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Our objective was to use expectancy-violation methods for determining
whether Portia africana, a salticid spider that specializes in eating other
spiders, is proficient at representing exact numbers of prey. In our exper-
iments, we relied on this predator’s known capacity to gain access to prey
by following pre-planned detours. After Portia first viewed a scene consist-
ing of a particular number of prey items, it could then take a detour
during which the scene went out of view. Upon reaching a tower at the
end of the detour, Portia could again view a scene, but now the number of
prey items might be different. We found that, compared with control trials
in which the number was the same as before, Portia’s behaviour was
significantly different in most instances when we made the following
changes in number: 1 versus 2, 1 versus 3, 1 versus 4, 2 versus 3, 2 versus
4 or 2 versus 6. These effects were independent of whether the larger
number was seen first or second. No significant effects were evident when
the number of prey changed between 3 versus 4 or 3 versus 6. When we
changed prey size and arrangement while keeping prey number constant,
no significant effects were detected. Our findings suggest that Portia rep-
resents 1 and 2 as discrete number categories, but categorizes 3 or more as
a single category that we call ‘many’.

1. Introduction

Vertebrates are the usual subjects in numerical-cognition research, but this is
unfortunate because there remain important questions concerning how deep
into the animal kingdom we can go and still find interesting traces of decisions
based on numerical information. For example, to understand the cognitive pre-
cursors from which human numerical capacities evolved [1,2], it would be
useful to know how widely particular numerical capacities are expressed
within the animal kingdom.

Some of the better-known research related to the numerical competence of
animals has depended on extensive training of the experimental subjects (e.g.
[3/4]) and this might have encouraged thinking that numerical competency is
a hard-earned ability that animals adopt only as a last resort [5,6]. However,
a shift to a functional perspective (sometimes called an ‘ecological approach’),
where the emphasis is on the role that numerical competency plays in the
lives of particular animals in their particular natural environments [7-9], has
largely supplanted the view that animals attend to number only as a last resort.

The functional perspective has been especially important in our own
research (see [10]) on cognitive specialization by jumping spiders (family
Salticidae). These spiders are especially convenient experimental subjects
because their capacity for seeing fine details related to their prey [11] supports
distinctive, and often intricate, vision-based predatory behaviour [12,13].

Our working hypothesis is that situations in which a capacity for numerical
cognition might be useful are especially common when predators, including
small predatory arthropods, target prey that are similar to themselves in size
and are capable of deploying active defence (see [14]). All salticids are predators
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and most of the species in this large family of almost 6000
described species [15] may feed primarily on insects [16].
However, spiders are the preferred prey of a sizeable min-
ority [17], with species from the genus Portia being the
most thoroughly investigated members of this minority
[18]. Portia regularly encounters more than one spider at the
same time, including spiders capable of killing and eating
Portia [19]. For Portia, a well-developed capacity for numeri-
cal cognition might often influence survival as well as
prey-capture success during predatory sequences. With this
hypothesis as our rationale, we decided to use expectancy-
violation methods for investigating whether Portia africana
can represent the exact number of spiders in a scene.

It has been customary to base expectancy-violation
methods on letting a test subject preview a scene that disap-
pears and then, at a later time, comes into view again [20]. For
example, a screen might be put between the scene and the
test subject and then, during the time when the test subject’s
view is blocked, a scientist can alter the items in the scene.
Data relevant to expectancy violation come from comparing
how test subjects respond to altered scenes with how they
respond to scenes that stay the same. Instances of the subject
gazing at an altered scene for longer than an unaltered
scene (i.e. instances of longer ‘looking time”: see [21]) have
especially often served as evidence that the subject has
detected a mismatch between the current scene and a
representation of a scene it had previously loaded into
working memory (i.e. this has been a basis for concluding
that the individual has experienced expectancy violation).

“Working memory’ refers to the mechanisms by which pri-
ority information is made readily accessible to other cognitive
processes [22], including selective attention (e.g. [23]), problem
solving (e.g. [24]), making plans (e.g. [25]) and understand-
ing object permanence (e.g. [26]). From experiments, there is
evidence of bees relying on working memory when, after train-
ing, they successfully complete delayed-matching-to-sample
tasks [27,28]. Research on salticids has been different [10,13],
as these spiders have been shown, in experiments based on
expectancy-violation methods, to rely on working memory
without prior training [29].

Expectancy-violation methods are better known from
research on pre-verbal infants (e.g. [30]), non-human pri-
mates [31] and even parrots [32], and there continues to be
a striking scarcity of expectancy-violation methods being
used in research on arthropods. Yet Pepperberg & Kozak
[32] proposed that, when tailored to the biological character-
istics of particular species, expectancy-violation methods
should become applicable to a wider range of animals. As
an example, we used Portia-specific expectancy-violation
methods in experiments designed to determine whether
this spider represents specific prey types during predatory
sequences [29]. In these experiments, we relied on Portia
spontaneously adopting ambushing as a prey-capture
method. After seeing a prey item at the beginning of a trial,
Portia positioned itself for initiating an attack, but then,
before Portia could act, we hid the prey item behind a shutter.
When we did this, Portia waited while facing the shutter and
then, when we lifted the shutter at a later time, Portia could
see prey that was either identical to or different from the
type of prey it had seen earlier. The findings from these
experiments were as predicted, with significantly fewer
Portia individuals following through to make an attack
within the allowed time (i.e. Portia hesitated) when the

two prey types were different. This suggests that Portia
experienced expectancy violation when the representation
of the prey type it had loaded into working memory at the
beginning of a trial did not match the prey it saw later.

The hypothesis we consider here is that Portia’s strategy for
using working memory during predatory sequences includes
representing the exact number of prey present in a scene. How-
ever, our methods here differ from the methods used in the
earlier study [29] because, instead of changing the type of
prey, we change the number of prey while keeping the type of
prey constant. Our methods also differ by being based on
Portia’s known capacity to undertake detours even when these
detours result in losing sight of the prey it is pursing [33-35].

We say ‘number’ because we are interested in whether Portia
represents the items in a scene as something countable. By “‘coun-
table’, we mean a correspondence to natural numbers (1,2 and so
forth; see [36]). Our experiments are not designed to determine
whether Portia literally counts the number of prey in a scene
according to all of the criteria pertaining to ‘true counting’ [37]
and we are not proposing that spiders understand numbers as
abstract entities [38,39], but we are interested in whether Portia
does something more precise than representing countable
things as a value of a continuous variable (see [40,41]). Our
hypothesis is that Portia relies on representations that correspond
to specific cardinal numbers (see [42]).

2. Material and methods
2.1. General

Our test spiders were juveniles (body length, 5.0 mm) of
P. africana (hereafter ‘Portia’) that had moulted two weeks earlier
and did not moult again for at least two weeks. All test spiders
were taken from laboratory cultures (second and third gener-
ation) that had been started from specimens collected from our
field site (Mbita Point, western Kenya; elevation 1200 m.a.s.1.;
latitude 0.4°; longitude 34.2°). As we adopted rearing and gen-
eral testing procedures that have become standard in our
laboratory (e.g. [13]), only essential details are provided here.
With our objective being to investigate Portia’s innate predis-
position to respond to the number of prey in a scene, we
standardized rearing, maintenance and testing methods in
ways that minimized the risk of prior experience influencing
experimental outcomes.

The prey that we used in experiments was an unidentified
species of Argyrodes (see [29]) that lives as a kleptoparasitic
spider in other spiders’” webs (see [43]). Argyrodes is one of
Portia’s most common prey in our field site and, besides stealing
prey from other spiders” webs, Argyrodes preys on other spiders
(see [44]), including Portia. As the number of Argyrodes individ-
uals in a single web tends to be highly variable (see [45]), this
particular prey might especially often present Portin with
situations in which numerical cognition would be relevant.

Instead of using living prey in our experiments, we used
lures made from Argyrodes individuals collected as needed
from the field. In this way, we could achieve the required tight
standardization of the prey we presented to test spiders. As is
customary in our research on salticids, we used large sample
sizes and we ensured the independence of the data in our exper-
iments by never using any test spider or lure more than once. We
also reared each individual test spider in isolation from other
conspecific individuals and ensured that no test spiders had
any prior experience with the apparatus and procedures used
in our experiments, with any species of Argyrodes or with lures
of any type.
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Figure 1. Apparatus used in expectancy-violation experiments. Not drawn to scale. Side Walls, Front Wall, Ceiling and Pan not shown. Beginning of trial: test spider
(Portia africana) walks out of Pit and on to top of Starting Tower. Test spiders complete successful trials by proceeding from Starting Tower along Pathway to top of
Viewing Tower. Thin arrows indicate path test spider takes to reach lures; dotted arrow indicates path test spider takes to opt out of completing detour. Inset:
example of a Scene with four lures visible to test spider from Starting or Viewing Tower. Cable-release device moves Scene up and down once every 30 s while the
test spider is on top of Starting Tower and while test spider is on top of Viewing Tower. When test spider arrives at Island, Scene is removed and then replaced by a

different Scene or else the previous Scene is returned.

We carried out all of our experiments between 09.00 and
13.00 (laboratory photoperiod 12 L:12 D, lights on 08.00). For
Portia’s maintenance diet in the laboratory, we used juveniles
of Leucauge (Tetragnathidae) and Nephilengys (Nephilidae),
these being spiders that do not, to human observers, bear
especially close resemblance to Argyrodes. Each Portia individual
was fed to satiation 3 days per week, with roughly equal num-
bers of the two prey types being provided. Once per week, we
supplemented this maintenance diet by adding male mosquitoes
(Anopheles gambiae s.s.) and both sexes of Nilodorum brevibucca
(Chironomidae), a non-biting midge species. The mosquitoes
came from stock cultures, but we collected the other prey from
our field site when needed. As in earlier experiments (e.g.
[29]), there was a 7-day pre-trial fast for each test spider, the
rationale for the fast being to standardize hunger level and
ensure that test spiders were motivated to feed during the trials.

2.2. Lures

For making lures (for details, see [29]), we used three size cat-
egories of Argyrodes (small, 2.0 mm; medium, 3.5 mm; large,
5.0 mm). These categories were defined by body length and
were accurate to the nearest 0.5 mm. Using CO,, we immobilized
each spider and then placed it in 80% ethanol. On the following
day, we removed the spider from the ethanol, put a small drop of
sticky gum (Tanglefoot® Pest Barrier) on one side of its abdomen
and then positioned it so that the drop of gum held it centred on
top of a cork disc. For preservation and for holding the prey
spider firmly in place, we sprayed the disc and dead spider
with a transparent plastic adhesive (Crystal Clear Lacquer,
Atsco Australia Pty). During experiments, the disc was turned
on its side so that, from within the apparatus, Portin had a

side-on ventral-side-up view of the dead Argyrodes individual.
The cork disc was not conspicuous when the lure was viewed
side on because Argyrodes’ abdomen was wider and higher
than the disc’s diameter.

2.3. Experimental apparatus

We designed our apparatus (figure 1) based on knowing that
Portia will adopt detour routes that require first moving away
from prey [46] and from knowing that Portia is reluctant to
enter water [3547]. When explaining our experimental pro-
cedures and later when presenting our findings, we will use
upper case for the more important parts of the apparatus.

Each trial began with a test spider on top of a Starting Tower
(20 x 20 mm, height 140 mm). From this position, the test spider
could view 1-6 lures in a Scene and it could only reach the
Scene by walking down from the top of the Starting Tower,
across a Pathway and then up to the top of a Viewing Tower
(30 x 30 mm, 140 mm high). From the top of the Viewing
Tower, which was the same height as the Starting Tower, the
test spider could then walk across an Access Ramp that would
take it to the Scene.

The Pathway consisted of three Segments, with the Starting
Tower rising from one end of Segment 1 and with the Viewing
Tower rising from an Island situated at the end of Segment
3. We glued the Pathway (height 20 mm) to the bottom of a
Pan (400 x 400 mm) containing distilled water. The water level
was 18 mm, which meant that it was 2 mm below the top of
the Pathway. A Window Wall and two adjacent Side Walls
(400 mm wide x 300 mm high) formed three sides of the Pan.
There was a Window (100 x 100 mm) in the Window Wall and
the Scene was visible through the Window. Around the
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Window, there was a Window Frame and, as each of its four
sides were 30 mm wide, the outer rim of the Window Frame
was 160 x 160 mm.

The Front Wall of the apparatus was 400 mm wide, 150 mm
high and parallel to the Window Wall. As the Front Wall was
shorter than the other three walls, the experimenter on the
other side could easily view the test spider inside the apparatus.
There was a Ceiling extending forward from the Window Wall
for 250 mm toward the Front Wall. Except for the Holder (see
below), the entire apparatus was made of glass and, although
all other glass was translucent, the Window Wall and the
Viewing Tower were opaque.

The Starting Tower was 100 mm away from the Window
Wall, being situated directly across from the right-hand side of
the Window with its top being level with the midpoint between
the top and bottom of the right-hand side of the Window Frame.
We knew from preliminary trials that Portia juveniles of no more
than 5 mm in body length rarely attempted and never succeeded
in clearing horizontal spans of 100 mm by leaping; as we had
stipulated that 5 mm would be the standard test-spider size,
we designed the apparatus accordingly. This ensured that the
only way Portia could reach the Scene in successful trials was
by walking along the Pathway.

After walking down the Starting Tower and crossing Seg-
ment 1 (130 mm x 40 mm), the test spider reached Intersection
1 20 mm x 40 mm) and from there it could then continue on
to Segment 2 (100 mm x 20 mm). Alternatively, the test spider
could opt out of completing the detour by taking an Exit
Ramp (150 mm x 40 mm) to reach the Front Wall of the appar-
atus, thereby ending the trial and forfeiting its opportunity of
reaching the prey.

Test spiders that continued from Segment 2 could next cross
Intersection 2 (20 mm x 10 mm) and then continue on to Seg-
ment 3 (100 mm x 10 mm). From Segment 3, test spiders could
reach the Island (30 mm x 30 mm) and the Viewing Tower that
was situated on the Island. The Viewing Tower had three
walls, its front wall being the wall closest to the Window Wall.
The Tower’s two side walls were perpendicular to the Viewing
Tower’s front wall. These three walls blocked off three sides of
the Island, with Segment 3 of the Pathway joining the centre of
the wall-less side of the Island. Details pertaining to the appar-
atus, including the dimensions of segments, were chosen after
we tried out numerous prototypes and we were confident they
would succeed on the basis of this preliminary work.

The Viewing Tower was opaque and this meant that, on arri-
val at the Island, a test spider could no longer see the Scene in the
Window. We made the side walls of the Viewing Tower slippery
by applying mineral oil and this ensured that the test spider’s
only access to the top of the Viewing Tower was by climbing
the inner side of the front wall. This, in turn, ensured that the
Scene in the Window came back into view only after the test
spider had reached the top of the Viewing Tower. A test spider
that reached the top of the Viewing Tower could then get
closer to the Scene by walking on to the Access Ramp
(100 mm x 10 mm, made from glass) which was situated at the
top right-hand corner of the Viewing Tower and extended hori-
zontally to the midpoint between the top and bottom of the
Window Frame at the left-hand side of the Window.

Each lure in the Scene was secured by a pin to a square Holder
(figure 1, inset). The Holder was a shallow open wooden box
(20 mm deep) positioned vertical with the side facing the
Window (the ‘front side’) being open. The inner dimensions of
the Holder were 110 x 110 mm, and the rim of the box was
only 10mm wide (i.e. the outer dimensions were 130 x
130 mm). Its front side was covered by nylon netting (mesh diam-
eter 2mm) and a 10-mm thick layer of Styrofoam inside the
Holder was pressed against the wooden back. With the Styrofoam
in place, the depth of the Holder was 10 mm. There was a metal

pin connected to the bottom side of the Holder and this pin was n

connected to a cable-release mechanism which, when pressed
and then released, moved the Holder up and then down 5 mm.

Measured from the nylon netting, the Holder was situated
5 mm behind the Window Wall, with each lure on the side of the
netting closest to the Window Wall (distance from bottom of cork
disc to netting 2 mm). For one-lure Scenes, we positioned the lure
in the centre. For multiple-lure Scenes, we positioned a set of
lures in horizontal rows, with 1-3 lures per row. When there was
only one lure in a row, it was in the centre. When there were two
lures in a row, they straddled the centre. When there were three
lures in the row, one lure was in the centre and other two straddled
the centre lure. The distance between nearest-neighbour lures,
whether they were in the same row or in a different row, was
always 30 mm (measured from the centres of the lures).

2.4. Testing procedure

A series of stopwatches was used for timing critical events
during trials. There was a square Pit (18 x 18 mm; depth
10 mm) centred in the top of the Starting Tower and, immedi-
ately before a trial began, the test spider was resting in the Pit,
confined there for 10-15 min by a glass Petri dish (diameter
25 mm) used as a Lid. After removing the Lid, a trial began
when the test spider walked spontaneously out and on to the
top of the Starting Tower. One of the prerequisites for a success-
ful trial was that the test spider had to remain outside the Pit but
on top of the Starting Tower for at least 240 s. Other prerequisites
were that the test spider had to fixate its gaze (see [35]) on the
Scene at least once and that the sum of the durations of all
bouts of fixation on the Scene had to total at least 60 s.

We used a cable-release device for making the Scene move
during two 30-s periods, one immediately after the test spider
came out of the Pit and the other immediately after the test
spider arrived at the top of the Viewing Tower. During these
30-s periods, we moved the Scene up and then down once
every 5s, with each up-down movement taking about 0.5s.
Our rationale for moving the lures was knowing from other
work (e.g. [48]) that moving lures were considerably more
effective than stationary lures at eliciting detouring.

Trials were considered to be ‘successful” only if the test spider
moved successively from the Starting Tower to Intersection 1,
from Intersection 1 to Intersection 2, from Intersection 2 to the
Island, and then from the Island to the top of the Viewing
Tower, without exceeding the maximum allowed elapse of
time (‘latency’) for completing each of the first seven stages in
the detour. Maximum allowed latencies were: (i) 300 s for leaving
the Starting Tower; (ii) 180 s for leaving Segment 1 by moving on
to Intersection 1; (iii) 120 s for leaving Intersection 1 by moving
on to Segment 2; (iv) 180 s for leaving Segment 2 by moving
on to Intersection 2; (v) 120s for leaving Intersection 2 by
moving on to Segment 3; (vi) 180 s for leaving Segment 3 by
moving on to the Island; (vii) 180 s for arriving at the top of
the Viewing Tower; (viii) 300 s for moving on to the Access
Ramp; (ix) 120 s for arriving at the Window Frame; (x) 120s
for attacking a lure. The maximum allowed latency for each
stage was about twice as long as what had been seen during pre-
liminary trials in which the test spider completed the journey
from the top of the Starting Tower to the top of the Viewing
Tower. ‘Leaving’ is the term we use when the spider advanced
to the next part of the apparatus. For example, ‘leaving the Start-
ing Tower” meant the test spider walked out of the Pit, down
from the top of the Starting Tower and on to the surface of Seg-
ment 1, with ‘leaving latency” being the time elapsing between
the test spider walking out of the Pit and arriving on Segment 1.

We aborted testing whenever one of the maximum latencies
was exceeded and also whenever a test spider doubled back,
remained in the Pit for as long as 60 s after the Lid was lifted
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away from the top of the Starting Tower, left the Starting Tower by
leaping, leapt or swam toward a side of the Pan from any part of the
apparatus, or left Intersection 1 by moving on to the Exit Ramp. We
use the expression ‘doubling back” for any instance of a test spider
moving out of physical contact with the specified part of the appar-
atus and then returning to that part of the apparatus and remaining
there for 30 s. Using these rules, no more than 10% of the trials for
any one experiment were ever aborted and the majority of aborted
trials were instances of the test spider moving on to the Exit Ramp.
Spiders from aborted trials were never used in subsequent trials
which meant that, for achieving our predetermined sample size
for each experiment, all spiders from aborted trials were replaced
by taking other spiders from the laboratory culture. After the test
spider completed Stage 7 in a successful trial, it might or might
not also complete Stage 8, Stages 8 and 9 or Stages 8—10. When
applicable, we also recorded ‘latency to attack a lure’, which was
the time elapsing between the spider arriving at the Window
Frame and then leaping or lunging on to a lure.

We relied on two specific responses (departure latency and
arrival frequency) for evidence of expectancy violation, with
both of these responses pertaining to the way the test spider
behaved after reaching the top of the Viewing Tower. ‘Departure
latency” was the time elapsing between arriving at the top of the
Viewing Tower and stepping on to the Access Ramp. ‘Arrival fre-
quency’ refers to the number of test spiders that, after stepping
on to the Access Ramp, continued and reached the Window
Frame. We looked for evidence of spiders experiencing expect-
ancy violation by comparing data (i.e. departure latency and
arrival frequency) from experimental trials (i.e. trials in which
the Scene viewed on the Starting Tower was different from the
Scene viewed on the Viewing Tower) with data from control
trials (i.e. trials in which the Scene viewed on the Starting
Tower was the same as the Scene viewed on the Viewing Tower).

2.5. Experiments

Being interested primarily in whether changing the number
of prey individuals in the Scene affected Portia’s behaviour,
the number of prey we used was kept small, the rationale
being to facilitate Portia discerning each prey as an individual
object (1 versus 2, 1 versus 3, 1 versus 4, 2 versus 3, 2 versus 4, 2
versus 6, 3 versus 4, 3 versus 6). However, we were aware of how
notoriously difficult it can be to manipulate the number of items
in an experiment independently of making substantial changes
related to potentially relevant non-numerical variables. We also
knew that we could not comprehensively rule out all reasonable
possibilities of non-numerical variables influencing Portia’s behav-
iour in our experiments; however, we made a start by considering
effects of prey size and the directions in which prey individuals
faced. Moreover, when three or more prey were in the Scene, we
considered whether the way prey were arranged in rows affected
experimental outcomes (tables 1 and 2).

2.6. Data analysis

We first used Mann-Whitney U-tests to compare ‘detour-
completion latencies” (i.e. time elapsing between arriving on the
top of the Starting Tower and arriving at the top of the Viewing
Tower) in experimental trials with detour-completion latencies
in control trials (null hypothesis: latency the same in experimental
and control trials). The rest of our data analysis was concerned
with the way Portia responded once it was on top of the Viewing
Tower. We used x? tests of independence for comparing frequency
data (null hypothesis: arrival frequency the same in experimental
and control trials). For comparing the latency data after Portia
reached the top of the Viewing Tower, which often failed to
meet the assumptions required for parametric data analyses, we
used Mann—-Whitney U-tests (null hypothesis: departure latency
the same in experimental and control trials). As we had made

many comparisons using the same datasets, we applied an “

adjusted alpha of less than or equal to 0.01.

3. Results

Regardless of whether it was prey arrangement, prey size or
prey number that changed, there were no significant differ-
ences between detour-completion latencies in experimental
trials and detour-completion latencies in control trials
(tables 1 and 2). On the basis of these non-significant compari-
sons, we accepted that it was unlikely that detour-completion
latency influenced the responses we recorded after test spiders
had reached the top of the Viewing Tower.

When we changed prey arrangement (experiments 1-5)
and prey size (experiments 6-7) while keeping the number
of prey in the Scene the same, we found no significant differ-
ences in departure latencies (figure 2) or arrival frequencies
(figure 3). However, we saw instances of departure latencies
(figure 4) and arrival frequencies (figure 5) being consistent
with expectancy violation when the number of prey in view
from the Viewing Tower was different from the number
previously seen by Portia from the Starting Tower.

Departure latencies were significantly higher and arrival fre-
quencies were significantly lower when the number of prey in
the Scene changed from1to2,2to1,3to1,1to4,4to1,3 to
2,2t04,4t02,2to 6 or 6 to 2. When the number of prey changed
from 1 to 3 (experiment 9a), arrival frequencies were signifi-
cantly lower (p=0.002), but departure latencies were not
significantly different after Bonferroni adjustment (p = 0.014;
figure 4). When the number of prey changed from 2 to 3
(experiment 11a), departure latencies were significantly longer
(p<0.001), but arrival frequencies were not significantly
different after Bonferroni adjustment (p = 0.018; figure 5).
No significant experimental-control differences for departure
latencies (figure 4) or for arrival frequencies (figure 5) were
found when we changed the number of prey in the Scene
from 3 to 4,4 to 3, 3 to 6 or 6 to 3 (experiments 14 and 15).

The number of test spiders that attacked a lure after reaching
the Window Frame (Stage 10) was always small (experiments
1-7, 6% of the spiders that reached the Window Frame attacked
a lure in experimental trials and 7% attacked a lure in control
trials; experiments 8—15, 4% attacked a lure in experimental
trials and 6% attacked a lure in control trials) and, accordingly,
we carried out no further analysis of these data.

4. Discussion

Test spiders had two opportunities to see a set of prey in a Scene
during successful trials, first when they were at the top of the
Starting Tower and second when they were at the top of the
Viewing Tower. In some instances, there was evidence that
the test spider’s response while on the Viewing Tower was influ-
enced by whether the number of prey in view was the same as or
different from the number seen earlier from the Starting Tower.
On this basis, we propose that, while on the Starting Tower, the
test spider loaded a representation of prey number into working
memory and that, while on the Viewing Tower, it compared the
Scene it was viewing with a representation of the Scene acquired
while on the Starting Tower.

Using the expression ‘expectancy-violation effect” for
instances in which test-spider response appeared to be influ-
enced by a mismatch in the number of prey viewed from the
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Figure 2. Latency (time elapsing between test spider (Portia africana) arriving at the top of the Viewing Tower and crossing the Access Ramp). Experimental: prey
arrangement or prey size visible from top of Viewing Tower different from prey arrangement or prey size visible from top of Starting Tower. Control: prey arrange-
ment or prey size visible from top of Viewing Tower same as prey arrangement or prey size visible from top of Starting Tower. In all experiments, prey number was
constant. Boxes show medians and upper and lower quartiles, and whiskers show minimum and maximum values. All comparisons n.s. See table 1 for details of
each experiment.

two locations, we found significant expectancy-violation were independent of directional changes (i.e. the effects
effects for 1 versus 2, 1 versus 3, 1 versus 4, 2 versus 3, 2 were significant regardless of whether the change was from
versus 4 and 2 versus 6. In most instances, these effects larger to smaller or from smaller to larger) and, in most
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Figure 3. Percentage of test spiders (Portia africana) that arrived at the Window Frame after crossing the Access Ramp. Experimental: prey arrangement or prey size
visible from top of Viewing Tower different from prey arrangement or prey size visible from top of Starting Tower. Control: prey arrangement or prey size visible from

top of Viewing Tower same as prey arrangement or prey size visible from top
See table 1 for details of each experiment.

instances, our evidence of expectancy violation came from
both types of data (departure latency and arrival frequency).
On the whole, our findings suggest that test spiders were
expecting to see a particular exact number of prey items
when they arrived at the Viewing Tower and that detecting

of Starting Tower. In all experiments, prey number was constant. All comparisons n.s.

a mismatch motivated test spiders to spend more time
inspecting the Scene for further information. However,
details concerning the operating principles of salticid eyes
(see below) preclude our methods letting us say precisely
what test spiders were doing while on the Viewing Tower.
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Figure 4. Latency (time elapsing between test spider (Portia africana) arriving at the top of the Viewing Tower and crossing the Access Ramp). Experimental: prey
number visible from top of Viewing Tower different from prey number visible from top of Starting Tower. Control: prey number visible from top of Viewing Tower
same as prey number visible from top of Starting Tower. In all experiments, prey arrangement and prey size was constant. Boxes show medians and upper and lower
quartiles, and whiskers show minimum and maximum values. See table 2 for details of each experiment.

Two types of data, similar to the types in this study, were also
recorded when expectancy-violation methods were used in
earlier research on Portia ([29]; also see [35]). Test spiders could
see prey of a particular type go out of view and, at a later

time, either the same or a different type of prey came into
view and the test spider could attack it by leaping.
Significantly fewer test spiders initiated predatory attacks when
there was a prey-type mismatch than when there was no
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Figure 5. Percentage of test spiders (Portia africana) that arrived at the Window Frame after crossing the Access Ramp. Experimental: prey number visible from top
of Viewing Tower different from prey number visible from top of Starting Tower. Control: prey number visible from top of Viewing Tower same as prey number
visible from top of Starting Tower. In all experiments, prey arrangement and prey size was constant. See table 2 for details of each experiment.

mismatch, but there were no apparent expectancy-violation
effects on attack latency.

When test spiders in our detour-based experiments here
arrived at the top of the Tower, their only means of reaching
the Scene was by walking along the Access Ramp. The dis-
tance was too far to clear by leaping. As an important

methodological consequence, requiring walking instead of
leaping to reach the prey let us rely on latency, as well as
frequency of response, for evidence of expectancy violation.
Finding largely consistent trends from two types of data
makes us especially confident in our conclusions about
Portia’s reliance on working memory.
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The methods used earlier [29] depended on Portia
responding by leaping when prey that had been hidden
became visible again at close range. However, in more natu-
ral settings, Portia often spends a lot of time moving slowly
toward living prey and getting close enough to attack by lun-
ging instead of leaping [18]. We found in our experiments
here that, instead of leaping, Portin walked closer to the
lures by taking the Access Ramp but then usually failed to
attack. Portia’s reluctance to attack when close in the exper-
iments here is consistent with findings from other studies
which suggest that, when close enough to lunge, Portia is pro-
ficient at distinguishing between living prey and lures made
from dead prey [11].

Discriminating accurately between 1 and 2, 1 and 3, 1
and 4, 2 and 3, 2 and 4 and 2 and 6, but not 3 and 4 or
3 and 6, appears to be consistent with the range over
which vertebrate species have been shown to practise subi-
tizing [49], but the meaning of ‘subitizing’ [50] can be
elusive and we are disinclined to use the term ‘subitizing’
for Portia’s performance in our experiments. Although
subitizing is frequently characterized as an ability to appre-
hend small numbers rapidly, automatically, pre-attentively
and effortlessly, the applicability of ‘automatic’, ‘pre-
attentive’ and ‘effortless’ has been disputed [51-55].
However, there appears to be general agreement that sub-
itizing is rapid and, when we consider Portia’s behaviour
in our experiments, ‘rapid’ in particular appears to be
strikingly inapplicable. When discussing subitizing by pri-
mates (e.g. [31]), for example, ‘rapid’ normally refers to a
response that happens no more than a few seconds after a
stimulus is viewed, whereas Portia’s departure latency (i.e.
time elapsing between arriving at the top of the Viewing
Tower and moving on to the Access Ramp) was typically
a minute or longer.

Conventional meanings of ‘subitizing” also appear to be
incompatible with our understanding of how salticid eyes
work [11]. Salticids have eight eyes, but a large, forward-
facing pair, called the ‘principal eyes’, plays the major role
in identifying prey. Principal-eye corneal lenses are fixed in
place on the spider’s carapace but the retinas of these eyes
are located at the ends of long, slender eye tubes that
extend deep into the salticid’s body. When a salticid views
an object of interest, it moves these long eye tubes from
side to side while simultaneously rotating them alternately
Land [56] called these
movement patterns ‘scanning” and he suggested that, while

clockwise and anticlockwise.

scanning, the salticid carries out an active serial search for
salient features in the image. Unfortunately, determining
details about Portia’s scanning procedure would have
required using a highly specialized salticid-specific ophthal-
moscope while keeping the salticid tethered in position.
This would have been unrealistic during our experiments.
However, the proposed process of slow and effortful piece-
by-piece rendering of objects [11] seems to be almost the
antithesis of the way subitizing is typically described.
Subitizing is sometimes called ‘the object-file system’ but
this is ill advised because object files are relevant to more
than just subitizing [57], including research on the capacity
limits that apply to working memory. That working
memory is subject to severe capacity limits is widely accepted
and, more specifically, there is considerable evidence of
working memory being limited to engaging only three or
four object files at one time (see [58]). Although this limit is

the same as the limit normally attributed to subitizing,
there is also evidence that the proposed working-memory
limit at three or four can be exceeded (e.g. [9,59]). Moreover,
there are divergent arguments over whether the limits that
apply to working memory are best characterized as being
based on a limited availability of object files or instead as
being based on a limited continuous resource, interference
from multiple bindings or some combination of these differ-
ent factors [60—64]. However, ‘object file system’, but not
‘subitizing’, might be an appropriate expression for Portia’s
performance in our experiments.

In our experiments, Portia was proficient at distinguishing
between numbers of prey in the range of 1-3, but apparently
not proficient at making the discriminations 3 versus 4 or 3
versus 6. This may suggest that working memory for Portia
is limited to three object files, and yet Portia apparently deter-
mined that Scenes containing more than three prey items
were different from Scenes containing fewer than three
(i.e. 1 versus 4, 2 versus 4 and 2 versus 6 prey). These findings
suggest that Portia represents 1 and 2 as discrete number cat-
egories and represents 3, 4 and 6 as a single category that we
will call ‘many”’ (see: [7,65]).

We might propose that, during our experiments, Portia was
constrained to use no more than three object files, with a rep-
resentation of one prey corresponding to only one object file
being filled and with a representation of two prey items corre-
sponding to exactly two object files being filled; however, we
might also propose that a representation of ‘many’ prey
corresponds to all three object files being filled, with this
representation not distinguishing between the different num-
bers of prey equal to or more than three (ie. 3, 4 and 6).
This means that, when we say ‘many’ prey, we are specifying
a representation that pertains to something numerical (numer-
ousness) without corresponding to a specific natural number.
However, our confidence in this conclusion is not strong
because it is currently uncertain whether Portia’s failure
to discriminate exact numbers in the many-range is truly
revealing a capacity limit or whether our findings can instead
be explained as instances of Portin not being sufficiently
motivated to make these discriminations (see [66,67]).

The numerical competency of spiders has been con-
sidered in two previous studies, one on P. africana [68] and
the other on Nephila clavipes, an orb-web spider [69]. As
with this study, a natural-history perspective was a strong
feature in both of these earlier studies.

The experiments using N. clavipes depended on knowing
that, instead of feeding immediately after capturing prey, this
spider often makes a ‘larder’ by wrapping its prey in silk, fas-
tens the larder to the web’s hub and then returns to the stored
prey for a meal at a later time [70,71]. In experiments related
to numerical cognition, Rodriguez et al. [69] let N. clavipes
make larders from specific numbers of mealworms before
removing the larders from the web. Nephila clavipes searched
for the missing larders and, although orb-web spiders lack
the good eyesight for which salticids are known [72], they
are proficient at using sensors on their legs for acquiring
information from their webs [73]. Rodriguez et al. [69]
found that N. clavipes searches longer after the loss of a hea-
vier mealworm from the web than after the loss of a lighter
mealworm. They also found that, when total prey weight in
the larder was held constant, N. clavipes searched longer
after a larder that had been made from a larger number of
mealworms was removed from the web.
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Portia africana juveniles (body length 3 mm or less) were
used in the other earlier study [68], with experiments
designed to simulate encounters by P. africana juveniles
with Oecobius amboseli, this being a small spider (body
length of adults 2-3 mm) that builds small silk nests on
stones and on the walls of buildings. The prey-capture rou-
tine adopted by P. africana juveniles is to settle beside an
occupied oecobiid nest and then, by using their legs for
manipulating the nest silk, to make signals to which the resi-
dent oecobiid responds by fleeing from its nest. Sometimes,
the oecobiid is grabbed and eaten as it leaves the nest. In
other instances, a P. africana juvenile makes an ambushing
attack when the oecobiid returns and begins to re-enter its
nest [74]. Many factors, including whether other P. africana
juveniles are already settled at the nest, influence P. africana’s
initial decision to settle at the nest [75]. The presence of con-
specific individuals is relevant because, after one P. africana
juvenile captures a single O. amboseli, other P. africana
juveniles can feed on the same prey at the same time [74].

In experiments, P. africana juveniles were presented with
lures made from dead oecobiids and dead conspecific indi-
viduals [68,75] and the sizes and arrangements of the dead
prey and conspecific individuals were varied systematically.
It was found that P. africana juveniles expressed their stron-
gest predisposition to settle at occupied oecobiid nests
when only a single other P. africana juvenile was present
beside a nest occupied by an oecobiid. As the P. africana
juveniles used in these experiments had no prior experience
with oecobiids, oecobiid nests, the apparatus or the testing
procedure, these findings pertained specifically to innate pre-
dispositions and they suggest that P. africana juveniles make
settling decisions by comparing the scene in view with an
innate prototype of a preferred scene, with this innate
prototype stipulating a single conspecific individual at the nest.

In any experiment related to numerical cognition, it is
important to consider potentially confounding non-numerical
variables such as the density, cumulative contour lengths
and the precise way items are arranged in a scene (see
[76,77]) and yet it is notoriously difficult, and perhaps never
completely possible, to control for all of the non-numerical
variables that might matter [78]. Using lures in this study, as
well as in Nelson & Jackson’s [68] study, precluded the possi-
bility of prey behaviour or the behaviour of conspecific
individuals becoming uncontrolled variables in experiments
(see: [79,80]), but ruling out some of the other potentially
confounding non-numerical variables can be more difficult.

Rodriguez et al. [69] proposed that N. clavipes remembered
the number of separate prey-capture events experienced while
making a larder, and then took this memory into account
when deciding how much time to put into searching for the
missing larder, but they acknowledged another possibility. It
might be that N. clavipes remembered the cumulative effort
or time taken to make the larder. This would still be interesting
in the context of animal cognition, but not so specifically in the
context of representing something countable because remem-
bered cumulative effort or time pertains to continuous
variables. This limitation on what can be concluded might,
in fact, apply widely when proposing that animals represent
numbers of events (e.g. see [81]).

In our study, an alternative possibility is that, instead of
Portia representing exact numbers of prey, the expectancy-
violation effects we observed might have been the
consequence of the test spider detecting a mismatch when

comparing the effort made while examining the Scene from
the Viewing Tower with a representation of the effort that
had been made while examining the Scene from the Starting
Tower. Evaluating this alternative hypothesis would depend
on more precisely specifying what “effort’ means and finding
a way to manipulate effort while keeping the number of prey
in a Scene constant. This alternative hypothesis would also
need to address why the limit we detected was precisely
three, as it is not clear why a limit so specifically at three
would apply if Portia had been representing effort instead
of something related more specifically to numbers.

For understanding our experimental findings, returning
to the topic of object files might be useful. ‘Object files’ are
not literally physical files in an animal’s brain, but the theor-
etical construct known as an ‘object file” may be useful when
trying to understand the individuating of objects and the
holding of separate representations in working memory, as
well as the process of subitizing. All of these tasks can be rel-
evant to things that are countable [63], with only subitizing
implying something rather effortless that happens rapidly
and probably by parallel processing.

We propose that the mechanism by which Portia rep-
resents exact numbers of prey depends on object files;
however, we propose that, instead of relying on subitizing,
Portia slowly individuates objects and then holds separate
representations of these objects in working memory. We
also propose that, instead of using parallel processing (e.g.
[82]) for completing the tasks in our experiments, Portia
used an effortful serial mechanism [52] for filling a limited
number of object files.

Counting is a well-known example of effortful serial pro-
cessing, but our experiments were not designed for
investigating the actual mechanisms by which Portia appre-
hends and represents numbers of prey. We had a more
modest goal of determining whether Portia can represent an
exact number of prey. Yet, it would be interesting to consider
whether Portia actually does rely on counting or something
similar to counting. Gelman & Gallistel [37], in a widely
cited review, stipulated that five principles define and
govern true counting. The terms they used were ‘one-one’
(usually stated nowadays as ‘one-to-one’, or ‘bijection’),
‘stable-order’ (or ‘ordinality’), ‘cardinal’ (or ‘cardinality’),
‘order-irrelevance’ (or ‘invariance’) and “abstraction’ (see [39]).

Whether Portia’s behaviour in our experiments corre-
sponds to the first three of these principles is of particular
interest because it is these principles that most closely
correspond to the mechanics of counting. Bijection, which
depends on individuating items or objects (e.g. the individual
prey items in our experiments), is achieved when each item in
a set is uniquely paired with a single tag (sometimes referred
to as a ‘numeron’) from a set of tags. The items and the tags
are segregated into two categories; items already counted (i.e.
items already assigned a tag) are in one category and items
not yet counted and not yet assigned a corresponding tag
are in the other category. Ordinality stipulates that there is
a specific (‘stable’) order in which tags are serially aligned
to the items being counted (i.e. there is a first, a second and
so forth). Cardinality becomes relevant after bijection and
ordinality have been achieved, with the final ordinal tag spe-
cifying, or ‘representing’, the numerical size of the set. In
mathematics, this property of a set is specified by a cardinal
number, with the term

corresponding in cognitive

psychology often being ‘numerosity’.
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The other two principles, invariance and abstraction, have
no clear relevance to Portia’s behaviour in our experiments,
nor is it easy to identify natural situations in which cognitive
capacities inclusive of invariance and abstraction would be
adaptively relevant to Portia. With invariance, the cardinal
number specifying the size of a set is the same irrespective
of the particular item counted first, second and so forth.
With abstraction, the process of counting does not depend
on the kinds of items being counted. Using the expression
‘true counting’ for instances in which all five principles
apply, it would be more accurate to say the relevant question
pertains to whether Portia practises ‘proto-counting’ (see [5]).

People use number words as tags for bijection, but
Gelman & Gallistel emphasized that words are only one of
many possible counting tags. Perhaps, one of their most
interesting suggestions was that something they called
‘short-term memory bins’ may sometimes be used for tags,
especially if these ‘bins’ correspond at least roughly to what
are now more often called ‘object files’. This suggests a
hypothetical proto-counting procedure that may be appli-
cable to Portia. The bijection method Portia used in our
experiments might have been to commit individual object
files to individual prey items. That Portia has only three avail-
able object files in this context would then explain why
Portia’s performance was accurate only when the number of
prey items was no more than three. Moreover, object-file

use might correspond at least roughly to ordinality if Portia [ 14 |

fills object files by serial processing and if it has access to
the information related to filled versus empty object files.
That animals have access to this type of information is
already a premise in the literature on subitizing [49]. A rep-
resentation of the current status of the object files after
viewing a collection of prey items might at least roughly cor-
respond to cardinality (i.e. a representation of a Scene
consisting of one, two or many prey items, depending on
whether one, two or three object files are filled). If this
hypothesis is correct, then expectancy violation could have
been a consequence of detecting that the number of object
files filled while on the Viewing Tower is different from the
representation derived by filling object files while on the
Starting Tower.

Ethics. All required approvals and permits were included in the
authors’ visiting scientist contracts with icipe.

Competing interests. There are no competing interests to report.

Funding. Our research was supported by grants from the Royal Society
of New Zealand Marsden Fund (UOC1301), the New Zealand
Foundation for Research, Science and Technology (UOCX0903), the
National Geographic Society (8676-09) and the USA National
Institute of Allergy and Infectious Diseases (National Institutes of
Health grant no. R01-AI077722).

Acknowledgements. We thank Stephene Abok Aluoch for his assistance
at icipe.

multiple cache locations and prey quantities in a
food-hoarding songbird. Front. Psychol. 3, 584.
(doi:10.3389/fpsyg.2012.00584)

In Complex worlds from simpler nervous systems
(ed. FR Prete), pp. 5-40. Cambridge, MA: MIT
Press.

References
Dehaene S. 1997 The number sense: how the mind ~ 10. Jackson RR, Cross FR. 2011 Spider cognition. Adv. 19. Jackson RR, Wilcox RS. 1998 Spider-eating spiders.
creates mathematics. New York, NY: Oxford Insect Physiol. 41, 115—174. (doi:10.1016/B978-0- Am. Sci. 86, 350—357. (doi:10.1511/1998.4.350)
University Press. 12-415919-8.00003-3) 20. Shettleworth SJ. 2010 Cognition, evolution, and
Gelman R, Gallistel (R. 2004 Language and 11. Harland DP, Li D, Jackson RR. 2012 How jumping behavior, 2nd edn. New York, NY: Oxford University
the origin of numerical concepts. Science 306, spiders see the world. In How animals see the Press.
441-443. (doi:10.1126/science.1105144) world: comparative behavior, biology, and evolution ~ 21.  Winters S, Dubuc C, Higham JP. 2015 Perspectives:
Matsuzawa T. 1985 Use of numbers by a of vision (eds O Lazareva, T Shimizu, EA the looking time experimental paradigm in studies
chimpanzee. Nature 315, 57—-59. (doi:10.1038/ Wasserman), pp. 133-164. New York, NY: Oxford of animal visual perception and cognition. Ethology
315057a0) University Press. 121, 625-640. (doi:10.1111/eth.12378)
Pepperberg IM. 2006 Grey parrot numerical 12. Jackson RR, Cross FR. 2013 A cognitive perspective ~ 22. Baddeley A. 2012 Working memory: theories,
competence: a review. Anim. Cogn. 9, 377-391. on aggressive mimicry. J. Zool. 290, 161-171. models, and controversies. Annu. Rev. Psychol. 63,
(doi:10.1007/510071-006-0034-7) (doi:10.1111/jz0.12036) 1-29. (doi:10.1146/annurev-psych-120710-100422)
Davis H, Pérusse R. 1988 Numerical competence in ~ 13. Jackson RR, Cross FR. 2015 Mosquito-terminator 23. Kamil AC, Bond AB. 2006 Selective attention,
animals: definitional issues, current evidence, and spiders and the meaning of predatory specialization. priming, and foraging behavior. In Comparative
a new research agenda. Behav. Brain Sci. 11, J. Arachnol. 43, 123-142. (doi:10.1636/V15-28) cognition: experimental explorations of animal
561-579. (doi:10.1017/50140525X00053437) 14.  Curio E. 1976 The ethology of predation. Berlin, intelligence (eds EA Wasserman, TR Zentall), pp.
Seron X, Pesenti M. 2001 The number sense theory Germany: Springer. 106—126. New York, NY: Oxford University Press.
needs more empirical evidence. Mind Lang. 16, 15. Maddison WP. 2015 A phylogenetic dlassification of ~ 24. Taylor AH, Miller R, Gray RD. 2012 New Caledonian
76-88. (doi:10.1111/1468-0017.00158) jumping spiders (Araneae: Salticidae). J. Arachnol. crows reason about hidden causal agents. Proc. Nat/
Hunt S, Low J, Burns KC. 2008 Adaptive numerical 43, 231-292. (doi:10.1636/arac-43-03-231-292) Acad. Sci. USA 109, 16 389—16 391. (d0i:10.1073/
competency in a food-hoarding songbird. 16.  Jackson RR, Pollard SD. 1996 Predatory behavior of pnas.1208724109)
Proc. R. Soc. B 275, 2373 —2379. (doi:10.1098/rspb. jumping spiders. Annu. Rev. Entomol. 41, 287-308.  25. Corballis MC. 2013 Mental time travel: a case for
2008.0702) (doiz10.1146/annurev.en.41.010196.001443) evolutionary continuity. Trends Cogn. Sci. 17, 5-6.
Benson-Amram S, Heinen VK, Dryer SL, Holekamp ~ 17. Nelson XJ, Jackson RR. 2011 Flexibility in the (doi:10.1016/j.tics.2012.10.009)
KE. 2011 Numerical assessment and individual call foraging strategies of spiders. In Spider behaviour: 26.  Ujfalussy DJ, Mikldsi A, Bugnyar T. 2013 Ontogeny of
discrimination by wild spotted hyaenas, Crocuta flexibility and versatility (ed. ME Herberstein), pp. object permanence in a non-storing corvid species, the
crocuta. Anim. Behav. 82, 743 —752. (doi:10.1016/j. 31-56. Cambridge, UK: Cambridge University Press. jackdaw (Corvus monedula). Anim. Cogn. 16, 405—416.
anbehav.2011.07.004) 18. Harland DP, Jackson RR. 2004 Portia perceptions: (doi:10.1007/510071-012-0581-z)
Armstong N, Garland A, Burns KC. 2012 Memory for the Umwelt of an araneophagic jumping spider. 27. Giurfa M, Zhang S, Jenett A, Menzel R, Srinivasan

MV. 2001 The concepts of ‘sameness’ and
"difference’ in an insect. Nature 410, 930—933.
(doi:10.1038/35073582)

bio°buiysijgndAyanosiefossjsi

G€009L0C L S0 aipjialuf


http://dx.doi.org/10.1126/science.1105144
http://dx.doi.org/10.1038/315057a0
http://dx.doi.org/10.1038/315057a0
http://dx.doi.org/10.1007/s10071-006-0034-7
http://dx.doi.org/10.1017/S0140525X00053437
http://dx.doi.org/10.1111/1468-0017.00158
http://dx.doi.org/10.1098/rspb.2008.0702
http://dx.doi.org/10.1098/rspb.2008.0702
http://dx.doi.org/10.1016/j.anbehav.2011.07.004
http://dx.doi.org/10.1016/j.anbehav.2011.07.004
http://dx.doi.org/10.3389/fpsyg.2012.00584
http://dx.doi.org/10.1016/B978-0-12-415919-8.00003-3
http://dx.doi.org/10.1016/B978-0-12-415919-8.00003-3
http://dx.doi.org/10.1111/jzo.12036
http://dx.doi.org/10.1636/V15-28
http://dx.doi.org/10.1636/arac-43-03-231-292
http://dx.doi.org/10.1146/annurev.en.41.010196.001443
http://dx.doi.org/10.1511/1998.4.350
http://dx.doi.org/10.1111/eth.12378
http://dx.doi.org/10.1146/annurev-psych-120710-100422
http://dx.doi.org/10.1073/pnas.1208724109
http://dx.doi.org/10.1073/pnas.1208724109
http://dx.doi.org/10.1016/j.tics.2012.10.009
http://dx.doi.org/10.1007/s10071-012-0581-z
http://dx.doi.org/10.1038/35073582

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4.

Brown MF, Sayde JM. 2013 Same/different
discrimination by bumblebee colonies. Anim. Cogn.
16, 117-125. (d0i:10.1007/s10071-012-0557-2)
Cross FR, Jackson RR. 2014 Specialised use of
working memory by Portia africana, a spider-eating
salticid. Anim. Cogn. 17, 435—444. (d0i:10.1007/
510071-013-0675-2)

Wynn K. 1992 Addition and subtraction by human
infants. Nature 358, 749—750. (doi:10.1038/
358749a0)

Hauser MD, MacNeilage P, Ware M. 1996 Numerical
representations in primates. Proc. Nat/ Acad. Sci.
USA 93, 1514—1517. (doi:10.1073/pnas.93.4.1514)
Pepperberg IM, Kozak FA. 1986 Object permanence
in the African grey parrot (Psittacus erithacus).
Anim. Learn. Behav. 14, 322-330. (doi:10.3758/
BF03205244)

Tarsitano MS, Jackson RR. 1997 Araneophagic
jumping spiders discriminate between detour routes
that do and do not lead to prey. Anim. Behav. 53,
257 -266. (doi:10.1006/anbe.1996.0372)

Jackson RR, Pollard SD, Li D, Fijn N. 2002
Interpopulation variation in the risk-related decisions
of Portia labiata, an araneophagic jumping spider
(Araneae, Salticidae), during predatory sequences
with spitting spiders. Anim. Cogn. 5, 215-223.
(doi:10.1007/s10071-002-0150-y)

Cross FR, Jackson RR. 2016 The execution of
planned detours by spider-eating predators.

J. Exp. Anal. Behav. 105, 194—210. (doi:10.1002/
jeab.189)

Izard V, Pica P, Spelke ES, Dehaene S. 2008 Exact
equality and successor function: two key concepts
on the path towards understanding exact numbers.
Phil. Psych. 21, 491—-505. (doi:10.1080/
09515080802285354)

Gelman R, Gallistel CR. 1978 The child’s
understanding of number. Cambridge, MA: Harvard
University Press.

Marr MJ. 2015 Mathematics as verbal behavior.
Behav. Proc. 113, 75-80. (doi:10.1016/j.beproc.
2015.01.005)

Posamentier AS, Thaller B. 2015 Numbers: their
tales, types, and treasures. Amherst, NY:
Prometheus Books.

Ayer AJ. 1940 The foundations of empirical
knowledge. London, UK: Macmillan & Co Ltd.
Butterworth B. 2008 Numerosity perception: how
many speckles on the hen? Curr. Biol. 18,
R388—R389. (doi:10.1016/j.cub.2008.03.014)
Anderson US, Cordes S. 2013 1 < 2 and 2 < 3:
non-linguistic appreciations of numerical order.
Front. Psychol. 4, 5. (doi:10.3389/fpsyg.2013.00005)
Whitehouse M. 2011 Kleptoparasitic spiders of the
subfamily Argyrodinae: a special case of behavioural
plasticity. In Spider behaviour: flexibility and
versatility (ed. ME Herberstein), pp. 348—386.
Cambridge, UK: Cambridge University Press.
Whitehouse MEA. 1986 The foraging behaviours of
Argyrodes antipodiana (Theridiidae), a
kleptoparasitic spider from New Zealand. N. Z J.
Zool. 13, 151-168. (doi:10.1080/03014223.1986.
10422658)

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

. Whitehouse MEA, Jackson RR. 1993 Group structure

and time budgets of Argyrodes antipodiana
(Araneae, Theridiidae), a kleptoparasitic spider from
New Zealand. N. Z J. Zool. 20, 201—206. (doi:10.
1080/03014223.1993.10422860)

Tarsitano MS, Jackson RR. 1994 Jumping spiders
make predatory detours requiring movement away
from prey. Behaviour 131, 65—73. (doi:10.1163/
156853994X00217)

Cross FR, Jackson RR. 2015 Solving a novel
confinement problem by spartaeine salticids that
are predisposed to solve problems in the context of
predation. Anim. Cogn. 18, 509—515. (doi:10.1007/
$10071-014-0819-z)

Tarsitano MS, Jackson RR. 1992 Influence of prey
movement on the performance of simple detours
by jumping spiders. Behaviour 123, 106—120.
(doi:10.1163/156853992X00147)

Cowan N. 2010 The magical mystery four: how is
working memory capacity limited, and why? Curr.
Dir. Psychol. 19, 51-57. (doi:10.1177/
0963721409359277)

Kaufman EL, Lord MW, Reese TW, Volkmann J. 1949
The discrimination of visual number. Am. J. Psychol.
62, 498—525. (doi:10.2307/1418556)

Balakrishnan JD, Ashby FG. 1992 Subitizing: magical
numbers or mere superstition? Psychol. Res. 54,
80-90. (doi:10.1007/BF00937136)

Trick LM, Pylyshyn ZW. 1994 Why are small and
large numbers enumerated differently? A limited-
capacity preattentive stage in vision. Psychol. Rev.
101, 80—102. (doi:10.1037/0033-295X.101.1.80)
Olivers CNL, Watson DG. 2008 Subitizing requires
attention. Vis. Cogn. 16, 439-462. (doi:10.1080/
13506280701825861)

Trick LM. 2008 More than superstition: differential
effects of featural heterogeneity and change on
subitizing and counting. P&P 70, 743 —760. (doi:10.
3758/PP.70.5.743)

Ross J, Burr DC. 2010 Vision senses number directly.
J. Vis. 10, 10. (doi:10.1167/10.2.10)

Land MF. 1969 Movements of the retinae of jumping
spiders (Salticidae: Dendryphantinae) in response to
visual stimuli. J. Exp. Biol. 51, 471—493.

Fukuda K, Awh E, Vogel EK. 2010 Discrete capacity
limits in visual working memory. Curr. Opin.
Neurobiol. 20, 177-182. (doi:10.1016/j.conb.2010.
03.005)

Luck SJ, Vogel EK. 2013 Visual working

memory capacity: from psychophysics and
neurobiology to individual differences. Trends
Cogn. Sci. 17, 391-400. (doi:10.1016/j.tics.
2013.06.006)

Alvarez GA, Franconeri SL. 2007 How many objects
c@n you track? Evidence for a resource-limited
attentive tracking mechanism. J. Vis. 7, 14. (doi:10.
1167/7.13.14)

Gallistel CR, Gelman R. 2000 Non-verbal

numerical cognition: from reals to integers. Trends
Cogn. Sci. 4, 59—65. (doi:10.1016/51364-
6613(99)01424-2)

Davis G, Holmes A. 2005 The capacity of visual
short-term memory is not a fixed number of

62.

63.

64.

65.

66.

67.

68.

69.

70.

AR

72.

73.

74.

75.

76.

71.

objects. M&C 33, 185-195. (doi:10.3758/
BF03195307)

Halford GS, Wilson WH, Phillips S. 2010 Relational
knowledge: the foundation of higher cognition.
Trends Cogn. Sci. 14, 497—505. (doi:10.1016/j.tics.
2010.08.005)

Oberauer K, Souza AS, Druey MD, Gade M. 2013
Analogous mechanisms of selection and updating in
declarative and procedural working memory:
experiments and a computational model. Cognit.
Psychol. 66, 157—211. (doi:10.1016/j.cogpsych.
2012.11.001)

Wilhelm O, Hildebrandt A, Oberauer K. 2013 What
is working memory capacity, and how can we
measure it? Front. Psychol. 4, 433. (doi:10.3389/
fpsyg.2013.00433)

Feigenson L, Halberda J. 2004 Infants chunk object
arrays into sets of individuals. Cognition 91,
173-190. (doi:10.1016/j.cognition.2003.09.003)
Dehaene S. 2001 Author’s response: is number
sense a patchwork? Mind Lang. 16, 89—100.
(doi:10.1111/1468-0017.00159)

Rowe C, Healy SD. 2014 Measuring variation in
cognition. Behav. Ecol. 25, 1287—-1292. (doi:10.
1093/beheco/aru090)

Nelson XJ, Jackson RR. 2012 The role of numerical
competence in a specialized predatory strategy of
an araneophagic spider. Anim. Cogn. 15, 699-710.
(doi:10.1007/510071-012-0498-6)

Rodriguez RL, Bricefio RD, Bricefio-Aguilar E, Hobel
G. 2015 Nephila clavipes spiders (Araneae:
Nephilidae) keep track of captured prey counts:
testing for a sense of numerosity in an orb-weaver.
Anim. Cogn. 18, 307—-314. (doi:10.1007/s10071-
014-0801-9)

Rodriguez RL, Gamboa E. 2000 Memory of captured
prey in three web spiders (Araneae: Araneidae,
Linyphiidae, Tetragnathidae). Anim. Cogn. 3,
91-97. (doi:10.1007/5100710000066)

Rodriguez RL, Kolodziej RC, Hobel G. 2013
Memory of prey larders in golden orb-web spiders,
Nephila clavipes (Araneae: Nephilidae). Behaviour
150, 1345-1356. (doi:10.1163/1568539X-
00003099)

Land MF. 1985 The morphology and optics of spider
eyes. In Neurobiology of arachnids (ed. FG Barth),
pp. 53—78. Berlin, Germany: Springer.

Barth FG. 2001 A spider’s world: senses and
behavior. Berlin, Germany: Springer.

Jackson RR, Pollard SD, Salm K. 2008 Observations
of Portia africana, an araneophagic jumping
spider, living together and sharing prey. N. Z. J.
Zool. 35, 237-242. (doi:10.1080/
03014220809510119)

Jackson RR, Nelson XJ. 2012 Attending to detail by
communal spider-eating spiders. Anim. Cogn. 15,
461-471. (doi:10.1007/510071-012-0469-y)
(learfield MW, Mix KS. 1999 Number versus contour
length in infants’ discrimination of small visual sets.
Psychol. Sci. 10, 408—411. (doi:10.1111/1467-9280.
00177)

Tibber MS, Greenwood JA, Dakin SC. 2012 Number
and density discrimination rely on a common

S£009107 :£ smo{ awppiu  biobuiysigndAiaposiedorsyss H


http://dx.doi.org/10.1007/s10071-012-0557-z
http://dx.doi.org/10.1007/s10071-013-0675-2
http://dx.doi.org/10.1007/s10071-013-0675-2
http://dx.doi.org/10.1038/358749a0
http://dx.doi.org/10.1038/358749a0
http://dx.doi.org/10.1073/pnas.93.4.1514
http://dx.doi.org/10.3758/BF03205244
http://dx.doi.org/10.3758/BF03205244
http://dx.doi.org/10.1006/anbe.1996.0372
http://dx.doi.org/10.1007/s10071-002-0150-y
http://dx.doi.org/10.1002/jeab.189
http://dx.doi.org/10.1002/jeab.189
http://dx.doi.org/10.1080/09515080802285354
http://dx.doi.org/10.1080/09515080802285354
http://dx.doi.org/10.1016/j.beproc.2015.01.005
http://dx.doi.org/10.1016/j.beproc.2015.01.005
http://dx.doi.org/10.1016/j.cub.2008.03.014
http://dx.doi.org/10.3389/fpsyg.2013.00005
http://dx.doi.org/10.1080/03014223.1986.10422658
http://dx.doi.org/10.1080/03014223.1986.10422658
http://dx.doi.org/10.1080/03014223.1993.10422860
http://dx.doi.org/10.1080/03014223.1993.10422860
http://dx.doi.org/10.1163/156853994X00217
http://dx.doi.org/10.1163/156853994X00217
http://dx.doi.org/10.1007/s10071-014-0819-z
http://dx.doi.org/10.1007/s10071-014-0819-z
http://dx.doi.org/10.1163/156853992X00147
http://dx.doi.org/10.1177/0963721409359277
http://dx.doi.org/10.1177/0963721409359277
http://dx.doi.org/10.2307/1418556
http://dx.doi.org/10.1007/BF00937136
http://dx.doi.org/10.1037/0033-295X.101.1.80
http://dx.doi.org/10.1080/13506280701825861
http://dx.doi.org/10.1080/13506280701825861
http://dx.doi.org/10.3758/PP.70.5.743
http://dx.doi.org/10.3758/PP.70.5.743
http://dx.doi.org/10.1167/10.2.10
http://dx.doi.org/10.1016/j.conb.2010.03.005
http://dx.doi.org/10.1016/j.conb.2010.03.005
http://dx.doi.org/10.1016/j.tics.2013.06.006
http://dx.doi.org/10.1016/j.tics.2013.06.006
http://dx.doi.org/10.1167/7.13.14
http://dx.doi.org/10.1167/7.13.14
http://dx.doi.org/10.1016/S1364-6613(99)01424-2
http://dx.doi.org/10.1016/S1364-6613(99)01424-2
http://dx.doi.org/10.3758/BF03195307
http://dx.doi.org/10.3758/BF03195307
http://dx.doi.org/10.1016/j.tics.2010.08.005
http://dx.doi.org/10.1016/j.tics.2010.08.005
http://dx.doi.org/10.1016/j.cogpsych.2012.11.001
http://dx.doi.org/10.1016/j.cogpsych.2012.11.001
http://dx.doi.org/10.3389/fpsyg.2013.00433
http://dx.doi.org/10.3389/fpsyg.2013.00433
http://dx.doi.org/10.1016/j.cognition.2003.09.003
http://dx.doi.org/10.1111/1468-0017.00159
http://dx.doi.org/10.1093/beheco/aru090
http://dx.doi.org/10.1093/beheco/aru090
http://dx.doi.org/10.1007/s10071-012-0498-6
http://dx.doi.org/10.1007/s10071-014-0801-9
http://dx.doi.org/10.1007/s10071-014-0801-9
http://dx.doi.org/10.1007/s100710000066
http://dx.doi.org/10.1163/1568539X-00003099
http://dx.doi.org/10.1163/1568539X-00003099
http://dx.doi.org/10.1080/03014220809510119
http://dx.doi.org/10.1080/03014220809510119
http://dx.doi.org/10.1007/s10071-012-0469-y
http://dx.doi.org/10.1111/1467-9280.00177
http://dx.doi.org/10.1111/1467-9280.00177

78.

metric: similar psychophysical effects of size,
contrast, and divided attention. J. Vis. 12, 8.
(doi:10.1167/12.6.8)

Cantrell L, Smith LB. 2013 Open questions

and a proposal: a critical review of the
evidence on infant numerical abilities. Cognition
128, 331-352. (doi:10.1016/j.cognition.2013.
04.008)

Uller C, Jaeger R, Guidry G, Martin C. 2003
Salamanders (Plethodon cinereus) go for more:
rudiments of number in an amphibian. Anim. Cogn.
6, 105—112. (doi:10.1007/s10071-003-0167-x)
Gomez-Laplaza LM, Gerlai R. 2012 Activity counts:
the effect of swimming activity on quantity
discrimination in fish. Front. Psychol. 3, 484. (doi:10.
3389/fpsyg.2012.00484)

81.

82.

Franks NR, Dornhaus A, Metherell BG, Nelson TR,
Lanfear SAJ, Symes WS. 2006 Not everything that
counts can be counted: ants use multiple metrics
for a single nest trait. Proc. R. Soc. B 273,
165-169. (doi:10.1098/rsph.2005.3312)

Hyde DC. 2011 Two systems of non-symbolic
numerical cognition. Front. Hum. Neurosci. 5, 150.
(doi:10.3389/fnhum.2011.00150)

bio°buiysijgndAyanosiefossjsi

G€009L0C L S0 aipjialuf


http://dx.doi.org/10.1167/12.6.8
http://dx.doi.org/10.1016/j.cognition.2013.04.008
http://dx.doi.org/10.1016/j.cognition.2013.04.008
http://dx.doi.org/10.1007/s10071-003-0167-x
http://dx.doi.org/10.3389/fpsyg.2012.00484
http://dx.doi.org/10.3389/fpsyg.2012.00484
http://dx.doi.org/10.1098/rspb.2005.3312
http://dx.doi.org/10.3389/fnhum.2011.00150

	Representation of different exact numbers of prey by a spider-eating predator
	Introduction
	Material and methods
	General
	Lures
	Experimental apparatus
	Testing procedure
	Experiments
	Data analysis

	Results
	Discussion
	Ethics
	Competing interests
	Funding
	Acknowledgements
	References


