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The literature has long emphasized the neocortex’s role in volitional
processes. In this work, we examined endogenous orienting in an
evolutionarily older species, the archer fish, which lacks neocortex-
like cells. We used Posner’s classic endogenous cuing task, in which
a centrally presented, spatially informative cue is followed by a tar-
get. The fish responded to the target by shooting a stream of water
at it. Interestingly, the fish demonstrated a human-like “volitional”
facilitation effect: their reaction times to targets that appeared on
the side indicated by the precue were faster than their reaction
times to targets on the opposite side. The fish also exhibited inhi-
bition of return, an aftermath of orienting that commonly emerges
only in reflexive orienting tasks in human participants. We believe
that this pattern demonstrates the acquisition of an arbitrary con-
nection between spatial orienting and a nonspatial feature of a
centrally presented stimulus in nonprimate species. In the literature
on human attention, orienting in response to such contingencies has
been strongly associated with volitional control. We discuss the
implications of these results for the evolution of orienting, and for
the study of volitional processes in all species, including humans.

volitional orienting | subcortical regions | endogenous orienting |
IOR | attention

Humans are commonly assumed to have volitional abilities that
species lacking a neocortex (e.g., fish and amphibians) do not

have. The literature has long emphasized the role of cortical mech-
anisms in these exclusive cognitive abilities. But is a neocortex nec-
essary for a species to manifest behaviors that have been attributed to
volitional control? To examine this question, we tested whether the
archer fish (Toxotes chatareus) is capable of endogenous orienting.
Driven by bottom-up stimulation, reflexive orienting is fast and

automatic as a result of tuning through natural selection. Volitional
orienting is relatively nonreflexive and is tuned to local contingencies
and/or the immediate goals of the individual (1). In the current study,
we adopt the typical perspective regarding spatial attention, as put
forward by Posner (2), which is characterized by two distinctions:
whether covert or overt adjustments are made, and whether these
adjustments are under endogenous (volitional) or exogenous (re-
flexive) control. The most common methods for examining reflexive
and volitional attentional processes are two versions of Posner’s cuing
task (2, 3). In this task, participants are presented with a cue followed
by a peripheral target to which they are instructed to respond. Two
task properties are important for determining which mode of ori-
enting is generated. The first is whether or not the cue is informative
about the location of the upcoming target, and the second is whether
or not the input pathway of the upcoming target might be stimulated
by the cue. When studying reflexive orienting, the peripheral location
where a target might appear, or one nearby, is stimulated by a cue
that is uninformative about the location of the upcoming target.
When the interval [stimulus onset asynchrony (SOA)] between the
cue and the target is varied, the typical pattern of results is an early
facilitation of responses to targets at the cued location, followed by a
later inhibitory effect (4) that has been called inhibition of return
(IOR) (5, 6). When studying volitional orienting, a property of a
central cue that does not stimulate the possible target locations pro-
vides information about which of the peripheral locations is more
likely to contain the subsequent target. The typical pattern of results
elicited in covert orienting is a gradually developing facilitation at the

cued location as the interval between the cue and the target increases.
When measuring endogenous saccadic effects (overt orienting), most
studies demonstrate a facilitatory effect at a wide range of SOAs (up
to 1,250 ms; e.g., refs. 7–9).
It has been suggested that reflexive attention may be phylogenet-

ically older than volitional attention (10). Consistent with this sug-
gestion, volitional orienting is often linked to cortical regions (11–14),
whereas reflexive orienting is linked to subcortical processing (15–19).
Most pertinent to the present study, a recent study (20) demonstrated
that the archer fish, which lacks cortical structures, shows the pro-
totypical reflexive pattern of early facilitation followed by later IOR
(20). In nature, the archer fish spits a jet of water to shoot down prey
resting on foliage above the water. In an experimentally controlled
environment, the archer fish can learn to respond to targets pre-
sented on a computer monitor above its tank. The finding that archer
fish, a nonprimate species, have similar reflexive attentional pro-
cesses, namely, facilitation and IOR (20), suggests these attentional
processes in humans have an evolutionary ancestor. Fish lack lami-
nated and columnar neural organization (21, 22), visual cortex, and
frontal and parietal cortical regions (which in humans are thought to
guide volitional orienting). However, the fish does possess an optic
tectum, which implies that subcortical mechanisms are probably in-
volved in these types of reflexive processes. Recently, it has been
suggested that fish telencephalon is not composed mostly of basal
ganglia (subpallium), but also includes pallial regions that might be
homologous with the mammalian neocortex, and potentially might
serve functions similar to the neocortex (23–27). However, despite
these possible homologies, the fish brain has significantly less com-
putational power than the cortices of higher organisms such as pri-
mates (28–32). As a consequence, investigation of cognitive processes
in fish provides vital evidence for the complexity of the neural cir-
cuitry essential for a specific function. This is even more pronounced
for cognitive abilities that have been traditionally considered to be
limited to primates (e.g., volitional abilities).
Although several studies have explored attention in nonprimates,

it is worth noting several features of the used tasks that limit the
ability to conclude that purely endogenous attentional processes
were studied. For example, in studies with rats (e.g., ref. 33) and
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chickens (e.g., ref. 34) that used a Posnerian cuing paradigm, the
cues were both informative and peripheral. By combining methods
used for studying endogenous (informative) and exogenous (pe-
ripheral) orienting, these studies likely generated a hybrid mode of
orienting, with an indeterminate mixture of reflexive and voluntary
effects (35). A methodological mixture of this kind precludes the
ability to assess purely endogenous processes.
It has been known for some time that the orienting behavior of

human observers can be sensitive to the information value of the
properties of the scene being inspected (36). Chun and Jiang (36)
referred to this as “contextual cuing,” an implicitly acquired contin-
gency between where to look and the properties of the scene. It was
recently demonstrated that the orienting behavior of pigeons (37, 38),
similar to that of humans, can be sensitive to the information value of
the properties of a scene. In the context of the present exploration,
we must note that this form of cuing is different from that explored
using Posner’s endogenous cuing paradigm in two important respects:
the property that signals the more fruitful locus of attention is in the
scene (not presented in a precue before the presentation of the tar-
get), and hence, the contextual cuing paradigm does not require the
organism to maintain the information provided by the cue, and the
contextual cuing paradigm has never been touted as one suitable for
exploring the voluntary control of behavior.
We are not aware of any study in nonprimates that tried to

generate attentional orienting using a purely endogenous (centrally
presented, informative, and symbolic) cue before the presentation
of a target. To fill this gap, the present experiment uses Posner’s
endogenous cuing task: An arbitrary, centrally presented, spatially
informative cue and its ensuing peripheral target were presented to
the archer fish (Fig. 1). To assess the fish endogenous orienting
abilities in an ecological setting, fish were swimming freely in the
tank, and the reaction time (RT) of its localization of the targets

(by spitting at them) was measured. If endogenous orienting is
governed by neocortical structures, then it might be predicted that
lacking such structures, the archer fish will not show orienting in
this purely endogenous cuing paradigm. Two SOAs were used to
explore the time course of endogenous orienting (if observed) in
the archer fish.

Results
Trials in which the fish responded very slowly, with RT longer than
2,500 ms, were excluded from the analyses. To explore the time-
course of any orienting effects our procedures might have generated,
we first conducted separate analyses of variance on the RTs of each
fish (Materials and Methods) with the factors of SOA and validity. As
illustrated in Fig. 2, each fish exhibited facilitation at the 200-ms SOA
and inhibition (IOR) at the 800-ms SOA. To follow the standard
analysis procedure used in conventional experiments, we also con-
ducted a group analysis on the mean RTs for the three fish. Signif-
icant interaction between SOA and validity was observed across all
fish [F(1,2) = 33.20; P < 0.05; η2p = 0.94]. Follow-up simple effects
tests revealed significant facilitation at the 200-ms SOA and signifi-
cant IOR at the 800-ms SOA [F(1,2) = 24.16 (P < 0.05; η2p = 0.92);
F(1,2) = 41.51 (P < 0.05, η2p = 0.95), respectively].

Discussion
Archer fish studies have focused on spitting accuracy (39–42),
biomechanics of spitting (43–46), neural coding (47), and learn-
ing sensorimotor skills (48–50). In addition, a recent study also
demonstrated that archer fish can learn to discriminate a large
number of human face images (51). However, little is known about
whether archer fish have volitional processes.
In the present study, while exploring the behavior of the archer

fish during Posner’s endogenous orienting attention task, we found

Location markers*3200 ms

600 ms

Cue: 600 ms

600 ms

SOA: 200 or 800 ms 

Target: 3500 ms or until 
response 

Fig. 1. The sequence of events in a typical experimental trial. Each trial began with the flickering of three black location markers, presented three times for
200 ms with a 600-ms interval between presentations. Six hundred milliseconds after the location markers disappeared, a red or green predictive (valid 80%
of the time) cue box appeared for 100 ms at the center of the fixated location. After a variable SOA (200 ms, 800 ms), a black target asterisk appeared for
3,500 ms or until a response was detected. The target could appear at the cued location or at the opposite location (valid or invalid conditions, respectively).
After the target disappeared, a blank screen was presented between trials for 10 s.

2 of 5 | www.pnas.org/cgi/doi/10.1073/pnas.1700574114 Saban et al.

998

www.pnas.org/cgi/doi/10.1073/pnas.1700574114


an indication of volitional orienting. The fish were able to learn the
predictable symbolic value of the cue, and their spitting RTs at the
short SOA were modulated accordingly, with faster RTs at targets
appearing at the cued (more probable) location. In addition to the
early facilitation observed at the short SOA, the fish also demon-
strated IOR at the long SOA. This is a demonstration of the ap-
pearance of an early endogenous facilitation effect that was
superseded by IOR in nonhumans.
Research on voluntary attention has focused mainly on primates.

The literature has emphasized the role of the cerebral cortex in voli-
tional attentional orienting. In this study, the archer fish, a nonprimate
species that lacks a neocortex, yield a result that is similar to that of
humans at early SOAs (i.e., endogenous facilitation). This demon-
strates that such an organism, which developed very early in evolution,
can exhibit orienting behavior in a purely endogenous cuing paradigm.
In the next two sections, we explore possible explanations for the

unexpected appearance of IOR at the late SOA and the implications
of our finding of endogenously generated facilitation at the early
SOA. By any explanation, we believe that the finding of endoge-
nously generated facilitation has two major aspects: using the most
widely accepted task (Posner’s endogenous cuing paradigm) for
studying volitional orienting in humans, this is a demonstration of
purely endogenous orienting in a nonprimate species; and in addition
to the major methodological and conceptual differences between
previous studies and our task (reviewed in the Introduction), there are
phylogenetical differences between lower vertebrates (e.g., fish) and
higher ones (e.g., birds) (52–54). From an evolutionary perspective,
the more than 200 million-year phylogenetic distance that separates
fish from other vertebrates (e.g., humans, monkeys, and even pi-
geons) presents an invaluable opportunity for a comparative in-
vestigation of brain and cognition development during evolution. The
current findings allow the inference that endogenous orienting and
IOR are much more fundamental and primitive abilities for the
survival of organisms and are shared by highly distinct species.

Inhibition of Return After an Endogenous Cue: Evolutionary Perspectives.
Humans are born with a bundle of reflexes that, through ontoge-
netic development, come under cortical inhibitory control enabling
goal-directed behavior (e.g., ref. 55). From a phylogenetic per-
spective, the ability to predict and to voluntarily control basic pro-
cesses was developed through the evolution of the species. In
addition, all living organisms are information processing systems.
The information collected about the environment by each such
system is used, reflexively and/or volitionally, to direct behavior.
Fish represent a taxonomic group that diverged from the other

vertebrates ∼450 million years ago (56). In the present study, the
archer fish, a vertebrate species that is evolutionarily distant from
humans, demonstrated human-like endogenous facilitation (which
will be discussed in greater detail in the next section), but also pre-
sented an IOR effect, which commonly emerges in reflexive ori-
enting tasks. Hence, the presence of IOR in an endogenous orienting
task was unexpected.
It could be suggested that the fish response preparation might

involve body orientation toward the predicted location, thus
resulting in a shift of the fish area centralis (57) toward the attended
location. Similarly, the appearance of IOR might be a result of a
tendency to orient toward the uncued location at the long SOA
when the target does not appear at the cued location at the short
SOA. This latter possibility is improbable because at both the short
and long SOAs, target probability is higher at the cued location, and
hence there is no incentive for the fish to attend the uncued location
at any SOA. Fish are able to learn associations across larger time
spans than the one used in the current task (58, 59); therefore, it is
more likely that an inhibitory process is influencing performance
and producing the observed IOR pattern of results.
Two explanations for the unexpected appearance of IOR in an

endogenous orienting task are discussed. Both explanations ac-
knowledge that the archer fish demonstrated probability-appropriate

Fig. 2. RT as a function of SOA and validity for the three fish. All fish completed
21 sessions of the experiment. In an analysis of variance, a significant interaction
between SOA and validity was observed in all the fish [F(1,20) = 14.29 (P < 0.005;
η2p = 0.42); F(1,20) = 8.91 (P < 0.01; η2p = 0.31); and F(1,20) = 27.95 (P < 0.001; η2p =
0.58) for fish 1, 2, and 3, respectively]. Follow-up simple effects tests revealed the
appearance of facilitation at the 200-ms SOA [F(1,20)= 8.49 (P< 0.01); F(1,20)= 4.56
(P < 0.05); and F(1,20) = 10.73 (P < 0.005), for fish 1, 2, and 3, respectively] and IOR
at the 800-ms SOA [F(1, 20) = 4.91 (P < 0.05); F(1,20) = 4.79 (P < 0.05); and F(1,20) =
29.33 (P < 0.001), for fish 1, 2, and 3, respectively]. Ninety-five percent confidence
intervals are shown in the error bars. *P < 0.05; **P < 0.01. The two functions have
been slightly offset horizontally to allow visualization of the error bars.
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overt orienting tendencies (Implications for the Study of Volitional
Processes) in response to the endogenous cue, which facilitate
responding at the short SOA. The two explanations also recognize,
as originally proposed by Posner and Cohen (4), that the inhibitory
effects attributed to IOR can be present at the same time as the
facilitative effects of the present locus of attention. Subsequent
studies (60, 61) support this proposal and demonstrate that facili-
tation and inhibition might have additive effects on performance.
Finally, both explanations assume that regardless of the observed
underlying mechanism for early facilitation, it is transient in the ar-
cher fish and no longer operating by the time of our long SOA
(800 ms after the appearance of the cue).
One explanation is based on the suggestion (62) that in human

participants, endogenous preparation of overt (oculomotor) orienting
is accompanied by IOR, which is overshadowed by facilitation while
expectancy is maintained. The archer fish demonstrates a similar,
endogenously generated overt orienting tendency. Once the archer
fish (or human participant) fails to maintain the target expectancy
generated by the cue, the already-present inhibitory effect is revealed.
From this perspective, it might be assumed that maintaining expec-
tancy for more than a few hundred milliseconds requires cortical
control, which the archer fish lacks. This explanation is critically de-
pendent on the observation by Rafal et al. (63) that cancellation of an
endogenously generated oculomotor preparation is followed by IOR
(63). As Chica et al. (64) were unable, in successive attempts, to
replicate this critical finding reported by Rafal et al. (63), we do not
favor this explanation.
We prefer the simpler alternative explanation in which IOR is

generated primarily by subcortical structures (5, 17, 65), and in
primates, it may be modulated by cortical regions (15, 66). In line
with previous research (25), in fish, spatial learning is dependent
on the pallium region, and it is plausible that the fish telen-
cephalon contributes to endogenous orienting. However, in
contrast to primates’ neocortical control, pallial influence over
the optic tectum might be insufficient to inhibit IOR generated
by the preparation of an overt orienting response.
Accordingly, it has recently been suggested that in primates, the

primary visual cortex (V1) creates a saliency map of the visual world
(67). In lower vertebrates, such as fish, V1 is absent and the superior
colliculus (which is called the optic tectum in lower vertebrates)
receives retinal input. Hence, it is possible that through evolution,
this saliency map of the visual world migrated from the optic tectum
to the V1. It has been suggested (67) that reflexive cuing effects
observed in humans should also be present in lower vertebrates.
Therefore, it is possible that when attention is guided by a saliency
map at the optic tectum (as in fish), IOR (which is a reflexive at-
tentional process guided by the optic tectum) is activated in both
modes of orienting (exogenous and endogenous). As a consequence,
we recommend conducting neuroscientific studies of the archer fish
and of humans performing our task to test these possibilities.

Implications for the Study of Volitional Processes. The present study
has important implications for conceptual understanding of volitional
control processes and their operationalization in cognitive sciences.
To explore these issues, it will be helpful if, in contrast to the common
conflation of the terms “endogenous” and “voluntary,” we explicitly
distinguish between them, using “endogenous” to refer to the com-
bination of methods used and “voluntary” to refer to a conceptual
attribution. As described in the introduction and used in the present
study, perhaps the most common method for exploring the voluntary
control of orienting is Posner’s endogenous cuing paradigm.
One possible interpretation of our finding of facilitation in the

archer fish shortly after a centrally presented, informative cue is
that the archer fish is demonstrating voluntary control. For those
who find this implausible because of the limited cortical circuitry
in this species, or for other reasons, we offer a plausible alterna-
tive. We propose that the archer fish has learned the conditional
contingency between the cue’s color and the later target’s location.

This learning process generates activation of the conditionally
probable orienting response, which accelerates the correct re-
sponse on valid trials. This account, in terms of conditional dis-
crimination learning, coincides with a recent study of human
performance (68), suggesting that implicit learning of cue-target
contingencies plays a role in the magnitude of endogenous cueing
effects when the validity of the cue is manipulated.
Researchers interested in the volitional control of behavior need

to be aware of the fact that probability manipulation, which is in-
herent in the endogenous cuing paradigm pioneered by Posner, al-
lows for cuing effects that are implicitly acquired, and therefore may
not reflect volitional control. Researchers who use this paradigm are
therefore obliged to obtain converging evidence from other para-
digms that are not subject to the possibility of associative learning.

Conclusion
The present study provides a demonstration of facilitation and
IOR as a result of a purely endogenous (central, informative, and
symbolic) cue in a species lacking a neocortex. As we have dis-
cussed, the results may have major implications for our under-
standing of the evolutionary development of orienting processes
(facilitation and IOR) and for the paradigms used to study voli-
tional control processes in all species, including humans.

Materials and Methods
The experiment was conducted in accordance with Haifa University regulations
and the State of Israel’s laws on animal care and experimentation. Our ex-
periment involved testing, individually, three archer fish in a specially arranged
tank, as described here. Each fish was swimming freely in the water tank
during the task. A 21-inch Samsung LCD monitor (model S24C650PL) was
placed on a glass shelf 41 cm above water level. The fish were trained to shoot
at the target stimuli and were recorded using a GigE Camera color (120 fps
640 × 480 1/4). RT was calculated by measuring the time from target ap-
pearance until the fish’s shooting onset. Successful shots were determined
when the water jet landed on the surface of the target. After each successful
shot, the fish received a pellet of food and the experimenter cleaned the
water from the glass shelf. The cue was predictive regarding target location;
that is, the target appeared at the predicted location in 80% of the trials.

In each session, each fish performed40 trials (32 valid and8 invalid), composedof
twodifferent SOAs (200msor800ms) and twovalidity conditions (validand invalid).
Beforewestartedtocollectdata, the fishwere trained in the taskuntil theyachieved
proficiency (training sessions were similar to the testing sessions: five sessions for
each fish separately, one training session per day). Each trial began with the
flickering of three black locationmarkers (4.2° height and 6.95° width), with centers
positioned 8.3° from each other. Flickering was achieved by flashing the three
location markers three times (i.e., they appeared for 200 ms at a time with a
600-ms interval between appearances). One thousand two hundred milliseconds
after the location markers disappeared, a red (predicting a target to the left of the
cued box) or green (predicting a target to the right of the cued box) cue box (4.2°
in height and 6.95° inwidth) appeared for 100ms at the center of the screen. After
a variable SOA (200 or 800 ms), a black target asterisk (2.1° in height and 2.8° in
width) appeared for 3,500 ms or until a response was detected. The target could
appear at the cued location or at the opposite location. After the target dis-
appeared, a blank interval screen was presented between trials for 10 s. After the
training period, we ran each fish through the task for a period of about 2mo. Each
fish performed 21 sessions, and each session included 40 trials, so that overall, each
fish had 840 experimental trials. In general, at the beginning of each trial and
during cue presentation, the fish swam close to the water level and was relatively
still awaiting target presentation.When the targetwas presented, the fish initiated
its response by elevating its mouth above water level and shooting a stream of
water on the target stimuli (Movie S1). The fish made no anticipatory errors and
did not respond to the cued location on invalid trials. The target was the only
stimulus presented long enough for the fish to respond. When responses were
initiated, all fish were 100% accurate in all conditions. The percentage of trials in
which the fish did not respond to target appearance in each condition is: valid,
200 ms SOA, 12.5; valid, 800 ms SOA, 8.8; invalid, 200 ms SOA, 8.3; invalid, 800 ms
SOA, 9.1; and no significant effects were observed at each SOA (P > 0.1). In every
session, the average RT was computed for each experimental condition: valid
200 ms SOA, valid 800 ms SOA, invalid 200 ms SOA, and invalid 800 ms SOA.
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