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Effortful Foraging Activity for Uncertain Food in Pigeons
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When well-known food resources are running out, animals extinguish their foraging behavior in that food patch and increasingly work
for reward-related information to decrease outcome uncertainty. In the absence of such information, a potentially successful strategy
consists of spending more time and effort searching for profitable locations—a phenomenon known from extinction learning
experiments conducted in conventional conditioning chambers. Here, we tested this hypothesis by means of a semi-natural “foraging
board” allowing pigeons to move and look for food items inside perforated holes. The holes could be covered with a slit plastic tape,
hiding the food items they contained while making them accessible to pigeons. Our goal was to determine how pigeons forage on
hidden food items in an area associated with uncertainty (one in three holes baited, on average) when visible or hidden food items were
available in an adjacent area associated with certainty (each hole baited). The number of food items was equivalent in both areas. We
expected longer time spent and more pecks given in the uncertain versus certain area with the food items visible in the certain area, as
well as longer time spent and more pecks given per visit in the uncertain versus. certain area with the food items either visible or hidden
in the certain area. Our results confirm these predictions.
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Actividad de Forrajeo con Esfuerzo para Comida Incierta en Palomas

Cuando los recursos alimentarios conocidos se estdn agotando, los animales extinguen su comportamiento de forrajeo en esa zona de
alimentacioén y comienza a trabajar mas para adquirir informacion relacionada con la recompensa y disminuir la incertidumbre para
encontrarla. En ausencia de dicha informacién, una estrategia potencialmente exitosa consiste en dedicar mas tiempo y esfuerzo a
buscar ubicaciones productivas, un fenémeno descrito desde experimentos de aprendizaje de extincion realizados en camaras de
condicionamiento convencionales. En este articulo, evaluamos esta hipdtesis por medio de una "tabla de forrajeo" seminatural que
permite a las palomas moverse y buscar alimentos dentro de los agujeros perforados. Los agujeros pueden cubrirse con una cinta
plastica, ocultando los alimentos o haciéndolos accesibles a las palomas. Nuestro objetivo fue determinar cémo las palomas forrajean
por alimentos ocultos en un area asociada con incertidumbre (uno de cada tres hoyos cebados, en promedio) cuando los alimentos
visibles u ocultos estaban disponibles en un area adyacente asociada con certeza (cada hoyo cebado). El nimero de alimentos fue
equivalente en ambas zonas. Se esperaba que las palomas pasaran mas tiempo y picotearan mas en el area de incertidumbre versus la
de certeza con los alimentos visibles en el area de certeza, asi como mas tiempo y mas picoteos por visita en el area incierta versus el
area determinada con los alimentos visibles u ocultos en el area de certeza. Nuestros resultados confirmaron estas predicciones.
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Procurement of primary reward—such as food—is a major driver of animal and human behaviors.
Organisms are able to detect food items or to make some predictions about profitable locations they can
approach. When those expectations are limited, because of reward uncertainty in the environment, searching
for reliable information or just profitable locations should temporarily be favored over trying to obtain primary
reward. Information seeking has repeatedly been found to motivate behavior to the detriment of primary reward
procurement in various situations. For example, studies on extinction of operant behavior have indeed shown
that, parallel to a decrease in a previously reinforced behavior, new, previously non-reinforced behaviors are
observed that could indicate attempts to identify new information on alternative operant strategies (Donoso et
al., 2021; Lattal & Lattal, 2012; Tinsley et al., 2002). Also, in the suboptimal choice task, pigeons (Columba
livia), starlings (Sturnus vulgaris), and other species, may strongly prefer a rare cue consistently predictive of
food to a more frequent cue inconsistently predictive of larger food amounts—such that their preference is
suboptimal in terms of the reward rates to be obtained (Cunningham & Shahan, 2019; Fortes et al., 2016;
Vasconcelos et al., 2015). Finally, human and nonhuman animals will work for non-instrumental information—
which does not change the outcome to be delivered (FitzGibbon et al., 2020; Rodriguez Cabrero et al., 2019;
Wang & Hayden, 2019).

By contrast, if limited information is available in an uncertain environment, a relevant strategy that
may lead to reward procurement is to spend more time (i.e., scrutinize a place longer) and effort (e.g., peck or
dig around more often) searching the location of the profitable resource. For example, Stahlman and Blaisdell
(2011) tested rats (Rattus norvegicus) on a foraging board with 16 cups containing sand and one of these cups
was associated with a high-food landmark (i.e., a food item was buried in sand with a 100% probability) or a
low-food landmark (i.e., a food item was buried in sand with only a 20% probability). These authors did not
measure time and effort spent, but they found a higher variability in total number of cups inspected before the
rats searched in the cued cup, in the low-food than in the high-food trials. In the present study, we investigated
the time and effort spent searching for food on a foraging board with pigeons. We used a “foraging board”
allowing pigeons to move and look for food items inside perforated holes. The holes could be covered with a
slit plastic tape, hiding the food items they contained while making them accessible to pigeons. Our goal was
to determine how pigeons forage on hidden food items in an area associated with uncertainty (one in three
holes baited, on average) when an equivalent number of visible or hidden food items were available in an
adjacent area associated with certainty (each hole baited), at the beginning of a training session. The food
depletion status in the certain area is easier to assess by pigeons when the food items are visible rather than
hidden, and this should have an impact on behavior in the uncertain area. Indeed, both the matching law
(Hermstein, 1961) and optimal foraging theory (Stephens & Krebs, 1986) predict a primary focus of animals
on reward, and there is evidence that foraging activity is more intense for visible than hidden food items in
pigeons (Anselme et al., 2018). Depletion of the certain area should be faster when the food items are visible,
leading possibly to longer and stronger foraging activity in the uncertain area.



In a previous study with our foraging board (in which all the holes were covered) and noticeable
differences in the situations tested, we found that more foraging time and effort per visit were observed in the
uncertain area than expected based on reinforcement rates (Anselme et al., 2022). The pigeons had to choose
between 30 cued covered holes consistently baited with one food item per hole (with 60 cued covered empty
holes) on one side of the board and 30 cued covered holes randomly baited out of 90 holes on the other side.
Although the pigeons spent more time and gave more pecks in the 30 holes associated with certainty, they
spent more time and effort per visit in the uncertain area. Given that they consumed similar amounts of food
in both areas, we argued that the additional investment was necessary to optimize food procurement in the
uncertain area. We could not determine whether behavior rates reflected the decrease in reinforcement rates in
the certain and uncertain areas, so that the matching law could not be used in the strict sense (Baum, 1974;
Herrnstein, 1961). But our pigeons constantly traveled between the two areas and food depletion was similar
in both areas at the end of each session, suggesting overmatching in time and effort per visit in the uncertain
area. Given that organisms do not typically prefer uncertainty to certainty (pigs, Sus scrofa: de Jonge et al.,
2008; macaques, Macaca mulatta: Eisenreich et al., 2019; humans: Gneezy et al., 2006; fish, Carassius
auratus: Purdy & Peel, 1988; pigeons: Wilton & Clements, 1971), these findings indicate that uncertainty is
able to boost their investment in the task of obtaining more food items (Anselme & Giintiirkiin, 2019).

Replicating the behavioral effects shown in our previous study, despite significant configurational and
methodological changes, would indicate that deviations from strict matching in a foraging context is a robust
phenomenon. First, we expected longer time spent and more pecks given in the uncertain versus certain area
with the food items visible in the certain area (Experiment 1), as explained above, but perhaps not with the
food items hidden in the certain area (Experiment 2). In this second scenario, the certain area becomes more
uncertain after a few pecks and quickly equivalent in terms of reward rate to the (initially) uncertain area.
Differential behaviors in both areas would possibly be indicative of a motivational/cognitive bias induced by
differential reward density when a session starts, as shown in Anselme et al. (2022). Here, we introduced
significant variations relative to this study to determine whether the behavioral effects (biases) are replicable.
Second, we expected longer time spent and more pecks given per visit in the uncertain versus certain area both
with the food items visible (Experiment 1) and the food items hidden (Experiment 2) in the certain area.
Although we saw that uncertainty is often avoided, when possible, in the absence of a better alternative due to
quick depletion of the certain area, uncertainty tends to stimulate behavioral investment and should therefore
favor foraging persistence when food per hole is not guaranteed (e.g., Bateson et al., 2021; Crawford et al.,
1985; Glueck et al., 2018; Robinson et al., 2014). Again, an absence of major alteration in the behavioral effects
despite important variations in design would indicate robustness of the results.

Experiment 1: Method

The goal of this experiment was to determine the extent to which pigeons can favor food items both hidden and randomly
distributed (33.3% probability per hole) in an area when the same resource is visible and in maximal density (100% probability per
hole) in another area at the beginning of a session.

Animals and Housing Conditions

Nine adult homing pigeons (5 females; average age of all pigeons: 5.42 + 1.15 years) obtained from local breeders had already
been used in a related experiment several months beforehand. They were maintained at 85-90% of their free-feeding body weight for
the duration of the experiment. Water was accessible ad /ibitum in their home cage and the pigeons did not receive additional food
supply to the amounts consumed during a training session. Four pigeons were individually housed, while the other five individuals
were housed in an aviary under a 12 hr light/dark cycle (lights on at 7:30 a.m.). Housing conditions were independent of sex. All
procedures were approved by the ethics commission of the State of North Rhine-Westphalia, Germany, and followed the European
Communities Council Directive 86/609/EEC concerning the care and use of animals for experimentation.



Apparatus

Pigeons were tested in a rectangular wooden box with a net on top to prevent them from flying away. The floor consisted of
a horizontally removable brown plate of wood (120 cm length % 70 cm width x 2 cm height), perforated with 180 holes (1.5 cm diameter
and < 2 cm depth). The holes were organized as nine rows of 20 holes regularly spaced and could be baited with one dried grain or
seed (i.e., corn, green pea, yellow pea, or sunflower). As the board was heavy and difficult to manipulate, it was divided in two equal
parts, and these two parts were placed next to each other during a session to form the complete board. A small entrance compartment
(28.7 cm long x 20.4 cm width x 36 cm height) with two vertical doors allowed the experimenter to introduce the pigeon in the
compartment (external door) and to give the pigeon access to the foraging board (internal door). The entrance compartment was located
in the middle of one long side of the box, which was as the same height.

The foraging board was divided into three areas by means of blue-white strips (Figure 1A). One strip separated the board
into two equal parts of 90 holes, split on either side from the entrance compartment. Another strip separated one of these two parts into
two areas of 30 and 60 holes, perpendicularly to the first one. For these latter two areas, the holes were not covered; the pigeons could
directly see whether a hole was baited or empty, even from a distance. The adjacent 90-holes area was covered with a black plastic
tape, with a cross cut above each hole to create an opening. The openings allowed the pigeons to access the food items while minimizing
the risk that they can detect their presence visually, even when located nearby. Specific stimuli (blue and yellow triangles; basis: 25.5
cm; height: 12.1 cm) were used to signal the consistent presence or absence of food per hole (see below) in the 30- and 60-holes areas,
respectively. A blue-yellow stimulus (composed of the two triangles joined by their basis to form a rectangle) signaled the inconsistency
of the hole-food associations (see below). These stimuli were placed on the walls, 2-4 cm above the floor level and only one per wall
in each area. Each session was recorded with an external camera (GoPro — Hero7), placed above the apparatus.

Figure 1

Food consumption in the uncovered R area versus covered U area.
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Note: Experiment 1. (A) Board 180 with three areas: 30 uncovered holes (R area) and 60 uncovered holes
(NR area) on one side, and 90 covered holes (U area) on the other side. (B) Number of food items consumed
during days 8-10 in the R and U areas. R: Consistently rewarded area; NR: Consistently non-rewarded area;
U: Inconsistently rewarded area.

Before testing the pigeons in the configuration reported above, each individual was exposed to the stimuli for a few sessions.
For that, we used another board of identical size with only 60 holes (six rows of 10 holes, regularly spaced). The holes were all covered,
and a blue-white strip separated the board in two equal sides of 30 holes relative to the entrance compartment. The same blue and
yellow triangles were used to differentiate a consistently rewarded area (each hole was baited) from a consistently non-rewarded area
(each hole was empty). There was one triangle per wall on each side, and no blue-yellow combination was used at training.



Procedure

Both for training and test sessions, the meaning of each stimulus for food availability was counterbalanced across pigeons,
and the location of the blue and yellow stimuli was also counterbalanced within the same individuals to reduce possible side preference
maximally. Of note, these stimuli aimed to help the pigeons locate the different areas but their conditioned value in the absence of food
was not tested. The food items consumed were manually counted after each session and the board was cleaned and prepared for the
next pigeon. Once the pigeons were able to eat at least 80% of the food items available at training, they started the experimental (test)
phase with the 180-hole board. To avoid confusion, the two boards will be referred to as Board 60 and Board 180 hereafter.

The pigeons were weighed and tested individually each day. For each daily session, one pigeon was placed in the entrance
compartment via the external vertical door, which remained closed during the session. The internal vertical door giving the pigeon
access to the board was then immediately removed and the entrance compartment remained open during the session. The pigeon could
move and consume food items in the board’s holes or spend time in the entrance compartment for 10 min daily, and this treatment was
repeated for 10 days.

On one side of Board 180, each hole was baited with one food item in the 30-hole area (rewarded [R] area, consistently
rewarded) and each hole was empty in the 60-hole area (non-rewarded [NR] area, consistently non-rewarded). On the other side, which
also contained 90 holes, 30 holes were randomly baited with one food item and the remaining 60 holes were empty (uncertain [U] area,
inconsistently rewarded). Thus, a pigeon entering Board 180 had a choice between 30 food items consistently signaled and visible in
the R area (blue or yellow triangle) and 30 food items inconsistently signaled and hidden in the U area (blue-yellow rectangle). For a
given pigeon, the meaning of the stimuli had not changed from the training phase and the sides were counterbalanced in such a way
that the U area could appear left or right and the R area close to or far from the entrance compartment during a session.

After a session, the pigeon was picked up using a fishing net from the entrance compartment and the number of food items
consumed in the R and the U areas was manually counted. The board was cleaned and prepared for the next pigeon. The placement of
the food items in the board’s holes of the U area followed a pre-established plan that changed every day and was counterbalanced for
left-right and back-front preferences. After placing the food items, the corners of the crosscut plastic tape above the holes were realigned
using a manual tweezer. No experimental work was conducted during the weekends.

Data Extraction and Statistical Analyses

Some data were obtained directly (i.e., body weight, food items consumed), while others were extracted from the video
recordings (i.e., time spent per area, number of pecks per area, and number of visits per area). We collected video data from the last
three test sessions, when behavior had become stable. In addition to processing the daily data, for each variable of interest, the average
values for the three days were used to reduce random daily variations in performance and obtain more robust behavioral effects. Of
note, determining whether a peck at a hole was successful (food item grasped) or not was mostly impossible from the videos, so that
peck is not a synonym of item consumed. A peck simply meant vertical downshift of the pigeon’s head above a hole.

A pigeon was assumed to be present in an area if its head was in this area—because its body could be in one area while giving
pecks in the adjacent one. No transition between two areas was counted if the pigeon came from one area, had a quick look of a few
seconds above another area, and then went back to the first one. A peck given outside of a hole, even to get a food item that rolled on
the board after an unsuccessful attempt to grasp it from a hole, was not counted. A pigeon might flap its wings while on the board, often
traveling from one area to another. No crossing was counted if the pigeon stopped flapping its wings in the same area before executing
this behavior. A single, well-trained rater—highly reliable compared to another rater in another experiment—collected the video data.

As we used a within-subject design, the statistical analyses were carried out by means of two-tailed repeated measures
analysis of variance (ANOVAs) tests (Statistica 13). All the p-values were corrected for multiple comparisons using the Tukey post-
hoc test, and statistical significance was accepted at p < .05. Effects sizes are reported. Means and standard errors were used for all
calculations.

Experiment 1: Results

After up to 7 days of training with Board 60 (4.3 + 0.6 days; 30 signaled holes baited with one food
item each on one side and 30 signaled empty holes on the other side), the pigeons had learned the meaning of
the blue and yellow triangles. During their last training day, their body weight was 414.5 + 7.1 g and they ate
almost all food items available (26.2 + 1.5). They also gave a number of pecks significantly higher in the
rewarded than in the non-rewarded area (R: 240.5 £ 21.9; NR: 54.8 + 12.7), F(1, 8) = 45.70, p = .0001, np2 =
.85.



The pigeons were then daily exposed to a free choice between a consistent side with two areas (R and
NR) and an inconsistent side consisting of a single area (U) for 10 days, on Board 180. During the last three
days, their body weight remained relatively stable (day 8: 423.9 + 6.4 g; day 9: 429 +£ 6.2 g; day 10: 430 + 6.4
g). Nevertheless, the overall comparison was significant, F(2, 16) = 14.89, p = .0002, n,> = .65, because the
pigeons’ body weight was lower on day 8 versus days 9 and 10 (ps <.002). The pigeons ate a similar number
of food items in the uncovered R and the covered U areas, F (5, 40)=1.33, p= .27, np2 =.14, and they consumed
almost all the food items present in these two areas (Figure 1B).

To study how the pigeons used the different areas while foraging, we equalized their size to 60 holes
regarding the time spent, the number of pecks given, and the number of visits per area. A significant overall
effect was shown across the last three days and areas for the time spent per area (Figure 2A; days 8-10), F(8,
64) = 46.52, p < .001, n,*> = .85. Post-hoc analysis revealed similar durations in the R and the NR areas on
each day (ps > .082), although the durations were higher in the R area, on average. By contrast, the time
spent in the U area was significantly higher than in any other area each day (all ps = 0.0001). No other
comparisons were significant. A comparison of the totals (three days combined) showed an overall
significant effect, totals: F(2, 16) = 119.94, p < .001, n,> = .94. Specifically, a longer time spent in the R
versus NR area (p = .011) and in the U versus R and U versus NR areas were found (all ps = .0002).

The number of pecks per area displayed quite a similar pattern, with an overall significant effect
(Figure 2B; days 8-10), F(8, 64) = 84.53, p < .001, n,* = .91. Post-hoc analysis indicated that the pigeons
pecked more in the R than the NR area on day 8 (p = .01) but the differences were not significant on days 9
and 10 (ps > .088). The pigeons showed a significantly higher number of pecks in the U area relative to the
other two areas on each day (all ps =.0001). A significant decrease in pecking activity occurred in the U area
between days 8 and 9 (p =.027) and persisted between days 8 and 10 (p =.0001). No other comparisons
were significant. Regarding the totals, an overall effect occurred, totals: F(2, 16) = 156.43, p < .001, n,> =
.95. The pecks were more numerous in the R versus NR area (p = .004) and more numerous in the U versus
R and U versus NR areas (all ps =.0002).

Overall, the number of visits differed significantly across days and areas (Figure 2C; days 8-10), F(8,
64) =10.31, p <.001, 1> = .56). Post-hoc analysis showed that the pigeons visited the R area more often
than the NR area on day 9 (p = .0002) but not on days 8 and 10 (ps > .423). However, the R area was visited
more often each day than the U area (ps <.004). The U and the NR areas did not statistically differ on any
day (ps > .370). No other comparisons were significant. The totals indicated an overall significant effect,
totals: F(2, 16) = 49.26, p <.001, n,* = .86. A significantly higher number of visits occurred in the R versus
NR and R versus U areas (all ps =.0002) and in the NR versus U area (p = .008).

Based on the data presented above, we calculated the time spent per visit in the different areas, and
an overall significant effect emerged (Figure 2D; days 8-10), F(8, 64) = 16.88, p < .001, n,> = .68. Post-hoc
analysis identified similar responding between the R and the NR areas (all ps = 1.0), while the time per visit
was significantly higher in the U area than in any of these two areas (ps < .0003). No other comparisons were
significant. Regarding the totals, an overall significant effect was found, totals: F(2, 16) = 58.87, p <.001,
M,° = .88. The difference in time per visit was non-significant between the R versus NR area (p = .91) and it
was significantly higher in the U versus R and U versus NR areas (all ps = .0002).



We also did the same analysis for the number of pecks per visit in the different areas (Figure 2E;
days 8-10), F(8, 64) = 19.40, p < .001, m,*> = .71. Post-hoc analysis revealed no significant difference
between the R and NR areas on any days (ps > .99), while a higher number of pecks per visit was shown in
the U area relative to the other two areas each day (ps <.0005). No other comparisons were significant. An
overall significant effect was found with respect to the totals, totals: F(2, 16) = 53.48, p < .001, n,> = .87).
The R and NR areas generated a statistically similar number of pecks per visit (p = .55) and this number was
significantly higher in the U versus R and U versus NR areas (all ps = .0002).

Figure 2
Use of the Board.
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To have a better idea of how the pecks were distributed between the R and the U areas over time, we
reported what happened during the first three and the last three visits that contained pecks (considering more
visits was not possible due to the differences across pigeons in this respect). We aimed to determine whether
the pigeons ate the easily accessible food first (R area) and then switched to the harder-to-access one (U area)
or whether their pecks gradually decreased in the R area while remaining relatively constant in the U area. The
second hypothesis was correct (Figure 2F). During the first three visits of the R area, the number of pecks
decreased and it remained low during the last three visits, F(1, 2) = 42.41, p = .02. On average, the pigeons
pecked more in the R area than necessary, given the number of uncovered food items available. The U area
was selected three times less than the R area on the very first visit, which makes sense in terms of the probability
of reward per hole. But, pecking behavior remained higher on average and relatively constant over time in the
U area, F(1,2)=7.91, p=.106.

Above, we reported evidence that the pigeons spent more time and gave more pecks in a covered U
area than in an uncovered R area. They also visited the covered U area less often than the uncovered R area,
leading to higher time-per-visit and pecks-per-visit ratios in the U than in the R area. As the R area emptied,
the pigeons persisted in investing effort in the U area. To quantify the pigeons’ investment in the U area, we
compared the values of the observed ratios in the U area with their expected values, assuming that the food
items decreased at the same rate in the R and U areas. Specifically, the U-observed ratios were the real ratio
values (time per visit, pecks per visit, and consumption per visit), calculated for 60 holes with the average
values of the last three training days. They were unrelated to the values in the R area. By contrast, the U-
expected ratios were the values in the R area divided by 3 since food density was three times lower in the U
area. For example, the U-expected value of time per visit for pigeon x was calculated as follows: ((time value
of x in R)/3)/((number of visits of x in R)/3). Only the values per visit were analyzed because, contrary to the
values per area, they violated the expectations from the matching law. Here, our goal was to determine the
extent of such violations.

Given our calculations, a perfect positive correlation and equivalent ratios existed between the R and
the U-expected responses, so we determined how the observed responses in the U area deviated from the U-
expected responses (i.e., from what they should be if behavior strictly matched reinforcement rate). Spearman’s
1 correlation between the observed and expected time-per-visit ratios for each pigeon in the U area was positive
and significant (Figure 3A), » = .76, p = .018. A repeated-measures ANOVA showed that the observed duration
per visit was significantly longer than expected in the U area, F(1, 8) = 58.48, p < .001, n,> = .88. A similar
tendency was found regarding the pecks-per-visit ratios, with a positive and significant correlation between
the observed and expected values for each pigeon in the U area (Figure 3B), » = .76, p = .019. The observed
number of pecks per visit was significantly higher than expected in the U area, F(1, 8) = 52.43, p < .001, n,’
=.87. Applied to food consumption, these analyses also indicated a positive and significant correlation between
the observed and expected consumption-per-visit ratios (Figure 3C), » = .92, p < .001, but the repeated-
measures ANOVA revealed an observed consumption per visit lower than expected, F(1, 8) = 18.35, p =.003,
My = .70.



Figure 3

Correlational analysis between the expected and the observed performance in the U area.
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Note: Experiment 1: (A) Time per visit. (B) Pecks per visit. (C) Consumption per visit. The two regression
lines show how the observed individual responses (open circles) in the U area deviate from their expected
values (black circles), predicted by the pigeons’ responses in the R area.

Experiment 2: Method

In Experiment 1, the pigeons had to choose between visible food items (R area) and the same number of harder-to-access
food items (i.e., hidden behind a cover and omitted in 2/3 of the possible locations [U area]). Each area was cued differently, including
aNR area. This configuration let the pigeons deplete the R area while maintaining seeking behavior in the U area at a relatively constant,
high rate. The time-per-visit and the pecks-per-visit ratios showed a clear-cut higher investment in the U area—as discussed further,
similar findings were also found when all the areas were covered (Anselme et al., 2022). Experiment 2 introduced some variations in
this design. Its aim was to amplify the degree of uncertainty and hence, to determine whether the pigeons were still willing to work
harder, at least per visit, in the U area. First, the NR area was removed, as it was poorly attractive in Experiment 1. Second, the R area
was covered, so the pigeons could not detect food without hole inspection. Third, no wall cues were used, as we do not know whether
they had any influence on performance and preference in Experiment 1. Fourth, the number of food items available in the U area was
changed daily (not just changed in their distribution, as previously), although this number was in total equivalent to that of the R area
across days.

Animals and Apparatus

The same nine pigeons were housed as in Experiment 1. A board with 180 holes was also used, although the general
configuration in the apparatus differed in several respects (Figure 4A). As reported above, the NR area and the cues were no longer
used, and the holes were all covered in the R and the U areas, with a cross cut in the plastic tape to create an opening above each hole.
The R and the U areas were delimited using blue-white strips, glued on the board’s cover. Specifically, a rectangle of 40 holes (8 holes
x 5 holes) was delimited at the center of the board, symmetric relative to each lateral side of the apparatus. The area around this central
rectangle therefore contained 140 holes. It must be noted that Experiments 1 and 2 were not counterbalanced. However, a 2-month
interval separated both experiments, there was not much to learn on the board apart from the hole-food association required to do the
task, and the easiest condition was tested first.



Figure 4

Food consumption in the covered R and U areas.
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Note: Experiment 2. (A) Board 180 with two areas: 40 covered holes (R area, central rectangle) and 140
covered holes (U area). (B) Number of food items consumed during days 8-10 in the R and the U areas.

Procedure

The procedure was the same as in Experiment 1. However, the distribution of the food items was different. At the beginning
of a session (10 min a day), each of the 40 holes in the central rectangle contained one food item, characterizing the R area. The
remaining 140 holes around the central rectangle represented the U area, some holes being baited and the others empty. To amplify the
feeling of uncertainty, the number of food items in the U area changed from day to day for 10 days. For one half of the pigeons, the
number of food items per session in the U area followed this sequence: 40 — 54 — 26 — 10 — 70 — 40 — 50 — 60 — 20 — 30. Thus, the
percentage of baited holes varied between 7.1% and 50%, with an average of 40 food items across the 10 sessions (i.e., the number of
food items found each day in the R area). The other half of the pigeons were exposed to the reverse sequence to counterbalance for
possible positive or negative contrast effects. The proportion of holes in the R and the U areas (40 vs. 140) was similar to that of
Experiment 1 (30 vs. 90). The two areas were arranged differently due to the absence of a NR area and the need to respect lateral
symmetry in the apparatus.

Experiment 2: Results

The pigeons’ body weight remained stable over the last three days (day 8: 430.8 = 10.8 g; day 9: 424.4
+10.8 g; day 10: 426.5£9.7 g, F(2, 16) = 2.81, p = .09, n,> = .26, and they ate a statistically similar number
of food items in the R and the U areas (Figure 4B), F(5, 40) = 1.96, p = .106, n,> = .20.

The use of the board was analyzed after equalizing both areas regarding the number of holes; the values
reported in Figures 5 and 6 refer to 60 holes. Across days, the pigeons spent significantly more time in the R
than in the U area (Figure 5A; days 8-10), F(5, 40) = 23.97, p < .001, n,> = .75, and post-hoc analysis showed
that the difference was significant on each day (ps = .0001). The durations remained stable in both areas (all
ps > .998). Accordingly, the totals for the three days combined in each area indicated a significantly higher
time spent in the R than in the U area, totals: F(1, 8) = 116.22, p < .001, n,> = .93.
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The number of pecks per area displayed a similar pattern. The pigeons gave significantly more pecks
in the R than in the U area across days (Figure 5B; days 8-10), F(5, 40) = 23.48, p <.001, n,” = .74, and the
effect occurred each day (ps = .0001). In each area, pecking behavior did not statistically differ over the three
days (all ps > .938). The totals revealed a higher number of pecks in the R as opposed to the U area, totals:
F(1,8)=139.83, p < .001, n,> = .94.

The number of visits per area was significantly higher in the R than in the U area across days (Fig5C;
days 8-10), F(5, 40) = 86.47, p <.001, ,* = .91, as well as for each day (ps = .0001). Post-hoc analysis showed
that, in the R area, a significant increase in the number of visits occurred between days 8 and 10 (p =.0005),
although the apparent increase from one day to the next remained non-significant (ps > .180). In the U area,
no significant changes were found (ps > .650). In totals, the R area was visited a significantly higher number
of times compared to the U area, F(1, 8) =291.22, p <.001, n,> = .97.

Figure 5
Use of the board.
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Note: Experiment 2: (A) Time spent per area. (B) Number of pecks per area. (C) Number of visits per area.
(D) Time-per-visit ratio per area. (E) Pecks-per-visit ratio per area. (F) Number of pecks during the first three
and the last three visits that included pecks across days 8-10.

11



The findings of longer durations, more pecks, and more visits in the R area as opposed to the U area
with covered holes are not surprising and are consistent with a central prediction of the matching law. In case
of strict matching, the law predicts that the time-per-visit and the pecks-per-visit ratios should be equivalent in
the R and the U areas (i.e., an investment in each area proportional to the expected reward rate). However, the
time-per-visit ratio (for 60 holes) was significantly higher in the U area relative to the R area across the three
days (Figure 5D; days 8-10), F(5, 40) = 6.16, p < .001, n,> = .43, a difference that was only significant on day
8 (p = .029). No significant decreases in performance were shown in any area. The totals indicated a
significantly higher time-per-visit in the U than in the R area, F(1, 8) = 67.20, p <.001, n,* = .89. With respect
to the pecks-per-visit ratio, the overall comparison across the three days was significantly higher in the U than
in the R area (Figure 5E; days 8-10), F(5, 40) = 3.55, p = .009, n,” = .31. But none of the daily comparisons
was significant (ps > .410). The totals showed a higher pecking activity per visit in the U than the R area, F(1,
8) =26.07, p = .001, n,> = .76. Figure 5F illustrates how the pigeons pecked during the first three and the last
three visits that included pecks. In the R area, there was a non-significant trend for a decrease in responding
between the first three and the last three visits including peck, F(1,2) =18.12, p =.051. In the U area, pecking
behavior remained constant over time, F(1, 2) =3.14, p = .218.

We correlated the expected and the observed ratio values (time, pecks, and consumption per visit) in
the U area. A positive and significant Spearman’s r correlation was found between the observed and the
expected time-per-visit ratios (Figure 6A), »=.76, p = .018. A repeated-measures ANOVA between those ratios
for each pigeon showed an observed duration per visit significantly longer than expected in the U area, F(1, 8)
= 45.72, p < .001, n,* = .85. The observed number of pecks per visit was also positively and significantly
correlated with the expected values (Figure 6B), r = .83, p = .005, and the observed values were significantly
higher than the expected ones in the U area, F(1, 8) = 25.17, p = .001, n,> = .76. Applied to food consumption
per visit, the correlation was positive and significant (Figure 6C), » = .93, p < .001, and the observed
consumption per visit was higher than expected, F(1, 8) = 48.45, p <.001, n,> = .86.

Figure 6

Correlational analysis between the expected and the observed performance in the U area.
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Note: Experiment 2: (A) Time per visit. (B) Pecks per visit. (C) Consumption per visit. The two regression
lines show how the observed individual responses (open circles) in the U area deviate from their expected
values (black circles), predicted by the pigeons’ responses in the R area.
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General Discussion

We demonstrated that pigeons have a propensity to invest more time and effort in the task of seeking
locally unguaranteed food items (i.e., U area), but also that the vigorousness of seeking behavior depends on
the information available about the depletion status of initially guaranteed food items (i.e., R area). In
Experiment 1, pigeons had to choose between exploring a U area in which 30 food items were cued, hidden,
and randomly distributed in 90 holes and exploiting a R area in which 30 food items were also cued but visible
and predictable in each of the 30 holes at the beginning of a session. More time and more pecks, but fewer
visits, were found in the U area as opposed to the R area. Accordingly, the time- and pecks-per-visit ratios were
higher in the U area, and higher than expected if foraging activity was under strict control of reinforcement
rate. Nevertheless, the pigeons ate less than expected.

In Experiment 2, pigeons had to choose between exploring a U area in which 40 food items (on
average) were hidden, randomly distributed in 140 holes, subject to daily variation in amount, and not cued,
and exploiting a R area in which 40 food items were also hidden and not cued but predictable in each of the 40
holes at the beginning of a session. As previously, the number of visits per area was lower in the U than the R
area, the time- and pecks-per-visit ratios were higher in the U area (at least, with the three days combined), and
these ratios were higher than expected by reinforcement rate alone. However, the pigeons spent more time and
gave more pecks in the R than the U area and ate more food than expected if consumption was under strict
control of reinforcement rate. Thus, in both experiments, the pigeons showed some willingness to invest more
foraging time and effort per visit in the U area, and this was particularly obvious when the food items in the R
area were directly visible. They ate statistically similar amounts of food in both experiments.

Let us begin with the two major differences that emerge between the results of both experiments. First,
the time spent, and the number of pecks given per area were higher in the U area when the food items were
visible in the R area (Experiment 1) but lower in the U area when the food items were not visible in the R area
(Experiment 2). Because the U and the R areas were adjacent to each other in both experiments, no penalty
can be invoked to explain the observed differences in foraging time and effort. In Experiment 1, the U area
became quickly more inspected than the R area, probably because the pigeons could estimate by sight the food
depletion status in the non-covered R area. Once totally emptied, the R area was no longer a profitable option,
and the pigeons invested all their time and effort trying to obtain a maximal number of food items in the U
area. This situation represented a forced rather than free choice, and we saw an inversion of preference from
the R to the U area as soon as the second visit. Put simply, after a time, choosing the covered U area was the
only opportunity for the pigeons to continue eating. By contrast, in Experiment 2, the R area was covered, so
its depletion status after multiple pecks could not easily be assessed—and became as uncertain as in the U area.
One possible explanation for the multiple revisits in the R area is that pigeons failed to remember the locations
they inspected previously (Roberts, 1988; Spetch & Edwards, 1986; Wittek et al., 2022). In this case, the
pigeons showed a motivational/cognitive bias for more investment in the R area, which was the most profitable
option at the beginning of a session. If the number of visits in an area is indicative of a preferred place, we can
argue that the R area was preferred over the U area when both were covered.
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The second major difference between Experiments 1 and 2 is the lower food consumption per visit
than expected from reinforcement theory in the U area in Experiment 1 and the higher food consumption per
visit than expected in the U area in Experiment 2. The correlational results shown in Figures 3C and 6C capture
the origin of this difference. Once equalized for 60 holes, consumption in the R area was higher in Experiment
1 (53.9 + 3.1 items)—food items not covered—than in Experiment 2 (29.9 £ 2.5 items)—food items covered.
Given that the U-expected consumption values were calculated based on consumption in the R area, the range
of those values were therefore higher in Experiment 1 (2.7 — 10) than in Experiment 2 (0.4 — 1.7), for quite
similar ranges with respect to U-observed consumption values (2.2 — 6.5 and 1.7 — 5.4, respectively). The high
expected consumption values relative to the observed consumption values in the U area in Experiment 1
explain why the pigeons ate less than expected.

By contrast, the low expected consumption values relative to the observed consumption values in the
U area in Experiment 2 explain why the pigeons ate more than expected. Interestingly, however, the pigeons
ate the same amounts of food in the R and U areas in both experiments. This indicates that an overinvestment
in time and effort (at least per visit) in the U area was necessary to collect a number of food items statistically
equivalent to that found in the R area. This conclusion is based on correlational rather than causal analysis,
which would have been required to determine whether successful pecks were preceded by longer inspection
times. But—at least in Experiment 2—a downward adjustment of foraging activity to reward rate in the U area,
predicted by the matching law, would not have allowed the pigeons to extract as many food items as possible
in the U area. Food uncertainty per hole forced the pigeons to work harder (overmatching) than expected from
reinforcement theory in order to exploit the U area maximally (i.e., as efficiently as the R area). A similar result
had also been obtained with the holes covered in both the R and U areas, using the design of Experiment 1
(Anselme et al., 2022).

In many choice situations, behavior deviates from what the matching law predicts (McDowell, 2013;
Strand et al., 2022), and the indiscriminate use of this principle—in other words, ignoring the ecological
conditions in which organisms operate or the psychological processes at stake—is problematic (Houston et al.,
2021; Kacelnik & Todd, 1992). However, our experimental design did not allow us to determine the rate at
which reinforcement decreased over a session. The matching law is therefore not applicable in the strict sense.
Instead of reinforcement rate, we used the outcome (food consumption) for the comparison. Nevertheless, the
absence of significant difference in the number of food items consumed in the U and the R areas strongly
suggests that the additional time and effort spent scrutinizing and pecking at the holes in the U area is
responsible for the pigeons’ foraging success in this area.

According to the marginal value theorem (Charnov, 1976), an area should be left earlier if depleted
more quickly. This is what clearly happened in Experiment 1 with respect to the non-covered R area since the
food items were visible. However, when performance was analyzed per visit, Experiments 1 and 2 showed a
higher investment in the U area compared to R area of equivalent size (60 holes). Thus, the accessibility of
predictable food items at start (covered vs. not covered) has no strong influence on foraging investment per
visit in a covered area containing unpredictable food items. The U area was not more profitable in the absolute,
but the animal may somehow perceive failure to eat under uncertainty as the consequence of a lack of
investment in foraging—while failure to eat under initial certainty is a consequence of food depletion in the
environment.

One possible limitation of this study is that we reused pigeons from a related experiment. However, as
mentioned earlier, there was a gap of several months between the experiments. Also, despite similar preferential
investment per visit in the U area, we saw that the pigeons adjusted their behavior to the experienced situations
rather than showing inflexible response patterns across experiments. So, there is no clear evidence that previous
training had significant effects here.
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Another possible limitation is that Experiment 2 differed from Experiment 1 in several respects: no
NR area, no cues on the walls, R area covered, and daily variation in food amounts in the U area. However,
the results of Experiment 2 appear very similar to those of an already published study in which the design of
Experiment 1 was used with covered holes in the R and NR areas (Anselme et al., 2022). In both cases, the
pigeons spent more time and gave more pecks in the R area but showed higher time-per-visit and pecks-per-
visit ratios in the U area—with a tendency to eat more food items per visit than expected. Perhaps the absence
of a NR area and of wall cues explains why the pigeons alternated choice between the R and the U areas very
often, causing more visits than in the previous study. But this did not change the behavioral patterns of interest.
A perfect control would consist of replicating Experiment 1 (uncovered R area) using the layout of Experiment
2, that is, a central R area representing 1/3 of the total surface available—instead of 1/3 of one half of the
board. However, given the similar results obtained in Experiment 2 and the Experiment 2 reported in Anselme
et al. (2022), we think that most of the differences in design between Experiments 1 and 2 in the present paper
have no real impact on the pigeons’ foraging behaviors. The only difference that appears to matter is the
presence or the absence of a hole cover in the R area.

The evidence that pigeons work harder in an uncertain environment is in line with findings collected
by means of various experimental procedures. Mammals and birds increase their response rates to a cue
randomly followed by food or nothing (Anselme et al., 2013; Bateson et al., 2021; Crawford et al., 1985;
Gottlieb, 2004; Rauwolf et al., 2021; Robinson et al., 2019) or in situations of unpredictable food shortage
(Dickins & Schalz, 2020; Srivastava et al., 2015), compared to their safer counterparts. Also, the responses to
a low probability of food are more variable in their expression than when food probability is higher (Blaisdell
et al., 2016). Donoso et al. (2021) developed a simple neural associative computational model to identify the
mechanisms that drive the emergence of new, previously non or less reinforced behaviors after a decrease in
reward of a previously established behavior (Packheiser et al., 2019; 2021). They discovered that mere
associative learning, combined with a decision-making process that rests on winner-takes-all, gives rise to
exploratory behaviors and persistence on previously unrewarded or less rewarded responses. This is not to say
that animals develop motivational attraction for uncertain rewards, like they do for highly expected foods and
drugs (Berridge, 2007), in which case they should prefer a reward-related cue predictive of uncertainty
compared to certainty (Anselme, 2021; Anselme & Giintiirkiin, 2019). As noted earlier, they do not typically
exhibit such a preference (pigs: de Jonge et al., 2008; macaques: Eisenreich et al., 2019; humans: Gneezy et
al., 2006; fish: Purdy & Peel, 1988; pigeons: Wilton & Clements, 1971). If we assume that the number of visits
per area is a good proxy of preference, our present data are compatible with this fact, since the R area received
more visits than the U area in both experiments.

However, reward uncertainty represents a major environmental challenge that organisms must
overcome or resolve to improve their survival and/or reproductive success. The widespread stimulating effects
of reward uncertainty on behavior are difficult to understand without suggesting that they have an evolutionary
function, which might be to respond to challenging situations involving unguaranteed reward (Anselme, 2023).
Abrams (1991) showed that foraging effort should increase in the aim of minimizing mortality, in case food
density is too low or its increase too temporary. Overmatching under reward uncertainty on the board could be
the consequence of a motivation to put more (rather than less, as traditionally predicted) time and effort in the
task because countering/resolving uncertainty matters. Current evidence indeed suggests that pigeons are
excellent information seekers (Herbranson, 2012; Wilton & Clements, 1971) and strongly intolerant to delayed
outcomes (Mazur & Biondi, 2009), especially if non-signaled. Accordingly, they prefer to receive less food
from an option in which two cues are consistently predictive of food or no food, respectively, over receiving
more food when the possible cues are both inconsistent (e.g., Fortes et al., 2016; Smith & Zentall, 2016). Our
findings provide further evidence that pigeons prefer consistent cue-reward pairings (hole-food pairings in the
R area) but invest more time and effort when those pairings are inconsistent (U area).
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