9p5k1bR1TXaZyhBdLoAB2jU2SjMqqiC1RDDUSRQHfoAT0aN8a98WQ8L1pTxufMPvoB4+UDhCOW4A==</latexit><latexit sha1_base64="5W62qRGGzcUhyHCcEqA1snBd44A=">AAAB9XicdVDJSgNBEO2JW4xb1KMijUHwNMyEbMegF48JmAWSMfR0apImPQvdPUoYcvQfvHhQxKvXfIc3v8GfsJMoqOiDgsd7VVTVcyPOpLKsNyO1tLyyupZez2xsbm3vZHf3mjKMBYUGDXko2i6RwFkADcUUh3YkgPguh5Y7Op/5rWsQkoXBpRpH4PhkEDCPUaK0dNWNhqyXyCFwBWLSy+Ys06oU7VIFW6ZdsAv5sibFcqmYt7BtWnPkqofT+vvt0bTWy752+yGNfQgU5UTKjm1FykmIUIxymGS6sYSI0BEZQEfTgPggnWR+9QSfaKWPvVDoChSeq98nEuJLOfZd3ekTNZS/vZn4l9eJlVdxEhZEsYKALhZ5MccqxLMIcJ8JoIqPNSFUMH0rpkMiCNUZyIwO4etT/D9p5k1bR1TXaZyhBdLoAB2jU2SjMqqiC1RDDUSRQHfoAT0aN8a98WQ8L1pTxufMPvoB4+UDhCOW4A==</latexit><latexit sha1_base64="8Sg/LMQb0Sdpk6ZM3SRoOzoVPwI=">AAAB9XicdVDJSgNBEO2JW4xb1KOXxiB4GnpCtmPQi8cIZoFkDD2dmkyTnoXuHiUM+Q8vHhTx6r9482/sLIKKPih4vFdFVT0vEVxpQj6s3Nr6xuZWfruws7u3f1A8POqoOJUM2iwWsex5VIHgEbQ11wJ6iQQaegK63uRy7nfvQCoeRzd6moAb0nHEfc6oNtLtIAn4MFMBCA1yNiyWiE0aVafWwMR2Kk6lXDekWq9VywQ7NlmghFZoDYvvg1HM0hAizQRVqu+QRLsZlZozAbPCIFWQUDahY+gbGtEQlJstrp7hM6OMsB9LU5HGC/X7REZDpaahZzpDqgP125uLf3n9VPsNN+NRkmqI2HKRnwqsYzyPAI+4BKbF1BDKJDe3YhZQSZnJQBVMCF+f4v9Jp2w7JqJrUmperOLIoxN0is6Rg+qoia5QC7URQxI9oCf0bN1bj9aL9bpszVmrmWP0A9bbJ5XkkzU=</latexit>
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Bacterial navigation in dynamic seascapes

in the bulk medium, where colloids and mucus
sheets can form tangled polymer webs (3). Gradi-
ents in fluid velocity due to turbulent shear can
occur at millimeter scales and result in subtle hy-
drodynamic interactions with cell shape (11). Sa-
linity can equally vary on submillimeter scales,
owing, for example, to pockets of interstitial fluid
carried by porous particles sinking through the
water column (12).

Likely as a consequence of this heterogeneity,
bacteria are also heterogeneously distributed, with
recorded variations in cell concentration of up to
20-fold over 10 to 30 mm (13). Thus, despite its
superficial homogeneous appearance, the water
column can have a rich physical, chemical, and
biological microarchitecture, not unlike that of
environments dominated by surfaces, such as sed-
iments or animal hosts. In the following, I focus
on a specific adaptation to this heterogeneity:
chemotactic motility.

How Pervasive Are Behavioral Responses
to Microscale Gradients?
Chemotactic motility is not only the most con-
spicuous adaptation to microscale chemical gra-
dients, but also a de facto demonstration of their
existence. A subtle distinction is in order: motility
alone does not increasemicrobial nutrient uptake,
whereas chemotaxis can. The description of ma-
rine bacteria as the “ultimate swimming stomachs”
[J. Stern in (14)] should not be interpreted in
the same manner as whales swimming open-
mouthed to catch plankton: The uptake rate of a
bacterium while it swims is the same as when
it rests, except for very high molecular weight
solutes (15). In contrast, cells can increase uptake
by residing in high-concentration microenviron-
ments, which they find by chemotaxing along
gradients. Thus, chemotactic motility is intimate-
ly linked to microscale gradients. But how prev-
alent is motility among marine bacteria?

It contrast to phytoplankton, whosemotility is
a well-studied, distinguishing trait (e.g., in the
competition between diatoms and dinoflagellates),
or enteric bacteria, whose chemotaxis is among
the best understood cellular processes, bacterial
motility and its prevalence have been given less
attention in the ocean. On one hand, we know
that some numerically abundant organisms, such
as Pelagibacter ubique of the SAR11 clade, are
nonmotile (16). On the other hand, direct ob-
servation has shown that many marine bacteria
are motile (17), and the fraction of motile cells
can be as high as 20 to 60% (18, 19). Further,
metagenomic studies have revealed that genes for
motility and chemotaxis can be common in the
photic zone (20). Nutrient enrichment can elevate
the motile fraction from <10 to >50% in 12 hours
(21), which suggests either a lag time for the
activation of motility or the occurrence of a
rapid community shift upon episodic resource
inputs.

Motility is typically associatedwith the ability
to respond to gradients. Laboratory observations
have shown that marine strains are capable of

chemotaxing into the DOM plumes emanating
from settling particles (10), to high phosphate
concentrations in phosphate-limited environ-
ments (22), toward dimethylsulfoniopropionate
to associate with algae (23, 24), and toward lysing
organisms (5) and cyanobacterial exudates (25).
In a dynamic version of the phycosphere, they
can even briefly pursue swimming algae (26).

Motility demarcates two evolutionary strat-
egies among marine bacteria. These are broadly
aligned with the dichotomy between oligotrophs
and copiotrophs. Oligotrophs, such as P. ubique,
are adapted to life in nutrient-poor conditions.
Their minute size (~0.4 mm in diameter) allows
them to maximize uptake per unit biomass and to
extract nutrients at the minuscule bulk concen-
trations characteristic of the ocean (27). Their
streamlined genome lacks many functional and
regulatory genes, including those for motility and
chemotaxis (16); The latter would be vain at any
rate, because directed swimming is trounced by
Brownian effects for cells <0.6 mm in diameter
(28). Streamlining also implies poor metabolic
plasticity and an inability to exploit high-resource
conditions (29).

In contrast, copiotrophs are adapted to take
advantage of rare, resource-rich conditions: Their
abundance of motility and chemotaxis genes, to-
gether with fast uptake kinetics, indicate that
their success is linked to an ability to exploit
microscale gradients (27), and their abundance
will be a reflection of the texture of the resource
landscape. The metabolic flexibility of copiotrophs
allows them to adapt rapidly to newly encoun-
tered microenvironments (30), for example, by
disproportionately increasing protease activity upon
attachment to particles (31), though their size and
uptake kinetics would make them less competi-
tive at low resource concentrations.

The numerical abundance of marine bacteria
is often dominated by nonmotile oligotrophs, such
as members of the SAR11 clade (29). However,
to assess the importance of copiotrophs relative
to oligotrophs—and therefore the importance of
microscale gradients—in shaping large-scale eco-
system properties, one must go beyond abun-
dance and consider activity. The relation between
abundance and activity in the ocean remains un-
clear (32), but there is evidence that rare taxa
have proportionately higher potential growth rates

Fig. 1. Marine microbial microenvironments. Disparate processes contribute to make the ocean a sea of
gradients, from the vantage point of microorganisms, including DOM exudation by phytoplankton (top),
cell lysis events (top right), stationary or sinking detritus and marine snow particles (bottom center), and
copepod excretions (left). Marine bacteria adopt one of two broad strategies: They can be motile, propelling
themselves with corkscrewlike flagella to exploit microscale gradients, or nonmotile, optimizing uptake of
solutes diffusing to them and saving the cost of swimming. [Modified from the cover of Science, 5 February
2010, with permission; original image credits: R. Stocker, J. R. Seymour, G. Gorick]
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Untangling the bank

Figure 1. Spiral fiber neurons respond to aversive stimuli
A. Left image: 5 day old zebrafish larvae. Top image: Tg(-6.7FRhcrtR:gal4VP16); 
Tg(UAS:GCaMP5) labels spiral fiber neurons (arrowhead) among other neurons. The M-cell 
and other reticulospinal neurons are labeled with tetramethylrhodamine dextran by 
reticulospinal backfill. Spiral fiber neuron cell bodies are located in rhombomere 3 in two 
rostro-caudal (R↔C) clusters, approximately 25–40 µm rostral, 5–15 µm lateral, and 0–20 
µm ventral of the axon cap. They all have axons descending contralaterally into the axon cap 
of the M-cell. Bottom image: Transient expression of membrane targeted GFP 
(UAS:GAP43-GFP) in Tg(-6.7FRhcrtR:gal4VP16) labels two spiral fiber neurons on the left 
and one spiral fiber neuron on the right that project to the contralateral M-cell axon cap 
(star).
B. Left image: 3 different stimuli were delivered to paralyzed zebrafish larvae: water puffs 
directed at the right ear, water puffs directed at the right side of the tail, and non-directional 
taps delivered onto the dish holding the fish. Top image: Projection of two-photon image 
stack showing M-cells and spiral fiber neuron axon terminals labeled with the calcium 
indicator Tg(UAS:GCaMP-HS) driven by Et(fos:Gal4-VP16)s1181t and 
Tg(-6.7FRhcrtR:gal4VP16) respectively. Middle panel: Typical spontaneous activity in the 
spiral fiber neuron axon terminals. Scale bars: 5 min horizontally, 1 Δf/f vertically. Bottom 
panel: Mean response amplitude in the right spiral fiber neuron axon terminals for different 
stimuli: ear puffs (n = 7, left panel), tail puffs (n = 5, middle panel), and taps (n = 6, right 
panel). For each fish, the change in fluorescence (Δf/f) from trials in which the axon cap was 
active was normalized to the maximum Δf/f across trials, and then averaged. The black line 
is the mean across fish with the standard error of the mean (SEM) shaded. Stimulus delivery 
is indicated by an arrowhead. Horizontal scale bar: 2 sec.
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