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Abstract

In hybrid foraging tasks, observers search visual displays for multiple instances of any of several
types of targets with the goal of collecting targets as quickly as possible. Here, targets were
photorealistic objects. Younger and older adults collected targets by mouseclicks. They could
move to the next display whenever they decided to do so. The number of targets held in memory
varied between 8-64 objects and the number of items (targets and distractors) in the search
displays varied between 60-105 objects. Older adults foraged somewhat less efficiently than
younger adults due to a more exploitative search strategy. When target items became depleted in a
patch and search slowed down, younger adults acted according to the optimal foraging theory and
moved on to the next patch when the instantaneous rate of collection was close to their average
rate of collection. Older adults, by contrast, were more likely to stay longer and spend time
searching for the last few targets. Within a patch, both, younger and older adults, tended to collect
the same type of target in “runs”. This behavior is more efficient than continual switching between
target types. Furthermore, after correction for general age-related slowing, RT X set size functions
revealed largely preserved attention and memory functions in older age. Hybrid foraging tasks
share features with important real-world search tasks. Differences between younger and older
observers on this task may therefore help to explain age differences in many complex search tasks
of daily life.
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Introduction

Searching in the visual world is a ubiquitous task of daily life: We look for products in the
grocery store, our friends in a crowd of people, tablets in the medicine cabinet, or news on
webpages. Older adults experience difficulties in a variety of real-world visual tasks, and
there are multiple cognitive processes that potentially contribute to less efficient search
behavior in older age (Stanovich, 2011). One assumed source is age-related decline in
attentional control (e.g., McDowd & Shaw, 2000). In visual search, attentional control is
involved in the top-down selection of task-relevant information that is difficult to distinguish
from surrounding distracting information, as in a cluttered display or scene (Grahame,
Laberge, & Scialfa, 2004; Ho, Scialfa, Caird, & Graw, 2001; Madden, 2007). Another key
function assumed to be affected by aging is episodic long-term memory, the explicit retrieval
of events from the past (Grady & Craik, 2000; Naveh-Benjamin, 2000). Visual
representations retrieved from long-term memory enable observers to find and recognize
previously encountered objects, faces, and scenes. Besides these cognitive limitations, age-
related changes in strategies, goals, and beliefs (Mather, 2006) influence how older
observers gather information in the visual world. Previous research suggests that older
adults, compared to younger adults, favor exploitative over explorative behavior (Chin,
Anderson, Chin, & Fu, 2015; Chin, Payne, Morrow, & Stine-Morrow, 2015). However,
aging can be associated with a decrease in exploitation in difficult search tasks, It is assumed
that this reduced exploration under high cognitive load is adaptive to a domain-general age-
related reduction impairment in cognitive control processes (Hills, Mata, Wilke, & Samanez-
Larkin, 2013; Liu, Chin, Payne, Fu, Morrow, & Stine-Morrow, 2016; Mata & Helversen,
2015).

In the present study, we investigate how age differences in attention, memory, and search
strategy affect performance in a “hybrid foraging task™ (Kristjansson, Jdhannesson, &
Thornton, 2014; Wolfe, Aizenman, Boettcher, & Cain, 2016). In classic visual search,
observers search for an instance of one type of target. In “hybrid search”, observers search
for an instance of any of several target types, held in memory. Thus, hybrid search combines
visual and memory searches. In classic foraging tasks, observers collect multiple instances
of a single target type from visual displays. “Hybrid foraging”, the task used here, combines
hybrid search with foraging: Observers are looking for multiple instances of multiple target
types. A real-world example of a hybrid foraging task would be helping your grandchild to
find all crayons, pads of paper, and stuffed bears that need to be taken on vacation. In the
laboratory version of this task introduced by Wolfe and colleagues (2016), young adult
observers first memorized 8 to 64 realistic photo objects and then searched for multiple
instances of any of the target objects they held in memory through several displays, so called
“patches“1. See Figure 1, for an example of a patch, in which observers might be collecting
motorcycle helmets, baseball caps, and backpacks.

Observers gained points for each correctly collected target and were instructed to achieve a
given number of total points as quickly and as accurate as possible. Over time, the targets in

Lindividual screenfuls of items are referred to as “patches” because the foraging literature has its roots in studies of animal foraging
from one patch of food to another.
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the current patch become depleted and, thus, search becomes harder. The total number of
targets in a patch was unknown. Importantly, observers were free to choose when to leave
the current patch to ‘travel’ to the next patch, i.e. observers were not instructed to search
exhaustively. In such a foraging task, it is important to know when the observer decides to
leave the patch to travel to the next (Bond, 1981). This would not be an issue under
exhaustive search conditions, where the observer is required to collect all targets
(Kristjansson, et al., 2014). In the younger sample investigated by Wolfe and colleagues
(2016), the average time when observers decided to move to the next patch largely followed
predictions based on Charnov’s Marginal Value Theorem (MVT). MVT is an optimal
foraging model that was originally studied in the animal literature (Pyke, 1978). MVT states
that the optimal forager in a non-exhaustive search scenario will travel to a new patch when
the instantaneous rate of collection from the current patch drops below the average rate of
collection over all patches (Charnov, 1976). In young adult observers, mean response time
(RT), across patches, was shown to increase linearly with the number of items in the visual
display and logarithmically with the number of items in the memory set (Wolfe et al., 2016).
This is similar to the RT results reported in simple hybrid search tasks, where observers
search for just oneinstance of any of several possible targets among distractors (Boettcher &
Wolfe, 2015; Cunningham & Wolfe, 2014; Wolfe, 2012; Wolfe et al., 2015). In addition it is
possible to analyze how the observer organizes search withina patch in hybrid foraging.
Younger observers typically do not pick randomly among available targets; rather, they
collect items in “runs” of picking instances of the same target type (Wolfe et al., 2016). In
the example (Figure 1), this might mean that an observer would collect helmets, one after
another, until the rate for helmet collection drops to some level. At that point, the observer
might switch to backpacks, and so forth. Notably, the same tendency to search in runs is
found in foraging tasks with multiple targets using simple, abstract stimulus material like
colored simple shapes (Kristjansson et al., 2014; Wolfe, Aizenmann, & Cain, 2019). The RT
data indicate that searching again for the same item is faster than switching to search for
another targets type. This behavior can be seen as the product of two forms of priming
(Kristjansson, & Campana, 2010; or selection history effect; Awh, Belopolsky, & Theeuwes,
2012; Theeuwes, 2018). First, selection of one item primes the fundamental features of that
item (color, size, etc). This makes it more likely that attention will be guided to a subsequent
item with those features. Second, selection of one item primes the identity/meaning of that
item (Neely, 1977; Posner & Snyder, 1975; Sperber, McCauley, Ragain, & Weil, 1977). This
makes it faster to identify a subsequent target if it has the same, primed identity. At the same
time, searching for and identifying a new target type takes longer, imposing a type of switch
cost (Monsell, 2003; Wolfe, et al., 2019). Previous studies demonstrated that feature- and
identity-repetition priming effects are largely spared in older age (Fleischmann & Gabrieli,
1998; Laver & Burke, 1993; Madden, 2007; McCarley et al., 2003; Wiegand, Finke, Miiller,
& Tollner, 2013). By contrast, switch behavior may change with age. Task-switching
paradigms showed increased switch costs in older age largely consistently (Craik &
Bialystok, 2006; Kramer, Hahn, & Gopher, 1999). However, in a semantic fluency
information search task, older adults were less perseverant and tended to switch more
between retrieval cues (Hills et al., 2013). Whether and how switch costs between target
types vary with age in the hybrid foraging task remains to be tested.
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In the present study, we examine whether and how performance differs between younger and
older observers in a hybrid foraging task, similar to the one introduced by Wolfe et al.
(2016).. One may expect that age-related decline in attention and memory result in higher
RT costs for older adults as visual and memory set sizes increase. However, our previous
results from single-target hybrid search did not reveal age-specific impairments beyond
general age-related slowing (Wiegand & Wolfe, 2019) and our present data replicate that
finding. Apart from changing RT x set size functions, memory decline may cause older
observers to omit certain target types entirely because they dropped from their memory. Our
results do not support this either. Second, previous work using tasks like virtual fishing
(Mata, Wilke, & Czienskowski, 2009; Mata, Wilke, & Czienskowski, 2013), digital
information search (Chin, Andersen, et al., 2015), or word search puzzles (Chin, Payne, et
al., 2015) showed that older adults adopt a more exploitative foraging strategy than younger
observers. Thus, in the hybrid foraging task, older observers might leave patches later than
would be predicted by MVT. As we will show, on average, older observers indeed do wait
until the instantaneous rate of collection has dropped significantly below the average rate of
collection before leaving the patch. This makes them less efficient than younger adults in
terms of points per unit of time. Finally, we suspected older observers may stick longer in
runs within a patch and avoid costly switches between target types because their flexibility
in activating target templates from long-term memory is reduced. However, younger and
older observers showed very similar within-patch search strategies and comparable switch
costs.

2. Method

2.1 Participants

We collected the data from 12 healthy younger adults (Mean age=24.18, SD=2.68, 11
female) and 12 older adults (Mean age=72.50, SD=5.35, 6 female). All participants had to
meet the inclusion criteria and pass the screening process described below. The participants
were recruited by clinical trials announcement of Partners/Brigham and Women’s hospital,
Boston University (only younger adults) and advertisement in the magazine FiftyPlus
Advocate (only older adults). Data were collected in accordance with the Declaration of
Helsinki on ethical principles. Participants took part voluntarily, gave their informed
consent, and were paid $11 per hour for their time. The Partners Healthcare Corporation
Institutional Review Board approved all experimental procedures.

Participants had at least 20/25 visual acuity (including correction through glasses) and
passed the Ishihara test for colorblindness. Moreover, participants could not take part in the
experiment if they reported any history of any eye or muscular disorder, somatic disorder,
neurological disorder or psychological/psychiatric disorder. We further screened participants
for present severe depressive symptoms using the Center for Epidemiologic Studies
Depression Scale (CES-D, Radloff, 1977) and older participants for signs of beginning
dementia using the Mini Mental State Examination (MMSE, Folstein, Folstein, & McHugh,
1975). Participants who had scores higher than 20 on the CES-D or scores below 26 on the
MMSE could not take part in the upcoming experiment. One older participant had to be
excluded from the experiment due to this reason.
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Of those who were eligible, we further assessed demographic information (age, sex,
education) using a questionnaire, verbal abilities (verbal 1Q) by the North American Adult
Reading Test (NAART, Blair & Spreen, 1989; Nelson, 1982), and cognitive and visuo-motor
speed by the digit symbol substitution task (DSST, Wechsler, 1958). Additionally, we
assessed participants’ subjective cognitive failures in everyday tasks by the Cognitive
Failures Questionnaire (CFQ, Broadbent, Cooper, Fitzgerald, & Parkes, 1982) and older
participants’ cognitive reserve2 by the cognitive reserve index questionnaire (CRIq, Nucci,
Mapelli, & Mondini, 2012). A comparison of the demographic information of our sample,
including the data of the screening tests can be found in Table 1. More details about the
sample can be found in the Supplement.

2.2 Stimulus Material and Apparatus

The stimulus items were drawn from 1,922 distinct, highly-discriminable object images
selected from the database of 2400 unique objects developed by Brady, Konkle, Alvarez, and
Oliva (2008). From the original folder, 474 images were removed for various reasons. We
excluded objects that were primarily white or translucent and thus not very distinct from the
background and objects that were cut off and, thus, might look odd in a moving display. In
addition, we excluded images of objects that included words, numbers, arrows or were very
similar to other objects, images that showed landscapes or humans, images that contained
multiple objects, and images that seemed potentially disturbing.

The stimuli were presented on a 24” screen with a refresh rate of 60 Hz, on an iMac, model
A1225 (EMC 2211). The experiment was programmed in Matlab version 9. 0.0 using the
Psychtoolbox, version 3.0.11 (Brainard, 1997). Items were up to 75 x 75 pixels, subtending
a maximum of approximately 1.8 x 1.8 degrees of visual angle at average viewing distance
of 61cm. The mouse curser had a size of 0.94 x 0.94 degrees of visual angle.

2.3 Experimental Procedure

The experiment had four blocks, each with a different MSS of 8, 16, 32, or 64. The order of
the blocks was randomly selected. Each block began with a memorization phase in which
the target objects were presented individually on a white screen for three seconds, followed
by an old/new recognition task (50% target prevalence) to test the observer’s memory for the
target set. If an observer failed to reach a level of 75% correct responses, the image stream
and memorization test would be repeated. However, all younger and older observers
achieved the criterion on 75% at the first attempt. Overall recognition rate was 94.76 % for
younger observers (SD=4.02) and 94.92% for older observers (SD=4.38) and did not differ
between age groups (T(22) = 0.095, p=.925). Good recognition memory is a prerequisite to
performance of the hybrid foraging task. Preserved recognition memory in older adults was
reported earlier (Jacoby, 1990; Yonelinas 2002). The main question of the present
experiment was to test whether the reactivation of the target templates from long-term
memory during search differs between age groups.

2Cognitive reserve refers to an individual’s resilience to brain damage (Stem, 2002). It describes the phenomenon where older adults
with more cognitively stimulating environments (e.g. longer education, challenging occupation, leisure and social activities) show less
age-related cognitive decline
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After the recognition memory test was passed, the observer moved on to the hybrid foraging
task, in which multiple instances of several of the memorized objects were to be found (via
mouse click) in displays (or “patches”, to use the foraging term) of moving objects. Stimuli
moved continuously at a rate of 1.25°/s using an algorithm borrowed from multiple-object
tracking experiments. Items independently moved towards randomly selected goal locations
that changed over time. Items were repulsed by the edges of the patch, the center of the
patch, and other items, though items could overlap. The objects in a patch consisted of
memorized objects and novel distractor objects, which together constituted the visual set
size of a patch. The initial visual set size varied between 60, 75, 90, and 105 objects and was
selected randomly for each patch. When the observer clicked on an item, it disappeared from
the patch. At the onset of each patch, 20-30% of the objects in one patch were target objects.
Regardless of the memory set size, two, three, four or five different target types were present
in each patch, with the number of target types being randomly selected. The target types
within a patch had similar counts. The number of distractor items was chosen such that
target and distractor item types had similar counts. Across patches, target types and
distractor types were chosen randomly and appeared equally often, within and across
participants. Items that were targets in one block never appeared as distractors in another
block. Distractors were never repeated within a block, but could reappear in another block,
as there were not enough objects to use each item only once. Importantly, the number of
repetitions of target and distractor items were the same for all participants, and thus, for age
groups. The random selections of visual set size across trials and memory set size across
blocks were counterbalanced.

The task was to collect a given number of points as quickly as possible. In each experimental
block, participants had to collect 1000 points. For each collected target object, participants
received two points and for each distractor they clicked on by mistake (false alarm), they lost
one point. Participants received feedback about false alarms immediately in form of a red
cross that appeared at the location of the collected distractor in order to prevent observers
from continuing to collect a type of distractor item that had been erroneously classified as a
target. Note that false alarms were very rare in both age groups (see Results 3.1 below). The
current score was always presented in the middle of the search patch. Importantly,
participants had to decide when they wanted to move to a new patch. They did not need to
collect every target in a patch before moving and, in fact, were encouraged in the initial
instructions to think about moving if they thought it would speed the collection of points
(see Supplement, for the original instructions). To move to the next patch, participants
clicked the “next” button in the middle of the patch. A two second “travel time” was added
between patches. Because of the time required to compute the stimuli and other
programming overhead, the total time from the last item collected in a patch to the
appearance of the next patch was on average 5 sec.

Before the experiment started, participants completed one shorter practice block with a
memory set size of 16. The practice block was included to make sure that participants
understood the instructions and to familiarize them with the task. The practice block was
longer for older than younger participants. Older observers had to collect 100 point while
younger observers collected only 50 points. As most older adults are less experienced with
computers and skill learning takes longer than in younger age (Broady, Chan, & Caputi,
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2010), we were concerned that our older participants would not be sufficiently familiar with
the task after collecting just 50 points and we wanted to avoid substantial practice-related
learning effects during the experiment. In the practice block, participants received feedback
about the number of target objects they left behind (miss rates).

After the experiment, participants filled out a post-experiment questionnaire (see
Supplement), answering five questions about their search strategies and their strategies to
memorize the different target object sets.

2.4 Statistical Analyses

Several independent variables were of interest in acquiring a comprehensive picture of age
differences in hybrid foraging performance. We used ANOVAs, independent sample T-tests,
and paired T-tests, with a significance level of alpha <.05, to analyze miss rates,
instantaneous and average target collection rates, and RT as a function of visual and memory
set size, and age. For the RT x set size functions (see Results, 3.3), we performed statistical
analyses on raw RT and z-transformed RT (zRT). Specifically, we transformed the data, for
each individual, by subtracting the mean RT from each click’s RT, and dividing the
difference by the standard deviation. The resulting standardized z-values allow comparing
the relative condition differences between individuals independent of individual differences
in mean raw RT, including overall age-related slowing (Faust, Balota, Spieler, & Ferraro,
1999). Notably, zRT should be used with caution when the relationship between the means
and standard deviations of RT distributions varies across groups. This could result in the two
groups’ zRT being unequally biased by the z-transformation (cf. Faust et al., 1999).
However, in our sample, the relationship between means and standard deviations was similar
in the two age groups [mean / standard deviation younger: 1.11, mean / standard deviation
older: 1.01] (for RT distributions, see Supplement). Therefore, we were not concerned that
age group differences have been artificially removed by the z-transformation.

For all analyses, we report F-, T-, and p-values together with effect sizes and confidence
intervals (CI) for effect sizes. Given the rather small sample size and usual difficulties with
null effects, we were concerned that we may have been underpowered to detect significant
evidence for effects of age. Therefore we also ran Bayesian statistics using JASP (http://
www.jasp-stats.org; Wagenmakers et al. (2018) and Rouder et al. 2012, 2016). The analysis
grades the evidence for two competing statistical models based on the data. The Bayes factor
(BF) provides an estimate of how strongly the data support the presence of a hypothesized
effect (BF10), but also how strongly a null effect is supported (BF01).

3. Results & Discussion

3.1 Basic foraging behavior: When do observers move on to the next patch?

Overall, the number of viewed patches and clicks was comparable between age groups. On
average, younger observers viewed 31.31 patches and clicked on 16.52 items in each patch.
Older observers viewed 30.05 patches and clicked on 17.31 items in each patch. As foraging
progresses in a patch, target prevalence decreases and targets become harder and harder to
find. To maintain a high average rate of collection over a block, MVT predicts that the
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observer should leave a certain proportion of targets in a patch behind when moving on to
the next one rather than search exhaustively for all targets. These uncollected items should
not be considered as errors in a foraging task. Unless observers are asked to collect all items,
these are strategic omissions. Nevertheless, we will refer to the “miss rate” when talking
about the numbers of items left behind. We tested whether miss rates of targets varied with
Visual Set Size (60, 75, 90, 105), Memory Set Size (4, 8, 16, 64), and Age (younger, older).

As Figure 2 shows, numerically, younger observers left more targets behind than older
observers. However, an ANOVA did not yield a significant main effect of Age [F(22,)
=0.964, p=.337, 77=0.042 (90% CI 0.000; 0.224)]. The BF indicated equivocal evidence for
the effect of Age [BF 10=0.548]. Replicating the earlier findings of Wolfe et al. (2016), miss
rates increased with the number of targets in memory and decreased with the (initial)
number of items in the patch, evidenced by main effects of Memory Set Size
[F(66,3)=16.827, pc.001, 77=0.433 (90% CI 0.261-0.530)] and Visual Set Size
[F(66,3)=3.106, p=.032, 77=0.124 (90% CI 0.006; 0.222)]. BFs, however, did only suggest
strong evidence for the presence of the Visual Set Size effect [BF10=3.800e17] but evidence
for the absence of the Memory Set Size effect [BF01=22.394], In addition, the three-way
interaction between Visual Set Size, Memory Set Size, and Age was significant [F(198,9)=
1.960, p=.046, 77=0.082 (90% CI 0.001; 0.107)]. None of the two-way interactions were
significant [all F<1.6, all p>.10]. BFs indicated evidence for an Age x Visual Set Size
interaction [BF10=4.517], while the absence of other interactions was more likely [all
BF01>1.738]. Follow-up ANOVAs revealed evidence for main effects of Memory Set Size
in both age groups [younger: F(33,3)=46.465, p<.001, 77=0.809 (90% CI 0.674; 0.852);
BF10=2955.340; older: F(33,3)=4.800, p=.007, 77=0.304 (90% CI 0.058; 0.438);
BF10=5.370]. Post-hoc contrasts showed that observers missed fewer targets in blocks with
the smallest memory set size of 8 than in blocks with higher memory load [all T>3.07, all
p<.005, all ¢50.40 (95% CI 0.126; 0.700); all BF10>8.187] and missed more targets in
blocks with the largest memory set size of 64 than in blocks with smaller memory load [all
T>2.50, all p<.02, all ¢50.411 (95% CI 0.066; 0.777); all BF10>2.736]. Only younger
observers further showed a trend significant main effect of Visual Set Size for which
Bayesian evidence was scarce [younger: F(33,3)=4.773, p=.051, 77=0.303 (90% Cl 0.057;
0.438); BF10=1.261; older: F(33,3)=0.742, p=.535, 77=0.063 (90% CI 0.000; 0.158);
BF01=7.336].

As noted above, uncollected items in a foraging task should not be regarded as false negative
errors. However, it is possible that observers missed some targets because they slipped from
the target set in memory. Especially when memory load is high, one of the many target items
is more likely to be completely forgotten in a patch. Presumably, those types of misses may
increase as a consequence of age-related memory decline (Grady & Craik, 2000).

This was not the case. Again, numerically, younger observers missed all instances of a target
type more often than older observers (Figure 3), though the main effect of Age in the
ANOVA did not reach significance [F(22,1)=2.498, p=.128, 77=. 102 (90% CI .000; .306)].
The BF indicated the effect of Age was equivocal (BF10=0.767). An effect of Memory Set
Size [F(66,3)=16.752, pc.001, 77=.432 (90% CI .260; .530); BF10=7.745¢1°] indicated that
the number of entirely missed target types rose with the number of targets in memory. Post-
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hoc tests showed that observers missed fewer target types in blocks with the smallest
memory set size of 8 than in blocks with higher memory load [all T>2.260, all p<.034, all
a>0.460 (95% CI 0.036; 0.879); all BF10>1.802] and missed more targets in blocks with the
largest memory set size of 64 than in blocks with smaller memory load [all T>3.016, all p<.
007, all 6>0.616 (95% C1 0.173;1.047); all BF10>7.295]. There was further an interaction
between Age and Memory Set Size [F(66,3)=2.890, p=.042, 77=.116 (90% CI .002-.213);
BF10=33.470], Older observers missed fewer target types than younger observers at MSS 32
[T(22)=3.193, p=.004, ¢=1.304 (90% CI 0.405-2.179); BF10=9.896], while the age groups
did not differ for any other set size [all T<1.261, all p>.220, all 6&<0.510 [95% CI -0.305;
1.324; all BF01>1.513]. The main effect of Visual Set Size was only trend significant
[F(66,3)=2.510, p=.066, 772=.102 (90% CI .000—, 196)] and the BF indicated more evidence
for the absence of the effect [BF01=13.401].

Participants rarely clicked erroneously on distractor objects. Figure 4 shows the false alarm
rates (number of false alarms / all objects clicked in patch), which were low for the younger
sample (1.8%) and older sample (2.5%) and did not differ between age groups
[F(22,1)=0.574, p=.457, 72=.025 (90% CI 0.000-0.193); BF01=2.427], There was no effect
of Memory Set Size [F(66,3)=1.350, p=.266, 77=.058 (90% CI .000-.133); BF01=41.128],
but an effect of Visual Set Size [F(66,3)=12.572, p<.001,, 772=.364 (90% CI .190-.468);
BF10=1.535e18]. False alarms increased with increasing display size. Post-hoc T-tests
confirming differences between all Visual Set Size conditions [all T>2.090, p<.05, ¢50.426
(95% C1 0.004-0.841); all BF10>1.350], There were no 2- and 3 way interactions between
Age, Visual Set Size, and Memory Set Size [all F(66,3)<1.0, p>.50, 77<04. (90% CI 0.000-
0.110); all BF01>29.876].

The results for misses and false alarms do not suggest that a memory deficit, i.e. higher
forgetting rates or confusion of targets and distractors, affected older observers’ task
performance. In fact, younger observers completely omitted target types somewhat more
often, suggesting a strategic age difference that is also found in other tasks: Older adults tend
to put more emphasis on accuracy than younger adults, often at the expense of speed (Smith
& Brewer, 1995). Depending on the task, this can lead to suboptimal performance levels. For
example, in two-choice decision tasks, the decision boundaries adopted by older adults are
farther away from the optimal speed-accuracy tradeoff than those of younger adults (Starns
& Ratcliff, 2010, 2012). In the non-exhaustive hybrid foraging task particularly, trying to
find more of the rare leftovers may have made older observers’ search less efficient.

The MVT makes explicit predictions about the optimal time point when a forager should
leave the current patch and travel to the next in order to maximize the overall rate of
acquisition, i.e. be most efficient, in a non-exhaustive foraging task. The optimal forager
should stay as long as the instantaneous rate of collection in the current patch is above the
average rate of collection for the whole task, and otherwise leave (Chamov, 1976). Notably,
this optimal point of leaving is determined independently from an observer’s average rate of
collection, which in turn depends on the individual RT. Since RT is affected by general age-
related slowing (e.g., Cerella, 1994; Salthouse, 1996), we found substantial age group
differences in the average RT, i.e. the time between two consecutive clicks [younger: 1.12
sec, older: 2.28 sec, T(22)=9.216, p<.001; ¢=3.762 (95% CI 2.383; 5.111); BF10=1.341e9],
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and in the time spent in one patch, i.e. average time between onset of a new search display
and the decision to press the “next” button [younger: 22.42 sec, older: 48.80 sec,
T(22)=8.11, p<.001; d=3.313 (95% CI 2.038; 4.556); BF=180172.380], However,
deviations from ideal foraging behavior according to MVT are relative and, therefore,
independent of overall group differences in RT.

In Figure 5, the instantaneous rate of collection (the rate at which items are being collected)
is plotted as a function of “reverse click” position (solid lines), for the last 10 clicks in each
patch, for each block. Reverse clicks are measured from the end of collection in a patch.
Thus, reverse click 1 is the last click on an item before the observer clicks on the “next”
button to move to a new patch. Reverse click 2 is the penultimate click, reverse click 3 the
one before that, and so forth. The instantaneous rate is computed as the reciprocal of the
average RT multiplied by the probability that the item clicked is a target (i.e., 1 - false alarm
rate). The average rates in items per second is computed for each memory set size (dashed
lines) by dividing the total number of points for the block by the cumulative time (the sum of
time spent in each patch plus travel time between patches).

The average rate of collection is much lower in older than younger observers [F(1,22)=
121.216, p<.001, 77=.846 (90% CI .715-.892); BF10=4.880e’]; as expected, due to the
overall slower average RT in the older group (see above). In addition, the average rate
decreased with increasing Memory Set Size [F(3,66)=52.865<.001, 77=.706 (90% CI .589-.
760); BF10=1.802¢13], both, in younger observers [F(3,33)=31.909, p<.001, 77=.743 (90%
Cl .572-.801); BF10=1.133e] and in older observers [F(3,33)=22.231, p<.001, 77=.669
(90% CI .402-.743); BF10=199635.838], This reflects the fact that the memory search takes
more time when there are more items in memory.

Turning to the predictions of MVT, as Figure 5 shows, the instantaneous rate falls
continuously as the targets become depleted. In accordance with optimal foraging behavior
according to MVT, younger observers appear to leave the patch as soon as the instantaneous
rate falls below the average rate of collection. Older observers, however, seem to stay in the
patch for another 2—3 clicks after the instantaneous rate has fallen below the average rate of
collection.

Figure 6 helps to visualize the age differences in foraging. For each of the last three clicks in
a patch, the figure plots the instantaneous rate against the average rate of collection for each
memory set size in each age group. A simple MVT prediction would be that the last click in
a patch should be the first click where the instantaneous rate falls below the average rate.
This is what is seen, on average, in the younger sample’s data. At the third reverse click,
their instantaneous rate was significantly above the average rate for all MSS [all
T(11)>2.930, p<.015, ¢>0.848 (95% CI 0.169; 1.499); all BF10>4.635], At the second
reverse click, instantaneous and average rate did not differ [all T(11)<1.16, p>.25, d<0.334
(95% C1 0.254; 0.911); all BF01>1.995]. At the last click in the patch, the instantaneous rate
tends to fall below the average rate, though these did not differ except for the smallest
memory set size [8: T(11)=4.678, p=.001, o= 1.351 (90% CI 0.541; 2.129); BF10=56.033;
16-64 all T<1.60, p>.14, d<0.447 (95% CI -0.156; 1.1034); BF01>1.344], For older
observers, instantaneous and average rate did not differ for reverse click 3 [all
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T(1,11)=0.001, p>.090, ¢<0.530 (95% CI -0.079; 1.137); BF01>0.925], At reverse click 2,
the instantaneous dropped below the average rate, at least for higher memory set sizes [16—
64 all T(11)>2.873, p<.015, ¢>0.829 (95% CI 0.155; 1.477); all BF10>4.235; memory set
size 8 T(11)=1.812, p=.097, 0=0.523 (95% CI —0.096; 1.336); BF10=1.008], For the final
click, the instantaneous rate was lower than the average rate for all memory set sizes [all
T(11)>5.025, pc.001, ¢>1.450 (95% CI 0.612; 2.260); all BF10>90.219].

Replicating previous data (Wolfe et al., 2016), our results show that younger observers’
behavior roughly follows the predictions of MV T: They left the patch when their
instantaneous rate of collection was close to their average rate, making their foraging
behavior ‘optimal” in MVT terms. In contrast, older observers stayed in their patches for a
longer time, leaving only after the instantaneous rate of collection had fallen well below the
average rate, making their foraging behavior less optimal. Importantly, older observers
deviated from optimality according to MV T even under explicit instructions to think about
moving if they thought it would speed the collection of points. Perhaps, they were more
“frugal’, not wanting to ‘waste’ targets. Whatever the explanation, aging appears to be
associated with a shift towards a more “conservative” criterion when to leave a patch and
move on to the next one. This age-related criterion shift was found under low and high
memory load, indicating that task difficulty did not reduce the observers’ exploitative
behavior (Hills et al., 2013; Liu et al., 2016).

Besides the instantaneous rate of collection, another driver for participants’ decision to
switch to a new patch may have been the occurrence of false alarms (i.e., erroneous clicks on
distractor items). Figure 7 plots false alarm rates as a function of reverse click. Indeed, the
last click in a patch was more likely to be a false alarm than clicks before. False alarm rates
increased from the 3™ reverse click to the last click in both age groups for memory set sizes
32 and 64 [all T(11)>2.47, p<.032, ¢>.716 (95% CI 0.065; 1.481); BF 10>2.421 and from
the 2" reverse click to the last click in younger observers for memory set size 32
[T(11)=3.974, p=.002, 0=1.147 (95% CI 0.394; 1.870); BF10=20.789] and for older
observers for memory set sizes 32 and 64 [both T(11)>2.456, p<.033, ¢>0.709 (95% CI
0.060; 1.334); both BF10>2.349]. Thus, in the rare cases of errors, those might have
contributed to the observers’ decision to move on to the next patch. Importantly, however,
false alarm rates did not differ between age groups, for none of the memory set size
conditions, at reverse clicks 3-1 [all T(22)<1.222, p>0.234, 0<0.490 (95% CI 0.321; 1.306);
all BF01>1.567]. Thus, it is unlikely that false alarms explain the age differences in the
decision when to move on to the next patch.

strategy within a patch: When do observers switch between targets?

In hybrid foraging tasks with multiple targets, Wolfe and colleagues (2016) demonstrated
that younger observers typically pick in “runs” of the same target item rather than picking
items randomly from all available targets in the patch (see also Wolfe et al. 2019). This
suggests that switching to items of another target type within the patch imposes some costs.
Alternatively, selecting one target type may prime that type (or make ta target types feature
more salient due to perceptual grouping) so that targets of that type are favored for the next
selection. The empirical consequences of these costs and/or benefits are that foragers tend to
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repeat the selection of the same type of target. That pressure, favoring runs, is countered by
the decreasing instantaneous rate of collection as the currently selected target type becomes
depleted (Kristjansson & Kristjansson, 2018). When search for the same target slows down,
observers will at some point decide to switch to another target type. Described in those
terms, selection of items within a patch can be thought of as a succession of smaller foraging
episodes. Does this within-patch foraging behavior follow the predictions of MYT and does
it change with age?

Figure 8 shows the instantaneous rate of collection plotted as a function of ‘reverse click
position in run trials (1/RT). Here, reverse click measures the position of a collected target
within a run of collecting the same target consecutively, again counted backwards, this time
from the last click in a run. As within the patch as a whole, the instantaneous rate of
collection decreases within a run as this target type becomes depleted. The first click in the
next run (also if this is a run of only one click) can be called a “switch” trial. The
instantaneous rate of switch trials is plotted at the right end of the x-axes. We compared the
instantaneous rate for the last click in a run (reverse click 1) and the instantaneous rate in
switch trials with the average rate of collection within a patch, for each of the four memory
sizes, in younger and older observers. The average rate within a patch was calculated as the
time between the second and last click divided by the number of clicks in a patch. Note that,
consequently, the average rate within a patch is smaller than the average rate in a block (i.e.
over patches, see Results 3.1 above), as the latter takes the travel time between patches and
time to perform the first click in each patch into account.

The instantaneous rate of collection in the last click in a run (reverse click 1) was above the
average rate in the patch for all set sizes, in younger observers [trend-significant for memory
set size 8 T(11)=1.909, p=.083, ¢=0.551 (90% CI 0.069; 1.150); BF10=1.135; all other
T(11)>4.020, p<.001, &> 1.161 (90% CI 0.404; 1.887); all BF10>22.230] as well as older
observers [all T(11)>2.936, all p<.015; all BF10>4.639]. The instantaneous rate of
collection in switch clicks, by contrast, was below the average rate in the patch for all set
sizes, in younger observers [all T(11)<9.961, p<.001, ¢>2.875 (90% CI 1.552; 4.177); all
BF10>20994.927] as well as older observers [all T(11)<9.457, pc.001, ¢52.729 (90% CI
1.460; 3.978); all BF10>13263.777] (see Figure 9).

Thus, observers of both age groups searched in runs, which made their foraging more
efficient. The groups also showed comparable costs of switching between target types in a
patch. The mechanisms underlying facilitation of visual search and memory search in runs
vs. switches are discussed in more detail in the next section.

3.3 RT X set size functions and general slowing

Wolfe and colleagues (2019) argued that finding a target in a hybrid foraging search task
places that target as a template in working memory, which guides attention to other items
that share its visual features. This may explain the bias to repeat the selection of another
instance of the previously selected item (i.e. search in runs). We examined the effects of
prior selection on visual search efficiency and memory search efficiency and whether they
would vary with age. Search efficiency is usually expressed in terms of the slope of the RT x
set size function. In foraging experiments, with multiple targets and a visual set size that
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decreases each time an item is selected, the “effective visual set size” replaces the set size as
the independent variable. The “effective visual set size” is computed as the current visual set
size, divided by the number of targets present. RT x effective visual set size functions are
plotted in Figure 10. We tested effects of Click Type (switch/run), Memory Set Size (8, 16,
32, 64), and Age (younger, older) on the slopes of these functions. For the raw RT, there was
an effect of Click Type [F(l, 22)=18.151, pc.001, 77=.443 (90% CI .176; .613);
BF10=44.584], reflecting the shallower slopes for run trials compared to switch trials. There
was also an effect of Age [F(1,22)=25.458, pc.001, 77=.536 (90% Cl .265-.675); BF
10=108.180], with older observers’ slopes (run: 114 ms/item, switch: 172 ms/item) being
steeper than younger observers’ slopes (run: 34 ms/item, switch: 71 ms/item). There was no
effect of Memory Set Size on slopes [F(1,22)=0.454, p=.715, 77=.020 (90% CI . 000; .181);
BF01=21.512], and no interactions of the factors [all F<0.806, p>.379, 7<.020; all
BF01>3.574]. The ANOVA on the slopes of the zRT x effective visual set size functions also
revealed an effect of Click Type [F(1,22)=9.217, p=.006, 77=.293 (90% CI .056-.491);
BF10=46.340], There was no effect of Age [F(1,22)= 1.602, p=.219, 77=.068 (90% CI .
000-.263); BF01=2.695], Again, the effect of Memory Set Size and none of the interactions
were significant [all F<0.574, p>.635; all BF01>4.015]. This pattern of results suggests that
attention was guided towards the features of the previously selected target. The currently
selected target biased subsequent visual search toward other items with features of that
target, making visual search in runs more efficient than for target switches, in younger as
well as in older observers. This mechanism is akin to intertrial repetition priming effects in
single-target visual search, where observers are faster to respond when the target features are
repeated over consecutive trials compared to when they change (Miiller, Heller, & Ziegler,
1996; Maljkovic & Nakayama, 1994, 2000). This intertrial priming in single-target search
tasks was shown to be preserved in older age (Madden et al., 2005; McCarley et al., 2004;
Wiegand et al., 2013). Introspectively, attention to one instance of an item may cause other
instances of that item to appear more salient. For example, attending to a cat in a patch like
in Figure 1 may make the observer more aware of the other cats. A switch of attention to a
yellow flashlight will make her more aware of the group of those items. One could argue
that this perceptual grouping is the cause of run behavior or one could argue that both runs
and perceived groups of targets are a consequence of the priming of the features of an
attended target. Either way, observers, older and younger, are likely to pick another instance
of the same target, if it is readily available. One argument against proposing that perceptual
grouping is causal in the tendency to search in runs is that perceptual grouping is impaired in
older age (Farkas & Hoyer, 1980; Gilmore, Tobias, and Royer, 1985), at least for certain
stimulus features (Kurylo, 2004) whereas run behavior persists in our older sample group.

We computed the slope of the log RT x memory set size function, which are shown in Figure
11. Earlier findings reliably showed that RT increase logarithmically with memory set size
in simple hybrid search (Wolfe, 2012; Wolfe & Cunningham, 2014; Wolfe et al., 2015). We
recently demonstrated that the log shape of this function is preserved in older age (Wiegand
& Wolfe, 2019) and that RTs also rise logarithmically with memory set size in hybrid
foraging in younger observers (Wolfe et al., 2016). Accordingly, we examined RTs as a
linear function of the log of the memory set size. We tested for effects of Click Type (switch/
run), and Age (younger/older) on the slopes of these RT x memory set size functions. For
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the raw RT, the effects of Click Type and Age, as well as the interaction between the two
factors were significant [all F(1,22)>7.747, p<.01; 77>.095 (90% CI 0.038; 0.462); all
BF10>1.670]. Slopes were shallower for runs than switches and steeper in older observers
(run: 84, ms/item switch: 473 ms/item) than in younger observers (run: 48 ms/item, switch:
220 ms/item), and the difference between click types was larger in older than younger
observers. For the slopes of the zZRT x memory set size functions, however, there was only
an effect of Click Type [F(22,1)=63.950, p<.001, 72=.744 (90% CI .546-.821);
BF10=1.253e8]. Correcting for individual differences in RT eliminated the effect of Age
[F(22,1)=0.489, p=.492, 72=.022 (90% CI .000; .185); BF01=2.726] as well as the Age x
Click Type interaction [F(22,1)=0.009, p=.925, 77=.000 (90% CI .000; .032); BF01=6.930],
This can be seen in Figure 11, right panel, in which the younger and older observer’s data
look essentially identical. These results confirm that repeating the previous selection speeds
memory search, while switching between target items is slower (Wolfe et al., 2016). This
mechanism does not appear to change with age.

Notably, once corrected for generalized slowing, the comparable zRT slopes imply that the
relative RT difference between runs and switches, as well as the costs of adding more
distractors to the display, were not higher in older age. This finding suggests that age-
specific decline in visual search efficiency (Madden & Whiting, 2004) and increased
distractibility in older age (McDowd & Shaw, 2000) do not affect performance in the hybrid
foraging task. Similarly, the relative increase in RT with adding more targets to the memory
set was similar for younger and older observers after correcting for the overall age-related
slowing of RT. This may be even more surprising in the face of well-documented memory
deficits in older age shown in other tasks (Grady & Craik, 2000). However, our results are in
accordance with the absence of any qualitative age-related changes in simple hybrid search
tasks (Wiegand & Wolfe, 2019).

4. General Discussion

In hybrid foraging, observers hold a set of target items in memory and collect multiple
instances of those targets from a succession of visual patches. Performance in hybrid
foraging can be analyzed in different ways, giving us information about various cognitive
aspects that determine how efficiently we behave in rather complex search situations. In this
study, we made use of the paradigm to pinpoint the sources of age-related deficits in such
tasks.

Our results did not indicate that changes in basic cognitive processes affected older
observers’ performance in hybrid foraging. Certainly, there was a considerable increase in
RT with age overall and, thus, decrease in the average rate of target collection. However,
these age differences were largely explained by general age-related slowing, rather than
qualitative differences between the groups (Rabbit, 2017; Salthouse, 2016). The effects of
memory set size on the number of missed targets, false alarms, average rate of collection,
and transformed RT, were similar in both age groups. These results confirm and expand
upon what we have already demonstrated in simple hybrid search, where observers look for
only one single target per trial. We found that the relative increase in RT with increasing
memory set size up to 16 objects in memory, was similar across age groups (Wiegand &
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Wolfe, 2019). Here, we further show that even under higher memory load, with a memory
set size up to 64 objects, there was no evidence for an age-specific impairment in memory
search. Also in line with our previous simple hybrid search experiments (Wiegand & Wolfe,
2019), the slopes of the RT x effective visual set size functions were similar in both age
groups. The non-existent age effects seem to be at odds with theories claiming that decline
in attention and in memory are hallmarks of cognitive aging (Craik & Salthouse, 2011;
Hoyer & Verhaeghen, 2006; Wang, Daselaar & Cabeza, 2017). Experimental research has
supported these theories, demonstrating age deficits in other visual search tasks (see
Madden, 2007, for a review) and memory tasks (see Park & Festini, 2017, for a review).
Some studies have demonstrated spared visual search performance in older adults (apart
from general RT slowing). However, these were tasks in which attention was guided rather
automatically by bottom-up feature contrasts, priming, predictive cues, or prior knowledge
of a target-relevant feature (Madden, Whiting, Cabeza, & Huettel, 2004; Madden, Whiting,
Spaniol, & Bucur, 2005; Whiting, Madden, Pierce, & Allen, 2005).

We previously suggested that the picture material, for which discriminability and memory
capacity is astonishingly good (Brady et al., 2008; Standing, 1973), may reduce age group
differences in the hybrid search tasks. Likely, the meaningful pictures promote the instant
build-up of perceptually and semantically relatively rich target representations, which
facilitate both top-down guided visual search and memory retrieval, in younger as well as
older observers (Madden & Plude, 1993; Plude & Hoyer, 1986). It has been argued that an
item’s meaning is encoded largely automatically due to life-long learning and, thus, is less
vulnerable to age-related memory decline (Hasher & Zacks, 1979). Indeed, earlier studies
have shown that memory for pictures is largely equivalent across age groups (Park et al.,
1986, 1990; Smith et al., 1990), while age-related decline was shown in search tasks using
more confusable stimuli, such as letters, digits, and simple shapes (Madden et al., 1982,
2004, 2017).

Besides good memory and visual selective attention in our older sample, we also show that
priming-related facilitation of hybrid foraging search appeared to be preserved. Similar to
the younger observers, older observers tended to select items of the same target type in runs
within a patch. The RT x set size functions showed that both, visual search and memory
search, were biased toward the previously selected target item, making search in runs more
efficient compared to when observers switched between target types. This finding is in line
with the assumption that automatic processes that influence attention and memory, such as
repetition priming, are largely unaffected by aging (Jennings & Jacoby, 1993; McCarley et
al., 2004; Wiegand et al., 2013). It is somewhat surprising though, that both age groups also
showed similar costs of switching between target types within a patch. Higher switch costs
in older compared to younger adults are a ubiquitous finding in task-switching paradigms.
This age effect was attributed to executive dysfunctions, specifically, a deficit in deactivating
the previously and activating the currently relevant task set (Mayr, 2001; Kray &
Lindenberger, 2000; Reimers & Maylor, 2005). Accordingly, one may have expected that
older observers have had difficulties in deactivating the current and retrieving a new search
template from their activated long-term memory and therefore “get stuck* in runs. However,
a recent meta-analysis showed that after accounting for general age-related slowing, the RT
difference between switch and nonswitch trials in a task block did not differ between
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younger and older adults (Wasylyshyn, Verhaegen, & Sliwinski, 2011). It appears that the
relative switch cost between target items in the hybrid foraging task are also age-invariant.

The most striking age differences we found in hybrid foraging were of strategic nature.
Younger observers, as previously shown (Wolfe et al., 2016), largely followed the
predictions of optimal foraging behavior according to MVT. They tended to leave the current
patch once their declining instantaneous rate of collection fell to their average rate of
collection over the entire block. Older observers, by contrast, stayed in a patch until their
instantaneous rate of collection dropped well below the average rate. Their behavior is, thus,
suboptimal in MV T’s terms of maximizing output per time (i.e. the present task goal). It has
been shown that older adults choose less effective strategies than younger adults in other
cognitive tasks and that these can lead to poorer performance (Brigham & Pressley, 1988;
Lemaire, 2010; Price, Hertzog, & Dunlosky, 2008). In the present hybrid foraging example,
this might be a strategic change in the trade-off between exploration and exploitation (Chin
et al., 2015). Older adults seem to adopt a more conservative, exploitative, strategy that
encourages them to pick more targets than what is optimal if the goal is to maximize the rate
of picking, taking time into account (which was the explicit instruction in the present
experiment). If, on the other hand, the goal, implicit or explicit, was to not “waste” too many
targets, then one might adopt the older observers’ strategy of more exploitation and less
exploration. This hypothesis is given some credence by the answers to the post-experiment
questionnaire (see Supplement). Many younger observers reported that they moved to the
next patch whenever they were slowing down or could not recognize or locate a target easily.
Older observers, on the other hand, were likely to report that they moved when no items
were left behind. Perhaps, this tendency was reinforced by the feedback observers received
about targets left behind in the practice block; though note that no feedback was given in the
experimental block.

Interestingly, when we look at when observers move on to the next target type within a
patch, we see that older observers did not stay too long in ‘runs’ of collecting the same
target. Like younger observers, they chose to switch readily to another target type when
search in a run slowed down, before the instantaneous rate dropped below the average rate of
collection in the patch. One important difference between the decision to move on to another
patch versus the decision to move on to another target type within the same patch is the
permanent nature of the move to a new patch. An observer could never go back to a previous
patch while it was possible to switch back to searching for the previous target type within
the same patch. How this difference might contribute to age differences in foraging needs
further exploration.

While our task confirmed that exploitation increased with age, other search tasks have
shown opposite effects (Hills et al., 2013; Mata et al., 2013). According to the cognitive
control hypothesis by Mata and Helversen (2015), this can be explained as the result of
different cognitive requirements of exploration and exploitation in different tasks. Cognitive
control is suggested to be a domain-general system that mediates the trade-off between
exploitation and exploration. Thus, age-related changes in cognitive control may lead to
either decreased or increased exploration and exploitation as a function of cognitive
requirements of a given task. In the present task, age-related cognitive limitations like
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deficits in inhibiting distractors or memory retrieval did not affect performance. Under these
circumstances, older observers could follow their (meta-cognitive) strategic bias to search
exhaustively. Possibly, increasing the attention and memory load in hybrid foraging could
result in a decrease in exploitation in older age. Specifically, older observers might leave
targets behind because they are difficult to distinguish from distractors or dropped from
memory. Alternatively, imposing a time limit on the task might encourage them to search
less diligently.

To conclude, our results from this hybrid foraging search task show that differences in the
search strategy, rather than a decline of basic cognitive functions, were the main driver of
age differences in performance. Returning to our shopping example, younger and older
adults are equally likely to forget the balloons. Older adults will, however, spend much more
time in the Walmart to not miss any instance of their grandchild’s favorite candy for the
birthday party. Importantly, hybrid foraging captures some aspects of real world searches,
where we often have multiple search goals on our minds that together determine the final
behavior. The task provides us with a valuable framework to study individual differences,
and specifically age-related changes, with relatively high ecological validity in a controlled
way.

5. Limitations and future directions

In this study, we defined the optimal search strategy according to MVT. MVT provides a
valid measure of ‘default’ search efficiency under non-exhaustive search conditions and we
knew from prior work that younger adults largely follow the rules of MVT in the hybrid
foraging task (Wolfe et al., 2016). The fact that MVT predicts behavior not only in human
searchers, but across a wide range of species, such as monkeys (Hayden, Pearson, & Platt,
2011), rats (Mellgren, 1982), birds (Ydenberg, 1984), and insects (Wajnberg, Fauvergue, &
Pons, 2000) lets us assume that explicit instructions about how to optimize patch-leaving
behavior and conscious awareness of the rule are not necessary. Older adults appear to
deviate from this the most straight-forward prediction of MVT, shifting towards a more
conservative quitting rule. With explicit instructions, they could possibly be trained to be
more “optimal” in their quitting criterion. This could be an interesting direction for future
research.

Furthermore, search tasks in the real world are multifaceted. In some situations, it may be
important to find all targets and leave as few as possible behind. In the grandchild search,
proposed at the outset, it might not be important to collect every crayon but it might be
critical to find every stuffed bear. Similarly, if a radiologist is “foraging” for metasteses of
cancer, it is important to find all of them. We know from previous research that younger
observers deviate from MV T when they are instructed to forage exhaustively (Wolfe, 2013).
It would be interesting to test whether age differences in hybrid foraging decrease under
exhaustive search conditions, where the observer is required to collect all targets
(Kristjansson et al., 2014).

Future studies may now add another level of complexity to tasks, e.g. by enforcing strategic
adaptations according to environmental conditions (e.g. prevalence of targets/distractors) or
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observer-specific, motivational aspects (e.g. value and reward representations). It would be
highly interesting to investigate inter-individual and age differences in hybrid foraging under
various conditions using a larger sample size than in the present study and considering
mediating observer-variables, such as cognitive, personality traits, or sex. Notably, the
gender distribution in the present study was shifted to more females than males in the
younger group. Most previous research showed that cognitive sex differences are generally
small (Hyde, 2005, 2014), suggesting that our results are largely generalizable across male
and female observers. Future studies, however, should aim for larger samples with balanced
gender distributions across age groups to control for potential sex differences in
performance. Another question for future research is the generalizability of the age effects to
other tasks that are not primarily visual and require strategic self-regulation, such as
foraging-like behavior in internal information search (Chin, Andersen, et al., 2015; Pirolli,
2007).
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Figure 1.

Illustration of an example display for a memory set size of 8 object and an initial visual set
size of 60 objects. The current score and the next button are presented in the middle of the

screen.
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Figure2.
Average miss rates (proportions of total targets left uncollected) as a function of memory set

size and visual set size for younger adults (left, blue) and older adults (right, red).

Psychol Aging. Author manuscript; available in PMC 2020 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wiegand et al.

Number of Target Types

entirely missed

Younger Adults
1.5+ 1.5-
n
[]
S
Memory = §
1.0 Set Size "E’,_g 1.0
s E
8 t >
o9
0.54 W16 o505
W32 g9
e 2
0.0~ 0.0-
S o B & &
Visual Set Size
Figure 3.

Page 25

Older Adults

Memory
Set Size

s
I 16
I 32
Il 64

Visual Set Size

Average number of target types left entirely uncollected, as a function of memory set size
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Figure 4.
False alarm rates (clicks on distractors/all clicks in patch), as a function of memory set size

and visual set size for younger adults (left, blue) and older adults (right, red).
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Figure5.
Instantaneous (data points) rates of collection of the last 10 clicks in a patch and average rate

of collection (dotted lines), for each of the four memory set sizes for younger adults (left
panel, blue) and older adults (right panel, red). According to optimal foraging theory,
observers should leave the patch when the instantaneous rate (data points) crosses the
average rate (dotted line) of collection.
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Figure 6.

The plots show the instantaneous rate of collections for reverse click 3-1 plotted against the
average rate of collection for every observer at each of the four memory set sizes, for
younger adults (left, blue) and older adults (right, red). The diagonal line indicates equality
between the instantaneous rate and average rate.
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Figure 8.
Instantaneous (data points) rates of return of the last 5 clicks in a run and switches, i.e. first

click in a run (circles), and average rate in a patch (dotted lines), for each of four memory set
sizes for younger adults (left panel) and older adults (right panel).
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Figure9.
The plots show the instantaneous rates of collection for the last click in a run and switch

clicks (first click in run) plotted against the average rate of collection for every observer at
each of the four memory set sizes, for younger adults (left, blue) and older adults (right,
red). The diagonal line indicates equality between the instantaneous rate and average rate of
collection.
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The reaction time (RT) x effective visual set size (total items/current targets) functions of the

raw RT (left) and z-transformed RT (right) are plotted, across memory set sizes, for the two
types of collection events (Run or Switch), for younger adults (blue) and older adults (red).

Error bars indicate +1 standard error of the mean. Circles show data from runs and triangles

show data from switches.
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The reaction time (RT) x memory set size functions of the raw RT (left) and z-transformed
RT (right) are plotted, across visual set sizes, on a logarithmic scale, for the two types of
collection event (Run or Switch), for younger adults (blue) and older adults (red). Error bars
indicate +1 standard error of the mean. Circles show data from runs and 3 triangles show

data from switches.
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Page 34

Summary of demographic information and screening test results. Mean values and standard errors of the
means (in parantheses) for younger adults and older adults and statistical tests of the age group comparisons.
Abbreviations: CES-D: Center for Epidemiologic Studies Depression Scale; DSST: Digit Symbol Substitution
Test; NAART: North American Adult Reading Test; F: female; M: Male; Note: One younger adult did not
complete the screening. Only six out of 12 younger adults completed the NAART, because the remaining

participants were not native English speakers.

Age(years) Sex(F/M)  Education (years) Depressive Vocabulary Cognitive-M otor
Symptoms (CES-D)  (NAART) Speed (DSST)
ch’ili:?t%er 2418 (2.68) 1171 16.73 (1.49) 4.73 (4.80) 16 (4.69) 68 (7.99)
gg‘ﬁ s 7250 (5.35)  6/6 16.58 (1.98) 5.17 (5.59) 10.00 (7.51) 49.25 (8.34)
1(20)=26.977 Chi2=4.196 1(20) =0.198 1(20)=0.409 1(16) =1.661 (20)=18.750
p <.001 p=.123 p=.847 p=.687 p=.116 p <.001
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