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I focus on the foraging efficiency (food intake per time) of a hypothetical forager that uses

distinct levels of information about a set of discrete renewing resources. The information

may be the distance to the resource (D), both distance and maximum productivity of

the resource (DP), or distance, productivity, and the elapsed time since the forager last

visited each resource (DPT). The expected foraging efficiencies are based on the results

of a field experiment on wild capuchin monkeys (Janson, 2016a) that documented the

use of integrative memories of resource location, productivity, and elapsed time since

the previous visit. Computer simulations of the choice process are used to extend the

resource parameter space beyond the field experiment. The goal is to explore to what

extent the use of elapsed time in choosing discrete feeding sites is a benefit under various

conditions of resource and consumer characteristics. Major findings include that the

use of elapsed time generally increases foraging efficiency on renewing resources by

30–35%, without much effect of resource size or variability—indeed, DPT outperforms

D or DP choice even when all resources have the same productivity. The relative benefit

of DPT increases when the most productive resources are only moderately common

(not so rare that they contribute little to food intake, nor so common that choosing the

nearest resource is likely to arrive at a highly productive one). The relative benefit of DPT

decreases when the forager’s gut capacity is small or gut passage time is long because it

cannot ingest all of the resource accumulated after long elapsed intervals. I suggest that

memory for and use of elapsed intervals since prior visits in foraging choices will prove

to be a common feature of diverse foraging animals whenever the presence of a forager

depresses food availability in a local area.

Keywords: foraging efficiency, ecological cognition, frugivory, primates, field experiments, computer models

INTRODUCTION

One of the persistent mysteries about primates is why, as an order, they have evolved relatively large
brains for their body size compared tomost othermammals (e.g., Martin, 1981; Allman, 1999). Two
main approaches to answer this question approach it from opposite perspectives: the costs of having
a large brain vs. the benefits of having it. Brain tissue is metabolically expensive (among the most
expensive of all mammalian tissues: Allman, 1999), so having a large brain requires having enough
energetic intake to support it. One approach, then, is to examine whether energetic constraints of
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diet, morphology, or habitat may explain variation in relative
brain mass (Martin, 1981; Isler and Van Schaik, 2006). The
premise of these studies is that larger brains are generally good
for fitness, if the individual can afford them metabolically; why a
large brain should be good for fitness is not necessarily specified.

The other approach focuses on why a larger brain might
improve individual fitness. The major competing hypotheses
look at the use of brains in social intelligence (review: Seyfarth
and Cheney, 2012), foraging efficiency (e.g., Menzel, 1973;
Milton, 1981; Janson, 2014), and tool use (e.g., Boesch and
Boesch, 1984; Antinucci and Visalberghi, 1986). A common
assumption of all these approaches is that relatively larger
brains (or sometimes specific brain regions) are associated with
more advanced cognitive abilities. While this assumption has
some support (Reader and Laland, 2002), the correlation is far
from perfect either between or within species (Holekamp et al.,
2015). The social intelligence hypothesis may be a compelling
general explanation of the benefit of advanced cognition (review:
Wascher et al., 2018). However, the specific mechanism by
which more advanced cognition benefits individuals socially is
not always specified, although there is strong evidence that
more socially-connected individuals often have higher fitness in
primates (e.g., Silk et al., 2003). In any case, the social intelligence
hypothesis does not directly address the costs of large brain
size or provide an energetic mechanism to compensate for such
costs. The foraging efficiency and tool use hypotheses have the
potential to connect the costs and benefits of having larger brains,
since both hypotheses postulate that more advanced cognitive
skills can open up new feeding opportunities (e.g., Cognitive
Buffer Hypothesis: Sol, 2009) or allow more efficient use of
existing foraging options (review: Trapanese et al., 2018). It is
this last possibility that I explore in this article. In particular, I
ask how much more efficient is a foraging primate group that
uses integrative “what-where-when” memory of food availability
to plan patch-foraging decisions, compared to using only “where”
or “where-what” information.

Increasing numbers of studies have shown that diverse
primate species show strong evidence that they remember the
locations of renewing food patches (“where” memory) and are
able to organize these memories into a functional “mental map”
that allows them to navigate in relatively direct routes from one
feeding location to another (e.g., Menzel, 1978; Gallistel and
Cramer, 1996; Janson, 1998; Bicca-Marques and Garber, 2004;
Noser and Byrne, 2007). Quite a few studies have focused on
whether primates choose optimal routes to travel among several
goals, or use particular decision rules to plan multi-destination
routes (e.g., Menzel, 1973; MacDonald andWilkie, 1990; Cramer
and Gallistel, 1997; Teichroeb, 2015; Janson, 2016a). Evidence
for possible multi-goal planning is weak, contradictory, and at
best seems to be limited to a few (2–3) future goals (review in
Janson, 2014). Luckily, the details of route-planning may not
matter much to foraging efficiency because even the simplest
spatially-explicit foraging rule (“move the nearest food patch not
recently used”) may provide long-term foraging efficiency quite
close to that of optimal solutions (Anderson, 1983).

In addition to knowing where food sources are, primates
may know how productive each resource is (“where-what”

memory: e.g., Garber, 1989; Janson, 1998; Janmaat et al., 2006a;
Cunningham and Janson, 2007). Evidence for knowledge of
resource productivity typically requires showing that primates
will prefer more distant resource patches only if these provide
more food (Garber, 1988; Cunningham and Janson, 2007; Janson,
2007; Janmaat et al., 2014) or that they are more likely to visit
more productive resources from a given distance (Janmaat et al.,
2006a). Because most primate foods vary in productivity over
time, both across years and seasons as well as within a season,
knowing the long-term average productivity of a food patch is
not much use unless coupled with more immediate knowledge of
its fruiting state. Fruiting state has several components: (1) Does
the patch contain ripe fruit at all; (2) How quickly are the fruit
ripening? (3) How long has it been since the primate (or group)
previously visited a given patch? The last of these components is
important because primates may often exhaust the ripe fruit in a
patch so that its energetic value drops to near zero by the end of
a feeding bout (Janson, 1988).

Evidence for knowledge of time-varying plant fruiting state
by wild primates is sparse but continues to accumulate (review:
Trapanese et al., 2018). Some primates apparently keep track of
seasonal patterns of fruiting of at least a few of their food species
(e.g., Menzel, 1991; Janmaat et al., 2011), andmay even anticipate
different rates of ripening according to weather conditions
(Janmaat et al., 2006b). Both of these kinds of knowledge
require updating the productivity status of resources, implying
dynamic “where-what” memory, but they do not necessarily
require keeping track of elapsed time since a previous feeding
visit, which might imply “where-what-when” memory. While
anecdotal evidence is abundant that primates rarely return to
recently-used resources or foraging areas, only a few recent
studies provide strong evidence that primates may remember and
use location-specific memory of time elapsed since a prior visit
(Janson, 2016a; Tujague and Janson, 2017).

While it may seem obvious that the use of “where-what-
when” memory will provide better foraging decisions than use of
“where-what” or only “where” memory, it is not clear how much
of an energetic advantage more complex cognition may provide.
Differences in energy gain between individuals with different
cognitive strategies using renewing resources can be large (6.3-
fold for hummingbirds: González-Gómez et al., 2011). However,
just as simple spatial foraging rules may provide excellent
approximations to complex route-choice problems (Anderson,
1983), it might also be true that “where-what-when” foraging
decisions perform only marginally better than simple decision
rules that ignore elapsed time but incorporate avoidance of any
resources that were recently used (e.g., within a given day).

To assess the relative foraging benefits from using different
kinds of cognition in foraging choices, I use two approaches.
First, I use a new statistical analysis of previously-gathered
data from a field experiment using feeding platforms in a
wild population of brown capuchin monkeys (Sapajus nigritus)
in Argentina (Janson, 2016a). That study revealed that their
movement decisions were significantly better explained by the
use of “where-what-when” memory than either “where” or
“where-what” memory. The statistical model used for that
analysis made predictions about each next choice of feeding site,
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given the assumed knowledge of different traits of the feeding
sites. For the current study, I use a similar analysis that compares
predicted site choice of the monkey group if the independent
variable(s) were: (1) distance; (2) the ratio of average production
per site to distance (H1 in Janson, 2016a), and (3) the ratio
of time-dependent food production to distance (H2 in Janson,
2016a). I combine the predicted site choices under the three
conditions with knowledge of the food reward regime at each site
to calculate the expected food intake, the elapsed time and the
travel distance for the feeding site choices made under the three
levels of feeding site cognition. From these foraging parameters, I
calculate a typical measure of expected foraging efficiency: food
ingested per unit time. I compare foraging efficiency between
the different levels of foraging cognition based on the observed
choices in the field data.

Although the experiment provided strong evidence for the use
of what-where-whenmemory in themonkeys’ foraging decisions,
it was constrained in using only one set of resource parameters:
a total of 8 sites, 4 each with 2 levels of total food reward,
and a single renewal rate of food as a function of time (Janson,
2016a). Thus, the relative feeding efficiencies derived from that
study may hold only for the very particular conditions of that
experiment. Therefore, I use computer simulations to mimic the
foraging decisions of a hypothetical primate in a field of renewing
food patches if it were to use only “where,” “where-what,” or
“where-what-when” memory. This approach allows me to verify
the results I found in the field experiment (Janson, 2016a) and
also to expand the range of possible resource parameters to test
how the relative foraging efficiencies of distinct cognitive foraging
decisions depend on ecological context.

METHODS

Field Experiments
The details of the field experiments are given in Janson (2016a).
The essence of the setup was to provide a wild group of tufted
capuchin monkeys in Argentina with eight feeding platform
sites. Each site consisted of three platforms, on which the
monkeys were provided with banana pieces. The platforms were
deliberately spaced far enough apart (10m) to minimize within-
group contest competition (Janson, 1996), and the sites were
set far enough apart (typically 200m or more) to minimize
the occurrence of group splitting between feeding sites (Janson,
2007). The quantity of banana pieces given at a site depended
on the interval elapsed between the last feeding bout at the site
and the current one. The number of banana pieces provided
increased by 1 every 1 or 2 h, depending on the treatment.
Half of the sites received the “low” treatment (1 added piece
every 2 h) and the rest had the “high” treatment (1 piece
added every hour); for both kinds of sites, the reward was held
constant after elapsed time reached 48 h, at 24 and 48 pieces,
respectively for the “low” and “high” treatments. The appropriate
numbers of banana pieces were placed on the platforms of
a site when the group had approached within 50m of the
platforms. Because no bananas were placed at a site until the
group had nearly arrived, the monkeys could not use odor
or visual cues to decide either where the platforms were or

how much food would be there when it was provisioned. The
experiments were run for a total of 68 days, during which the
provisioning treatment was reversed at each site, to control
for possible site-specific visitation preferences that had nothing
to do with the provisioning regime. Each movement sequence
from one site to another was considered to constitute a choice,
conditionally independent of other choices in the movement
sequence. The set of choices was fit to a sequence of increasing
complex cognitive models with multinomial logistic regression
using the “Choice” platform in JMP 11.0 (SAS Software
Corp.). The resulting models provided expected probabilities of
moving among feeding sites, given different assumed degrees of
knowledge about the destinations (distance to the destination,
D; distance plus the provisioning treatment at the destination,
DP; distance, provisioning treatment and elapsed time, DPT).
In the simplest model (H0 in Janson, 2016a), no values for
distance, productivity, or elapsed time are used, so the modeled
choices reflect any overall preference to visit a particular feeding
site, ignoring other explanations. Given a cognitive model (D,
DP, or DPT), the expected movement sequences can be used
to calculate the expected food reward at each destination site,
along with expected travel and feeding times. These foraging
parameters, derived from the movements observed during the
field experiment reported in Janson (2016a), are used here to
calculate the relative feeding efficiency of hypothetical monkeys
using different degrees of ecological knowledge of their feeding
sites. The original choice data and associatedmetrics are available
on the Dryad repository (Janson, 2016b).

Computer Simulations
All programming is performed in Pascal (Turbo Pascal 7.0;
Borland Software Corp, implemented for Windows using
Lazarus). Initially, the program mimics as closely as possible
the constraints and general parameters of the wild capuchin
study. This is done both to test the model—does it provide
answers roughly similar to the observed experimental results—
and to incorporate a set of realistic biological constraints that
might affect the relative benefit of using more complex cognitive
information in spatial foraging decisions. Specifically, I allow
to vary:

1) The total number of food patches per home range (keeping
the density of food patches the same by scaling the size of the
home range in proportion to the number of food patches).
This is set initially to eight, the number of platforms in the
experiments, and the home range is set to 800 × 800m, a
reasonable approximation to the 900× 700m area in which
the feeding sites were set up (Janson, 2016a).

2) The maximum and minimum productivity per patch. To
maintain the setup similar to the experiment, I allow only
two levels of productivity. The low level is half the high
level. For convenience, I set the saturation level for the high
treatment in the simulation equal to 2 and the low treatment
equal to 1, as these units are arbitrary (all similar units,
like gut capacity, are scaled in the same way). To convert
results from the simulations into equivalent food intake in
the experiment, each unit equals 24 banana pieces.
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3) The fraction of all patches that are “low” vs. “high”
productivity. Initially this value is set to 0.5, as in
the experiment.

4) The renewal (ripening) period. As in the experiment, this is
set initially to 48 h.

5) Group-level ingestion rate per hour is set initially to 12 (=6
high-value patches/h), so that it takes the group 10min to
empty a full high-value patch; this value was close to that
observed in the experiments (minutes to empty a feeding site
= 1 + 0.19∗(N banana pieces), P < 0.001). Time spent per
visit to a site equaled the time spent feeding on the platforms
(depending on the food available) plus a “clean up” time of
10min, during which the group picked up scraps below the
platforms and prepared to leave the site.

6) The gut capacity of the forager. Initially this is set to
twice the value of the maximum patch productivity. This
value is based on the observation that after a night of
fasting, the monkeys in the field slowed their ingestion rate
following the cumulative ingestion of about 100 banana
pieces, which is close to the equivalent of 2 high-productivity
feeding sites.

7) Gut passage time (average time for an ingested food item
to pass through the digestive system) is initially set to
2 h, this being the value for capuchin monkeys in this
population (Wehncke andDominguez, 2007). Together with
gut capacity, passage time dictates the rate of food digestive
processing= (gut capacity)/(gut transit time), which in turn
limits the long-term rate of food intake, even if ingestion rate
in a patch could be much higher (see parameter 5).

8) Maximum ingestion of food (from patches) per day
is set initially to 12 units, equating to 6 full high-
productivity patches. In practice, the monkeys during the
field experiments reported in Janson (2016a) could only
ingest an average of 6 units per day, as this was the
experimentally-determined productivity of the feeding sites.
However, from other experiments, we know the monkeys
can consume substantially more than 6 units per day.

9) Travel speed between sites was set to its average value of 15
m/min, although this value varied in a complex way with
the expected reward at the destination site (higher rewards
provoked faster travel), distance to the destination (the
group traveled faster toward closer sites, probably because
of increased scramble competition), and cumulative food
ingested (the more banana pieces they had ingested on a
given day, the slower their travel speed to the next site).

10) I initially set the active feeding period per day to 5 h (7 a.m.
to noon) to mirror the fact that the group typically switched
from feeding on banana pieces in the morning to foraging
for insects in the afternoon.

The general rationale behind the choice of the variable
parameters (1–8) is that each one constrains to some degree
the ease of finding high-productivity patches (parameters 1–
4) or the maximum benefit of feeding in a patch (parameters
5–8). I would expect that any parameter change that makes
it easier to find high-value patches, or that reduces the
relative value of feeding in a high-value patch, will reduce the

relative benefit of using more complex cognitive information
in patch choice. The code for the simulation is given
in Supplementary Materials.

RESULTS

Field Experiments
I use three multinomial logistic regressions (see Janson, 2016a)
using observed movement choices between provisioned feeding
sites to fit the effects on site choice of (1) food site distance
alone (D), (2) distance plus provisioning treatment (DP), and (3)
distance, provisioning treatment, and elapsed time (DPT). Each
regression model is then used to predict the most likely feeding
site as the next destination for each of the 212 site choices in the
experiment. Because we control the amount of food provided at
each feeding site according to provision treatment and elapsed
time, I calculate the expected food reward at each predicted
(most likely) feeding site in the three regressions. To convert
expected reward and distance to more conventional measures of
foraging efficiency (energy per time), I use the facts that feeding
time increases predictably with the amount eaten at each site
(Methods), and that travel speed between sites does not depend
predictably on the particular pair of sites chosen but only on the
distance between them (Janson, 2016a). Thus, for each regression
I calculate measures of expected food intake per time, a measure
of efficiency commonly assumed to align with fitness (Stephens
and Krebs, 1986); patterns for food intake per distance were
nearly identical to food intake per time. Relative to the models
based on the use of increasing amounts of ecological cognition
(D, DP, DPT), I provide measures of foraging efficiency from
a “random” choice of destination sites based only the observed
preferences to visit particular feeding sites overall (H0 in Janson,
2016a).While some sites were preferred over others “all else being
equal,” these differences in baseline preference were not large
enough to override the statistical effects of distance, productivity
or time delay on site choice (Janson, 2016a). The comparison
of foraging efficiencies under the distinct levels of assumed
cognitive information show that the use of any information
about destination site traits, even distance alone, provides much
greater (at least twice) foraging efficiency relative to ignoring such
information (Figure 1: “random” choice). Foraging efficiency
is modestly higher (13%) when choices are based on all three
types of cognitive information (DPT), relative to D or DP.
Interestingly, the use of DP without elapsed time produces a
slightly lower overall expected foraging efficiency than D alone.
Inspection of the expected choices made under DP shows that
sometimes more distant “high” treatment sites are preferred
choices even when they had been used relatively recently, so that
realized food intake is as low or lower thanwould have occurred if
the choice were for one of the closer “low” treatment sites chosen
using distance alone.

Computer Simulations
The baseline simulation uses parameters very close to observed
values in the experiment (Methods). The simulated E/T values
are reasonably similar to those in the field experiment (Figure 1);
the observed E/T values are 0.3–1.65 standard deviations lower
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FIGURE 1 | Expected foraging efficiencies (food intake vs. time spent in travel

plus feeding per site visited) as a function of ecological cognition during field

experiments in wild capuchin monkeys in Argentina (Janson, 2016a). The

points correspond to foraging consequences of making the most profitable

site choices based on different criteria: D, distance (nearest sites always

preferred); DP, distance and provisioning (preferred sites have the highest ratio

of the fixed provisioning treatment, divided by distance); DPT, distance plus

provisioning and elapsed time since the previous visit to that site (preferred

sties have the highest ratio of expected provisioning, based on provisioning

treatment and elapsed time since the monkeys left a site, to distance). The

lines for D and DP are virtually identical, so only one is drawn. The actual

behavior of the monkeys conformed best to DPT. “Random” refers to foraging

efficiency if all sites except the current visited site are chosen based on inferred

site-specific preferences independent of productivity or distance (Methods).

than the simulated values (Table 1). The differences between
simulated and experimental results are likely due to the spatial
distribution of the simulated sites, which are randomly placed
within the range (as opposed to rather evenly distributed as in the
experiment). In the simulations, forager using D or DP choices
sometimes become “trapped” in local clusters of feeding sites,
using these repeatedly and inefficiently to the exclusion of other
sites (see also Anderson, 1983). As in the results from the field
experiment, the foraging efficiency using DP is slightly lower than
using D alone. Indeed, with few exceptions, E/T for simulated
foragers using DP is nearly identical to or less than for using
only D (Table 1).

The ratio of E/T when simulating the use of DPT vs.
D is remarkably stable near 1.3–1.35 under broadly varying
conditions of minimum or maximum feeding site productivity,
the fraction of sites that are high vs. low productivity sites, and
the duration of foraging, as long as the number of feeding sites
is kept at the baseline number of 8 (Table 1: conditions 2–10).
Indeed, the substantial advantage of using DPT vs. D remains
even when P does not vary among the sites (all sites are low
or high: conditions 5, 6). This last result points out that the

benefit of incorporating elapsed time is primarily due to the
fact that resources renew, not to variance in productivity (P)
among resources.

The relative benefit of DPT vs. D varies from the baseline
value under only some conditions. First, DPT performs even
better than D when the number of feeding sites increases to 12
(all other parameters being equal), although the benefit wanes at
even higher numbers of resources (Figure 2). Inspection of the
simulation progress showed that DPT foragers take advantage of
the greater number of high-productivity sites to mostly avoid use
of low-productivity sites altogether. Second, the relative benefit of
DPT vs. D drops slightly to 1.15 when each site renews over 96 h
instead of the baseline 48 h (Table 1: 12). This result may appear
paradoxical, as the longer renewal period would seem to favor
paying more attention to time (waiting even longer produces
larger rewards). However, the lower rate of renewal (only 3 new
units of food per day) means that feeding success of all foragers is
strongly constrained by total production, regardless of cognitive
strategy. This interpretation is supported by the marked increase
in the relative performance of DPT over D when the same 96-h
renewal is coupled with a 4-fold increase in site numbers to 32
(Table 1: 13).

Second, DPT actually performed worse than D (Table 1:
14) when gut passage time is increased from 2 h (typical of
capuchin monkeys) to 24 h (typical of many folivores and some
cercopithecine monkeys: Lambert, 2002). This decrease occurs
because slow gut passage means that a forager would typically
arrive at a patch already partly full and thus cannot consume all
of the greater amount of food in a patch accumulated by delaying
the visit. This gut passage constraint can be offset by having a
larger gut capacity; increasing gut capacity from the baseline of 4
to 8 restores the relative benefit of DPT over D (Table 1: 15).

DISCUSSION

The results provided here suggest that integrating elapsed time
since a prior visit to each food patch can often markedly increase
the foraging efficiency of a primate (or any patch-foraging
animal) that uses renewing food sites (Figure 1). Conditions that
favor using elapsed time to choose among renewing food sites
are that food should be plentiful enough (either a high enough
number of sites, or sufficiently productive sites, or both: Table 1),
but not so abundant that even simple strategies that use only
distance can perform reasonably well (Figure 2). The relative
benefit of using elapsed time in spatial choice of feeding sites is
notable even when all sites have the same productivity (Table 1:
5 & 6)—as long as the forager leaves a site depleted of food and
it recovers over time, it is worth tracking elapsed time at each
site. This result suggests that perception and memory of elapsed
time since the last visit to a given site may prove to be far more
common than we currently understand—in principle, animals
foraging on any renewing resource (e.g., grass) could benefit by
tracking where they have been and avoiding short-term revisits
to depleted areas (cf. Cody, 1971).

For foragers that rely on discrete feeding sites, using
information on patch productivity without including elapsed
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TABLE 1 | Foraging efficiency (E/T, where E, food intake; T, time spent traveling and feeding per site visit) under different site choices based on distance alone (D),

distance and site productivity (DP), or distance, productivity and elapsed time (DPT).

Modeled condition E/T(D) E/T(DP) E/T(DPT) Ratio (DPT/D) Ratio (DP/D)

(1) Based on field experiment 0.3962 0.3698 0.4470 1.1281 0.9332

(2) Simulation baseline, mimicking field experiment 0.3388 0.3166 0.4516 1.3330 0.9344

Standard deviation of baseline results 0.0401 0.0321 0.0141

t-value of simulation vs. experimental results 1.4308 1.6572 0.3280

(3) Baseline, fraction of low = 0.9 0.2542 0.2312 0.3397 1.3362 0.9093

(4) Baseline, fraction of low = 0.1 0.4199 0.4187 0.5554 1.3227 0.9973

(5) Baseline, all sites low productivity 0.2276 0.2279 0.3023 1.3285 1.0013

(6) Baseline, all sites high productivity 0.4462 0.4477 0.5885 1.3188 1.0033

(7) Baseline, min prod = 0.5 0.2815 0.2782 0.3737 1.3275 0.9880

(8) Baseline, max prod = 4 0.5430 0.5579 0.6951 1.2800 1.0274

(9) Baseline, max prod = 4, fraction of low = 0.9 0.3132 0.2511 0.4133 1.3198 0.8017

(10) Baseline, foraging period = 12 h 0.1411 0.1313 0.1904 1.3494 0.9301

(11) Baseline, max prod = 4, fraction of low = 0.9, N sites = 32 0.4545 0.4820 0.6754 1.4861 1.0606

(12) Baseline, but renewal period = 96 h 0.1970 0.1818 0.2259 1.1467 0.9227

(13) Baseline, but renewal = 96 h, with 32 sites 0.4326 0.4185 0.6649 1.5369 0.9674

(14) Baseline, but gut passage time = 24 h 0.2373 0.2530 0.2289 0.9644 1.0663

(15) Baseline, gut passage = 24 h, gut capacity = 8 0.3342 0.3145 0.4518 1.3518 0.9410

The ratios of efficiencies for DPT or DP relative to D are given in the righthand two columns. All rows except the first are based on simulated choices from a computer program, in which

a hypothetical forager (say, a capuchin group) chooses sites based on the different kinds of cognitive information (Supplementary Materials).

FIGURE 2 | Relative benefit of time-sensitive foraging decisions as a function

of the number of resources per home range. The baseline condition (N = 8, as

in the field experiments) does not provide enough food to satiate the group

during the day, so both time-insensitive and time-sensitive foragers are limited

by the rate of production of the food patches. As the number of patches

increases, time-sensitive foragers increase their relative food intake by focusing

choices on the sites not recently used. When patches are very common, most

patches are not recently used and are at maximum accumulated production;

in this case, the relative benefits of paying attention to elapsed time diminish.

time may not be very worthwhile. Simulated foragers using DP
information rarely do markedly better than those using only D
(only 2 of 14 simulated conditions in Table 1). The relatively

poor performance of DP foragers might seem paradoxical, since
they are using more information in making foraging choices.

However, the use of DP criteria in site choice necessarily implies

choosing sites with higher expected average productivity that
are farther away than the closest feeding site (otherwise the

choice is identical to using D alone). If these chosen high-
productivity sites have recently been visited, however, their actual
accumulated food may be less than closer low-productivity sites,
so that the forager gains nothing for the cost of extra travel to

the site. Thus, we should not generally expect foragers to use

information on site productivity without also tracking elapsed
time since they visited each site. Simulated foragers using DP

did notably better than those using D in only two situations.
First is when there are several high-quality patches and many
low-quality patches (Table 1: 11). In this case, when animals

can forage efficiently on only high-quality patches, they should

largely ignore low-quality ones—DP modestly outperformed D,
although DPT outperformed both. It may be that such situations

are common, so that DP might be a logical evolutionary stepping

stone between D and DPT. Second is when gut passage is very
slow (Table 1: 14), when DP outperforms both D and DPT.
This result depends rather sensitively on limited gut capacity,

as the outcome reverts to the “usual” pattern when gut capacity
is increased only modestly (Table 1: 15). Additional simulations

across a broader range of parameters may reveal other cases in
which DPT performs poorly relative to simpler strategies.

One strong caveat to these results is that the calculation

based both on field experiments and on computer simulations
are done without the presence of competitors that might visit

the same food patches as the focal foragers. Competitors may
reduce a feeding site to zero food at some time during that

patch’s “recovery” interval, as perceived by a resident forager.
Such interruptions of recovery, especially if not predictable, can

Frontiers in Ecology and Evolution | www.frontiersin.org 6 April 2019 | Volume 7 | Article 125

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Janson Foraging Benefits of Ecological Cognition

seriously degrade the value of using the DPT strategy relative
to D, as the resident forager may choose to travel further to
reach what should be a more valuable patch (Figure 1), only
to find that it is far less valuable than expected. The author’s
preliminary results from such simulated intrusions suggests that
DPT remains a better strategy than D at low frequencies of
competition, but intrusions at high rates can reduce the value of
DPT tomake it perform no better or evenmore poorly than using
only D information. Thus, we may expect that foragers using
renewing patches should incorporate elapsed time especially for
resources to which they have “private” access (few competitors
exist), resources for which intrusions are not likely to make
much difference in food accumulation (“super-productive” sites:
Janson, 1988), or they may expend considerable effort to monitor
and expel intruders from “their” array of renewing feeding sites
(e.g., hummingbirds: Gill, 1988).

An additional deep assumption of the current simulations
is patch permanence. If patches have short productive periods
or change either production levels or renewal rates quickly
over time, foragers would have difficulty tracking these
values. In such a case, memory for past values might be
a poor guide for future foraging decisions. As in the case
of intruders entering a home range, resident foragers might
expend extra effort to visit more distant patches that are
expected to be more productive, but find that these had less
reward than anticipated. Such “mistakes” might be mitigated
by strategies in which foragers learn aspects of species-
level ripening synchrony (Janmaat et al., 2011), predictable
effects of weather on ripening rate (Janmaat et al., 2006a) or
other predictable clues to varying patch quality. If patches
disappear quickly or vary unpredictably through time, any
cognitive foraging strategy (D, DP, or DPT) would have
limited use.

Notwithstanding the foregoing limitations, the results of this
study suggest that under many conditions, tracking elapsed
time since a food patch was last used will benefit foragers,
if the patch renews predictably with time. Factors that limit
a forager’s ability to harvest accumulated productivity (slow
renewal rate, low numbers of feeding sites, limited gut capacity,
slow gut emptying) will also limit the amount of benefit from
time-sensitive foraging. Perhaps surprisingly, the benefit does
not depend on variation in productivity between patches—even
when all patches have identical productivities and renewal rates,
the forager’s history of feeding at distinct patches generates
enough standing variation in accumulated food among patches
to favor using elapsed time to choose the next feeding patch. In

light of these results, it is not surprising that evidence for time-
sensitive foraging decisions has been found in well-controlled
studies of diverse vertebrates (Zinkivskay et al., 2009; review:
Crystal, 2010) including a spectrum of ecological specializations
including cache-making granivores (e.g., Clayton and Dickinson,
1999), nectarivores (González-Gómez et al., 2011), frugivores
(Janmaat et al., 2014; Janson, 2016a), and generalists (Crystal,
2010). Given that the benefit of time-sensitive foraging seems
to be robust to considerable variation in patch and forager
parameters, it is worth extending the search for time-sensitive
foraging to species that are less obvious candidates—folivores

(where leaf patches may be depleted: Snaith and Chapman,
2005), grazers (where the patches may be particular fields or
openings of renewing vegetation), fish (especially those that live
in stable home ranges with limited foraging locations), and large
mobile predators (whose presence may behaviorally depress prey
availability in a local area even if few prey are actually killed).
The practical and conceptual challenges of documenting time
sensitive foraging (review: Crystal, 2010) should not prevent us
from discovering howwidespread this capacity is among animals.
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