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eLife Assessment

This valuable manuscript investigates how Drosophila larvae make foraging decisions in
patchy environments with controlled resource density and valence; using movement
tracking in bounded arenas, the authors show that larvae's patch residence time (PRT)
differs depending on resource type, environmental context, and prior experience. A drift-
diffusion model is used to describe patch-leaving behaviour, suggesting that an
integration process may underlie stay-leave decisions during foraging. The strength of
the evidence is mostly solid, but the interpretation and use of PRT needs further
investigation, as PRT could be a direct effect of resource concentration on locomotion.
Explicit reports of PRT statistical tests are needed for rigorous interpretation.

https://doi.org/10.7554/eLife.111624.1.sa3

Abstract

Animals foraging in patchy environments must balance exploiting current resources with
exploring for better alternatives to maximize resource intake and to survive. However, the neural
and computational mechanisms underlying such adaptive decisions have just recently begun to be
understood. Using Drosophila larvae as an experimentally tractable model, we combine long-
timescale behavioral tracking in controlled patchy environments with varying statistics, along
with quantitative analysis and computational modeling, to dissect foraging decision strategies. We
show that larvae flexibly adjust their behavior according to both the quality and valence of
available resources, shaped by prior foraging experience. A simple integration model recapitulates
larval patch-leaving behavior, with model parameters tuned by environmental statistics and
foraging history. Together, these findings establish Drosophila larvae as a powerful system for
studying adaptive foraging and for uncovering the neural circuit mechanisms that implement
experience-dependent foraging decisions.

Introduction

Foraging is essential for the survival of all organisms, as food is necessary for growth,
maintenance, and reproduction. However, in natural environments, food quality varies
dynamically across space and time, making it challenging to adjust foraging decision strategies.
Therefore, animals must continuously balance the energetic costs of exploration against the
nutritional gains of exploitation to decide when to leave a resource patch (1). Classical foraging
models, such as the marginal value theorem (2), predict that an animal should leave a resource
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patch when the instantaneous intake rate falls below the average intake rate of the environment.
However, this relies on the unrealistic assumption that animals have access to global
environmental information and that the environmental statistics are stable over time (3, 4).

Effective foraging requires animals to infer local resource quality and flexibly adapt their foraging
behavior in response to environmental changes (5). Empirical studies have shown that prior
experience influences foraging decisions in diverse taxa, including crabs (6), bees (7), ants (8), and
proposed in which recent foraging history modulates the timing of departure from the current
patch (11). However, this model assumes an imposed, fixed, and finite memory timescale for
updating the reward rate; it does not explicitly treat patch-leaving as a decision-making process
and excludes potential uncertainties in the foraging environment. Alternatively, one can address
these limitations using a drift diffusion modeling framework to model patch-leaving decisions as
an evidence-accumulation process in which patch departures are driven by noisy integration of
evidence (12). Patch departure is triggered when a decision variable crosses a threshold.

Importantly, recent experimental studies have shown that cortical neural activity reflects
integration dynamics associated with patch-leaving behaviors (13, 14).

With a powerful genetic toolkit and an available whole-brain connectome, Drosophila larvae are
an excellent model for dissecting the neural mechanisms underlying foraging decisions and for
directly relating behavioral function to neural structures. Larvae feed continuously to reach the
critical weight required for pupation (15). During development, larvae must acquire

nature, however, larvae grow on decaying plant or fungal matter that is scarce and distributed in
discrete, patchy resources (19), necessitating efficient inter-patch foraging strategies. Previous
work has shown that larvae exhibit higher inter-patch foraging when there is no protein in their
current patch (20) and can compensate for nutrient deprivation during development by changing

homogeneous environments using odor-rich substrates with very different nutritional profiles,
making it difficult to disentangle the effects of resource quality, nutritional value, and olfactory
navigation.

Here, we address this limitation by using a well-controlled behavioral assay that tracks larval
foraging over hours-long timescales in patchy environments containing resources with similar
nutritional profiles and no odor cues. This controlled approach allows us to reliably dissect the
foraging decision strategies of fly larvae across a variety of environmental structures. We found
that larval foraging behaviors depend on both resource quality and valence. Larvae flexibly adjust
their foraging strategies based on the resources they encounter, and these strategies are shaped by
prior foraging experience. Together, our results demonstrate that larval foraging is context and
history-dependent. Moreover, computational modeling indicates that larval foraging behavior is
mediated by an integration mechanism that optimizes patch residence time depending on the
quality or value of the patch and previous patch experience.

Results

Larval foraging behavior depends on resource quality

To understand how larval foraging behavior is affected by resource quality, larvae were tested in a
large square arena (25 cm x 25 cm) containing 100 ml of 2% agar. Four circular patches (radius:

large enough to function as a non-depleting resource, while still requiring larvae to explore the
arena to locate the patches. In this “homogenous foraging environment”, all patches contain the
same resource. Pure agarose patches were used in control experiments to assess potential patch
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boundary effects (Movie S3(%). Individual early third-instar larvae were placed in the center of the

arena. Their behavior was recorded continuously for 3 hours and analysed using custom tracking
software.

They also spent time in the close v1c1n1ty of patches containing fructose, likely due to resource
diffusion (27) or larvae overshooting the patch boundaries. One of the most important behavioral

measures in patch foraging is patch residence time, defined as the duration a larva spends on a
resource patch. We calculated the average patch residence time for each larva. Larvae had a
longer patch residence time on fructose patches (Fig. S1B(®). There was no difference in patch

residence time on 0.1M fructose patches compared to 1M fructose patches.

As larvae often remain near fructose patches after exiting and seem to return after a short time,
we quantified both their displacement from the patch edge and the travel time required to return.
We observed a correlation between maximum displacement and time spent outside the patch (Fig.

return trips made by larvae to patches containing fructose. However, after applying the return trip
threshold, the number of patch entries was similar across conditions. After thresholding, larvae
showed even higher patch residence times on the fructose patches (Fig. 1D (%), with no difference

between 0.1M and 1M fructose concentrations. The average patch residence time remained
unchanged over the 3-hour experimental period in both fructose conditions, while it decreased in

Movement is an integral part of patch foraging as both spatial and temporal decisions are crucial

to optimizing foraging strategies. To quantify larval movement dynamics on and off the patch, we

calculated mean squared displacement (MSD) and run speed. The larvae had a lower MSD (Fig.
%) and were slower on fructose patches (Fig. S1G ). There was no difference in larval speed

quantified the time larvae spent in different parts of the arena. Larvae spent less time at the arena
border when patches contained 1M fructose and more time in regions near the patches compared
to 0.1M fructose and agar (Fig. S1)%). The time spent in the center of the arena did not differ
between the conditions.

Larval foraging behavior depends on resource valence

As environments rarely contain only attractive resources, we investigated how resource patches
with different valences influence larval foraging behaviors. Each patch consisted of 1.5 ml of 2%
agarose containing either 0.1M (Movie S4®) or 1M salt (Fig. 2A™@ Mowe S5@). Lower salt

the v1c1n1ty of patches containing 0.1M salt, likely due to resource dlffusmn creating locally
attractive salt concentrations or larvae overshooting the patch boundaries. However, there was no
difference in the average patch residence time across conditions (Fig. S2C(2). Because larvae often
stay in the vicinity of the patches after leaving, we quantified both their displacement from the
patch edge and the travel time required to return to the patch. We found that the maximum

dlsplacement was correlated with the time spent out81de the patch (Fig. S2C @), 1nd1cat1ng that
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Figure 1. Drosophila larval foraging depends on resource quality:

(A) Individual larvae were placed in the middle of a square arena (25 x 25 cm) containing 2% agar and 4 patches of the same
resource (agar (gray), 0.1M fructose (blue), 1M fructose (yellow)). The behavior of a single larva was recorded for 3 hours
under infrared illumination. (B) Sample trajectories of individual larvae for 3 hours when the patches contained agar, 0.1M
fructose, or 1M fructose. The patch heatmap visualizes the spatial distribution of larvae both on the patch (marked by a white
circle) and in the surrounding area across all patches (N = 11 larvae per patch condition). (C) Number of return trips to the
patch as a function of the maximum displacement from the patch edge after the exit. (D) Average thresholded patch
residence time for each larva. The dots represent individual larvae, and the line shows the mean + 95% confidence interval.
(Mann-Whitney U test, * p < 0.05) (E) Mean squared displacement (MSD) of larvae on-patch as a function of time lag. The
dotted line indicates the linear fit to the MSD (Agar: 1.3636, 0.1M Fructose: 0.41401, 1M Fructose: 0.40739). (F) Average inter-
patch travel time of the larvae.
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Figure 2. Drosophila larval foraging depends on resource valence:

(A) Individual larvae were placed in the middle of a square arena (25 x 25 cm) containing 2% agar and 4 patches of the same
resource (agar (gray), 0.1M salt (green), 1M salt (orange)). (B) Sample trajectories of individual larvae for 3 hours when the
patches contained agar, 0.1M salt, or 1M salt. The patch heatmap visualizes the spatial distribution of larvae both on the
patch (marked by a white circle) and in the surrounding area across all patches (N = 11 larvae per patch condition). (C)
Number of return trips as a function of the maximum displacement from the patch edge. (D) Average thresholded patch
residence time for each larva. Dots represent individuals, and the line shows the mean + 95% confidence interval. (E) MSD of
larvae on-patch; dotted line is the linear fit to the MSD (Agar: 1.3636, 0.1M Salt: 1.0026, 1M Salt: 1.4092). (F) Average inter-
patch travel time of the larvae. (Mann-Whitney U test, * p < 0.05)
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Before applying the threshold, larvae entered the 0.1M salt patches more than the 1M salt and agar
patches (Fig. S2E (@), as larvae made more return trips to patches containing 0.1M salt (Fig. 2CC3).

However, after applying the threshold, the number of patch entries was lower for 1M salt than for
0.1M salt. Applying this threshold, we found that larvae spent more time on 0.1M salt patches

between the conditions. Travel time between patches was higher when the patches contained 1M
salt compared to 0.1M salt and agar (Fig 2F ). This may be because larvae spent more time in the

Larvae adapt their behavior based on resource quality and valence

Environments typically contain multiple resources, requiring organisms to adjust their behavior
flexibly to maximize their food intake. To test whether larvae adapt their foraging behavior to
varying resource qualities, we placed them in a “heterogeneous environment” containing food
patches of two different resource qualities for 3 hours. Specifically, two patches contained low-
quality resources (0.1M fructose), and two patches contained high-quality resources (1M fructose)
(Fig. 3A@, Movie S6 ).

All larvae visited at least one low-quality and one high-quality fructose patch (Fig. 3B, Fig.

thus including return trips) and found that larvae stayed longer on and returned more to high-
quality fructose patches than to low-quality patches (Fig. 3D (3, Fig. S3B®). Consistently, larvae

Over time, there was a decrease in patch residence time on 0.1M fructose patches; however, the
patch residence time on 1M fructose patches did not change (Fig. S3D ). Larvae exhibited lower

To examine whether larvae adjust their foraging strategies in response to resource valence, we
exposed them to a heterogeneous environment arena containing salt patches of opposing valences
for 3 hours. The environment consisted of two attractive low-salt patches (0.1M) and two aversive
high-salt patches (1M) (Fig. 3E, Movie S7(2). All larvae sampled both patch types, visiting at least
one attractive and one aversive salt patch during the experiment (Fig. 3F %, Fig. S3F(%). Larvae
showed a preference for 0.1M salt patches, spending more time on and near them while avoiding
1M salt patches (Fig. 3G ). This preference was consistent with an increase in the thresholded

Larvae adapt their foraging behavior based on their past foraging
experience

As larvae adapt their foraging behavior in response to available resources, we asked whether
these changes arise from an immediate response to the current resource patch or prior foraging
experience. To address this, we compared the patch residence times on the first and second
patches encountered by the larvae in a heterogeneous patch foraging arena containing different
fructose qualities (Fig. 4A2
slight reduction in patch residence time when transitioning between patches of the same resource
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Figure 3. Drosophila larvae adapt their foraging behavior based on resource quality and valence:

(A) Square arena (25 x 25 cm) containing 2% agar, with two 0.1M fructose patches (blue) and two 1M fructose patches
(yellow). (B) Sample trajectory of an individual larva over 3 hours. (C) Patch heatmap showing the spatial distribution of
larvae both on the patches (outlined in white) and in the surrounding arena for 0.1M and 1M fructose patches (N = 21 larvae).
(D) Average thresholded patch residence time for each larva on 0.1M and 1M fructose patches. Dots indicate individual
larvae, and the line represents the mean + 95% confidence interval. Number of return trips as a function of the maximum
displacement from the patch edge (Mann-Whitney U test, * p < 0.05). MSD of larvae on-patch. The dotted line indicates the
linear fit to the MSD (0.1M Fructose: 0.256, 1M Fructose: 0.079). (E) Square arena (25 x 25 cm) containing 2% agar, with two
0.1M salt patches (green) and two 1M salt patches (orange). (F) Sample trajectory of an individual larva over 3 hours. (G)
Patch heatmap for 0.1M and 1M salt patches (N = 21 larvae). (H) Average thresholded patch residence time for each larva on
0.1M and 1M salt patches. Number of return trips made by the larvae. MSD of larvae on-patch. The dotted line indicates the
linear fit to the MSD (0.1M Salt: 0.383, 1M Salt: 0.559).
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when larvae transitioned from a low-quality patch (0.1M fructose) to a high-quality patch (1M
fructose) and decreased even more when larvae moved from a high-quality (1M fructose) to a low-
quality (0.1M fructose) patch.

To investigate whether past foraging experience influences foraging behavior on the subsequent
patch, we quantified the residence time on the second patch based on the first patch encountered
by the larvae. We found that there was a reduction in patch residence time on a 0.1M fructose
patch when larvae had previously encountered a 1M fructose patch, compared to when they had
previously encountered a 0.1M fructose patch (Fig. 4C ). Conversely, there was an increase in
patch residence time on a 1M fructose patch when larvae had previously encountered a 0.1M
fructose patch compared to when they had previously encountered a 1M fructose patch. On
average, larvae took approximately 10 minutes to travel from the first to the second patch,
indicating that past foraging experience can influence their subsequent foraging behavior over a
several-minute timescale (Fig. 4D ).

We observed a similar overall pattern in the heterogeneous environment of different salt resource
valences compared to the homogeneous environment (Fig. 2%). When we compared the patch

reduction in patch residence time when transitioning between patches of the same resource
valence (Fig. 4F ). When larvae moved from an attractive patch (0.1M salt) to an aversive patch

(1M salt), there was a decrease in residence time. However, transitioning from an aversive (1M
salt) to an attractive (0.1M salt) salt patch did not result in a significant change.

To assess the influence of past foraging experience, we quantified the residence time on the
second patch based on the first patch encountered. We found a reduction in residence time on a
0.1M salt patch if larvae had previously encountered a 1M salt patch compared to a 0.1M salt patch
(Fig. 4G®). However, the residence time on a 1M salt patch was unaffected by prior experience.

A simple integration model recapitulates larval patch foraging
behavior

To investigate the dynamics of patch-foraging decisions and test whether larvae integrate evidence
during foraging, we used a drift-diffusion model to explain larval behavior in the fructose patch
environments. Previous work suggests that integrator models provide a mechanism that
implements decision-making during patch foraging under ecologically relevant conditions (12).

Inspired by this approach, we modeled larval behavior in homogeneous environments using a
simple drift-diffusion model with p as the drift variable (Fig ). We found no difference in

model fits when the very first patch encounter in the homogeneous environment was included or
not (Fig. S4A @). To avoid potential effects associated with the initial exposure to a novel patch, we

values were lower when the patches contained fructose, consistent with the longer patch
residence times observed under these conditions (Fig. 5D &).

a leak term improved the model’s goodness of fit (Fig. 5E (2, Fig. S4C(3). Because larvae can only

compare resources after encountering both patches, we restricted the analysis to patch-residence
data after both patches had been visited by a larva (Fig. 5F @), which further improved the model
fit (Fi

when the patches contained high-quality fructose, consistent with the longer patch residence
times observed for these patches (Fig
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Figure 4. Drosophila larvae adapt their behavior based on past foraging experience:

(A) Schematic illustration of subsequent patch visits by a larva when the patches contained fructose. (B) Average patch
residence time of larvae on patches 1 and 2 in homogeneous (gray, Fi (%) or heterogeneous environments (blue for
same-type patches, pink for different-type patches; Fig 3AC2 ). Data is shown as mean + SEM (Wilcoxon signed-rank test, * p <
0.05, indicated in the legend). (C) Average patch residence time on patch 2 based on the first patch experienced by the larvae
in a heterogeneous environment. Dots indicate individuals, and the line represents the mean + 95% confidence interval. (D)
Time taken by larvae to travel from patch 1 to patch 2 in a heterogeneous environment. (E) Schematic illustration of
subsequent patch visits when the patches contained salt. (F) Average patch residence time of larvae on patches 1 and 2 in

homogeneous (gray, Fig 1A ) or heterogeneous environments (blue for same-type patches, pink for different-type patches;

experienced by the larvae. Dots indicate individuals; the line represents the mean + 95% confidence interval (Mann-Whitney U
test, * p < 0.05). (H) Travel time between patches 1 and 2 in a heterogeneous environment.
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Figure 5. Integration model captures larval patch foraging behavior:

(A) Implementation of the drift-diffusion model (DDM) for patch leaving in homogeneous environments, with x as the
decision variable and p as the drift variable. (B) Model fits for the different substrates (black line: mean fit; shaded area: +
standard deviation; KS test indicates goodness-of-fit). (C) Mean = std of the patch residence times from the empirical data
and model prediction. (D) Drift rates obtained from the DDM fits (E) Implementation of the DDM model for patch leaving in
the heterogeneous environment, with x as the decision variable, p as the drift, and A as the leak. (F) Model fits for the
different substrates (black line: mean fit; shaded area: + standard deviation; KS test indicates goodness-of-fit). (G) Mean = std
of the patch residence times from the empirical data and the model. (H) Drift (u) and leak (A) obtained from the model fits.
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Discussion

Our study has provided a systematic analysis of larval foraging behaviors across environments
with different structures, offering insights into how Drosophila larvae adjust their decision
strategies accordingly. Our results demonstrate that in homogeneous patch environments, the
foraging behavior of Drosophila larvae is shaped by both the quality and valence of a single
available resource. In heterogeneous environments with patches of varying quality or valence,
larvae flexibly adjust their foraging strategies in response to the resource landscape. Finally, we
show that prior experience influences larval foraging decisions and introduce an integration
mechanism that tracks the environmental characteristics.

To investigate foraging behaviors, we established a behavioral assay with continuous recording of
individual larval behavior over an extended 3-hour timescale, much longer than any previous
studies. This extended timescale allows larvae to explore and exploit all available non-depleting
resource options. Testing individual larvae allowed for precise identity tracking and eliminated
the influence of conspecifics (29).

Resource quality and valence shape larval foraging

Resource quality influenced the time larvae spent foraging. Larvae spent more time on or in the
vicinity of fructose patches at different concentrations (Fig. 1B, Fig. 1C ), consistent with their
attraction to both 0.1M and 1M fructose (24, 25). The patch residence time did not differ between
concentrations, likely because fructose was the sole nutritious resource available in the
environment, leading larvae to exploit both concentrations to a similar extent. In contrast, larvae
spent significantly less time on agar, indicating that patch exploitation is driven by resource

quality rather than the mere presence of a patch border.

Similarly, resource valence also influenced patch residence time. Larvae spent more time on or in

perception of 1M salt concentration as punishing (28, 30). Trace amounts of NaCl are essential for
various larval physiological functions, such as osmoregulation and neural processes (31, 32).

Resource quality and valence affect larval exploitation and
exploration behavior in homogeneous environments

Resource quality modulated larval patch interactions. They had a lower MSD and moved more
slowly on fructose and attractive 0.1M salt than on agar or aversive 1M salt (Fig. 1E2, S1G (2,

chemokinesis can explain the larval behavior of slowing down when sensing an attractive cue,
such as fructose or 0.1M salt. However, larvae were also more likely to return to the fructose and
2D @), consistent with data from a previous

behavior, in line with larvae’s tendency to return to and remain near a food stimulus (35). As
fructose or salt is not volatile and cannot be detected outside of the patches (Fig. 1F(43, 2F (3),
larvae must use a different strategy, such as memory or information integration, to successfully
return to the patch once they leave it. This is in line with findings in Wosniack et al., who show
that a simple model based on chemokinesis cannot explain foraging behavior. Because larvae
returned more frequently to attractive patches, indicated by an increase in patch entries across
conditions, we calculated patch residence time using a distance threshold that includes the

majority of these return trips while excluding time spent outside the patch (Fig. SID @, S2D (2).
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We find no difference in travel time between patches throughout the experiment and across
conditions, further indicating that larvae cannot detect fructose or salt outside of the patches (Fig.
1F3, S113, 2F 3, S213). A lack of volatile cues might also be the reason larvae leave the
attractive food patches more often and only return within a certain radius (3 cm). Testing larval
foraging in a food patch environment without olfactory cues allows for better control of stimulus
exposure and requires the larvae to rely on and remember recent experiences, suggesting that
navigation in such environments relies more on prior foraging experience.

Resource quality and valence influenced larval behavior even when they were off-patch. Larvae
had a slightly reduced MSD off-patch when patches contained attractive resources, such as
off-patch included the return trip displacement of larvae outside the patch. The larval MSD off-
patch was also reduced when the patches contained 1M salt, likely because salt diffuses over time,
creating lower, attractive salt concentration regions near the patch border. Larvae remained
closer to high-quality fructose patches and spent less time at the arena borders compared to low-
quality fructose patches (Fig. S1)2). These results suggest that larvae use information about
resource quality to modulate their exploration strategy, biasing their movement to remain close to
higher-quality resources. However, larval spatial distribution off-patch did not differ between
0.1M salt and 1M salt patch conditions (Fig. S2) ). Salt induces weak attraction in larvae,

comparable to low fructose concentrations, likely because larvae require only minimal amounts of
salt and can survive under low-salt conditions (36).

Larvae change their foraging behavior based on available
resources

When we presented multiple resources in the arena, larvae were able to differentiate between
patch resources and flexibly adjusted their foraging behavior based on the resources available at
the patch. Similar to the homogenous assay, larvae stayed longer on the attractive salt patches

H ). However, in the heterogeneous fructose assay, they
stayed longer on high-quality fructose patches than on low-quality fructose patches, whereas no
difference was observed in the homogeneous environments (Fig. 3D (%).

Based on these results, we conclude that larvae modulate their foraging behavior by taking prior
experience into account. When they encounter patches of the same quality consecutively in a
heterogeneous environment, their residence times do not differ, resembling their behavior in a
larvae adjust their responses according to resource quality and valence, suggesting that they can
compare different resources across patch visits and modify their foraging behavior.

Our data indicate that larvae can maintain a memory of prior resource experience and adapt their
foraging behavior at the next patch, even after a travel time of approximately 10 minutes (Fig. 4D,

when larvae visit subsequent patches of a similar resource quality. The residence time even
increases when larvae go from a low-quality fructose patch to a high-quality fructose patch. If
metabolic satiety mechanisms played a role, prior exposure to any fructose concentration should
always increase fructose satiety rather than enhance subsequent fructose exploitation. Therefore,
our findings indicate that larvae perform an experience-dependent comparative evaluation of
resource quality.

In changing environments, animals must either learn the absolute values of the available
strategies accordingly. Learning the relative value of resources enables animals to efficiently
process information that varies widely in magnitude and has been observed in diverse organisms,
including insects (40) and birds (41). Drosophila larvae have been shown to perform relative value
learning rather than learning the absolute value of rewards or punishments (42). In our
experiments, we tested two fructose concentrations; exploring additional concentrations will

provide further insight into how larvae evaluate and compare resources.
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A simple integrator model captures larval foraging behavior

While foraging in patchy environments, larvae must balance exploiting the current resource with
leaving to search for better alternatives. Theoretical work has suggested that a drift-diffusion
model provides a potential neural algorithm through which the decision to leave a patch emerges
from the gradual accumulation of information about patch quality over time (12). In homogeneous

environments, we could describe larval patch-leaving behavior by a drift-diffusion model with a
single free parameter, drift (Fig. 5B/C2). The addition of a leak term, which represents the decay

indicating that a simple evidence-accumulation process is sufficient to explain the observed
behavior. This suggests that the decision variable does not strongly discount past evidence over
time, consistent with the absence of a history effect in patch residence behavior (Fi

times, suggesting that nutritious resources slow the accumulation of patch-leaving evidence,
thereby prolonging exploitation.

In heterogeneous environments, however, the introduction of a leak term improved model

larvae integrate present sensory information with a decaying influence based on prior patch
experiences, captured here by the leak term. The observed pattern of lower drift and higher leak
in high-quality fructose conditions (Fig. 5SH @) suggests slower accumulation of sensory evidence
about patch quality, together with faster decay of previously integrated information. This dynamic
tuning of drift and leak, which depends on foraging history, may enable larvae to balance
exploitation of currently favorable resources with exploration of novel patches within the
environment. Together, our findings suggest that larval foraging decisions in changing
environments can emerge from a simple integration process whose parameters are modulated by
environmental statistics and sensory experience.

Establishing this foraging paradigm in Drosophila larvae will allow us to leverage powerful genetic
tools together with the whole-brain connectome to decode the neural circuits underlying foraging
decisions. Larvae frequently return to the same patch, and such persistent behavior to food has
been linked to octopaminergic neuromodulation in C. elegans and adult Drosophila (43, 44). We
find that larvae can compare resources and shape their foraging decisions based on prior
experience. In adult Drosophila, dopamine neurons have been shown to encode the relative values
of attractive and aversive stimuli (45, 46). Comparable dopaminergic circuits are present in larvae
(47, 48), suggesting that similar mechanisms may support relative value coding during larval
foraging. Our modeling results further provide a quantitative framework for identifying the
parameters governing evidence integration during patch exploitation, raising the question of how
such computations are implemented in neural circuits. Evidence integration has been proposed to
involve mushroom body circuits in adults, where neural activity can reflect accumulated sensory
information during decision-making (49, 50). Together, combining this behavioral paradigm with

circuit-level perturbations will allow us to directly test how larvae compare resource values and
implement the integrative computations predicted by our model.

Materials and Methods

Animal stocks and husbandry

Canton-S flies were reared on a standard cornmeal diet and maintained in incubators at 25 °C and
60% relative humidity under a 12 h light/12 h dark cycle. Adult flies were allowed to oviposit for 48
h, after which they were removed from the vials. The eggs were allowed to develop for 4-6 days.
Larvae at the early third-instar stage were used for experiments.

Behavioral experiments

The experiments were conducted in a 25 cm x 25 cm assay arena filled with 100ml of a 2% agarose
substrate. After the agar solidified, four circular holes of radius 1.75cm were made using Falcon
tubes, positioned at equal distances of 6.25 cm from the center of the arena. To make patches, the
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agar within these holes was removed and replaced with agar, fructose, or salt solutions filled to
the same height as the surrounding agar substrate.

We added 1.8g or 18g of fructose to 100ml of a 2% agarose solution to prepare 0.1M and 1M
fructose solutions, respectively. To make 0.1M and 1M salt solutions, we added 0.58g or 5.8¢g of salt
to 100ml of a 2% agarose solution, respectively. All four patches were filled with the same
substrate to make homogeneous arenas. To make heterogeneous arenas, two neighbouring
patches were filled with 0.1M solutions, while the remaining two patches were filled with 1M
solutions. All arenas were used for behavioral experiments immediately after preparation.

All arenas were maintained at a constant temperature of 25°C and 60% humidity and placed in a
light-tight box. For all behavioral experiments, early third-instar larvae of a similar size were used
(4-6 days after egg laying). The larvae were removed from the fly vials and washed with distilled
water to remove all traces of food.

A single larva was placed in the middle of the assay arena, and its behavior was recorded for 3
hours with a Basler camera (acA2040-90umNIR) and lens (Kowa Lens LM16HC F1.4 f15mm1”) at
1fps with a red light filter (Edmund optics #89-837) positioned above the arena.

Behavioral Analysis

Videos were analyzed using the freely available tracking software TRex (51) to obtain larval
position (X/Y) over the 3-hour experiment.

Patch residence time

To quantify patch residence time, we calculated the duration of each visit to a patch. Upon leaving
the patch, we characterized post-exit behavior by measuring the maximum displacement of the
larva from the patch edge and the return time for every trip. Given the correlation between return
time and maximum displacement, we continued with displacement as a measure of post-exit
behavior. Because the majority of larvae returned to the patch after trips limited to < 3 cm from
the patch edge, we defined this as the threshold for calculating patch residence time. While
calculating patch residence time, a patch visit was defined as a continuous period when the larva
was either on the patch or made return trips of less than 3 cm from the patch’s edge. However,
only the time spent on the patch was included in the patch residence time calculation.

To analyse patch residence times across subsequent patch visits, we focused on the first two patch
transitions between patches of different quality to increase the sample size. This included the
transition from the first to the second patch and, in cases where the patch type remained the
same, from the second to the third patch.

Larval movement analysis

To quantify larval dispersal, we calculated the mean squared displacement (MSD) for specific time
lags (7) as follows:

MSD(T) = [z(t + T) — z(t)]* + [y(t + T) — y(t)]*
At each frame, the MSD was calculated for all past 7 frames, if possible. For each 7, the
average MSD was calculated as the mean of all MSD values for that 7. We then computed the
MSDs separately for on-patch and off-patch behaviors by averaging the values across all
larvae for each condition. Additionally, we quantified larval speed both on and off patches.
Finally, we quantified travel time as the duration between patch exit and arrival at the same
or subsequent patch following the first patch exit using the displacement threshold defined
above.

Drift-diffusion model

A drift-diffusion model was implemented using an Ornstein-Uhlenbeck process to simulate the
foraging dynamics in homogeneous environments as follows:

dz = pdt + dW
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where x is the decision variable, u is the drift parameter, and W denotes a Wiener process,
representing stochastic noise.
To model the foraging dynamics in heterogeneous environments, a leak (1) was incorporated into
the above model as follows:

dx = (u— Az)dt + dW

For each empirical dataset, bootstrapping was performed by resampling patch residence
times 1000 times to estimate the variability of the model parameters.

Statistical analysis

To determine significant differences between the experimental groups, we performed a non-
parametric Mann-Whitney U-test (Mann-Whitney U test = * p < 0.05). The test was conducted using
the substrate as the grouping factor. To compare patch residence times over subsequent patches,
we performed a non-parametric Wilcoxon signed-rank test for paired data. To evaluate the
goodness of fit of the model, we used a non-parametric Kolmogorov-Smirnov (KS) goodness-of-fit
and reported the D statistic, where lower D values indicate a better fit (Dataset S1).

Data availability

All data generated or analyzed during this study are either included in the manuscript and
supporting files or will be uploaded as source data files on the local public database from the
University of Konstanz, KONdata.
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Fig. S1. Analysis of larval behavior in homogeneous environments of different resource qualities: (A)
Number of unique patches visited by larvae when the patches contained agar (gray), 0.1M fructose (blue), and 1M
fructose (yellow). (B) Average patch residence time of larvae. Dots indicate individual larvae; the line represents
the mean + 95% confidence interval (Mann-Whitney U test = * p < 0.05). (C) Correlation between maximum
displacement from the patch edge and the return time to the patch. Each dot represents an individual trip, and
the line indicates the linear regression fit. (D) Schematic illustrating the calculation of patch residence time after
applying a distance threshold. (E) Number of patch entries by each larva before and after thresholding. (F)
Thresholded average patch residence time in 30 min interval (Kruskal-Wallis test = * p < 0.05). (G) Speed of larvae
on- and off-patch. (H) MSD of larvae when they were off-patch. The dotted line indicates the linear fit to the MSD.
(I) Travel time in 30 min intervals (Kruskal-Wallis test = * p <0.05). (J) Time spent by larvae when they were off-
patch at the border, in regions near the patches and in the center of the arena.
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Fig. S2. Analysis of larval behavior in homogeneous environments of different resource valences:

(A) Number of unique patches visited by larvae when the patches contained agar (gray), 0.1M salt (green) and 1M salt
(orange). (B) Average patch residence time of larvae. Dots indicate individual larvae; the line represents the mean + 95%
confidence interval (Mann-Whitney U test = * p < 0.05). (C) Correlation between maximum displacement from the patch edge
and the return time to the patch. Each dot represents an individual trip and the line indicates the linear regression fit. (D)
Schematic illustrating the calculation of patch residence time after applying a distance threshold. (E) Number of patch entries
by a larva before and after thresholding. (F) Thresholded average patch residence time over 30-min intervals (Kruskal-Wallis
test = * p < 0.05). (G) Larval speed on- and off-patch (H) MSD of larvae when they are off-patch; the dotted line indicates the
linear fit to the MSD. (I) Travel time between patches at 30-min intervals (Kruskal-Wallis test). (J) Time spent by larvae when
they were off-patch at the border, in regions near the patches and in the center of the arena.
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Fig. S3. Analysis of larval behavior in a heterogeneous environment of different resource qualities and
valences:

(A) Number of unique patches visited by larvae when two patches contained 0.1M fructose (light blue) and 1M fructose
(blue). (B) Correlation between maximum displacement from the patch edge and the return time to the patch. Each dot
represents an individual trip, and the line indicates the linear regression fit. (C) Number of patch entries by a larva after
thresholding. Dots indicate individual larvae; the line represents the mean + 95% confidence interval (Mann-Whitney U test =
* p <0.05). (D) Thresholded patch residence time over time in 30 min intervals (Kruskal-Wallis test = * p < 0.05). (E) Speed of
larvae on- and off-patch. (F) Number of unique patches visited by larvae when two patches contained 0.1M salt (light red) and
1M salt (red). (G) Correlation between maximum displacement from the patch edge and the return time to the patch. (H)
Number of patch entries by larvae after thresholding. (I) Thresholded patch residence time over time in 30 min intervals
(Kruskal-Wallis test = * p < 0.05). (J) Larval speed on- and off-patch.
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A Without Leak B Without 1 patch
1t | wio 1% w/o with
patch | patch leak | leak
Agar 0.169 | 0.169 | |Agar 0.169 | 0.161

0.1M Fructose [0.166 | 0.162 0.1M Fructose |0.166 | 0.170
1M Fructose  [0.117 | 0.114 1M Fructose  0.117 | 0.120

C Without 1¢ patch D With Leak
w/o with 1t | wio 1%
leak | leak patch | patch

0.1M Fructose |0.160 | 0.077 0.1M Fructose |0.131 | 0.077

1M Fructose  [0.147 | 0.105 1M Fructose  0.202 | 0.105

Fig. S4. Analysis of DDM model parameters:

(A) Goodness-of-fit values for the drift-diffusion model for patch-leaving decisions, with and without inclusion of the first
Goodness-of-fit values for the drift-diffusion model for patch-leaving decisions excluding the first encod};{g;gaﬁatch,
evaluated with and without A as the leak, with x as the decision variable and p as the drift, based on the empirical data from
t.i'.{g.&gl'aration of both patch types, evaluated with and without A as the leak, with x as the decision variable and p as the
drift, applied to the empirical data from Fig. 5ECZ . (D) Goodness-of-fit values for the drift-diffusion model for patch-leaving

decisions, with and without inclusion of the first encountered patch of both types, with x as the decision variable, p as the
drift and A as the leak, applied to the empirical data from Fig. 5E2.
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Peer reviews
Reviewer #1 (Public review):

Summary:

Mudunuri et al. investigate the foraging response of Drosophila larvae in response to patchy
resources of distinct value (concentration of nutrient or valence). They show that larvae
adjust their behavior according to both the quality and valence of available resources.
Interestingly, previous exposure to resources of lower value increases the permanence time
in resources of greater value. This suggests that larvae can value, remember and adapt their
behaviour in response to previous foraging experience.

They perform a simple integration model that recapitulates the larval behaviour.
Strengths:

This paper uses a very well-controlled foraging set-up where larvae are tested individually
and for 3 hours, allowing for a good statistical analysis of their behaviour.

They investigate for the first time the ability of Drosophila larvae to perceive, remember and
compare the quality and valence of distinct resources. It is very exciting, as it will open up the
field of foraging decision studies using the fruitfly larvae.

Weaknesses:
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(1) Most of the analysis depends on the thresholding, but it is not clear what increasing the
radius of analysis means in terms of foraging. There are two issues here:

a) What is the behaviour of the larvae on the edges of the patch? It is obvious that the
fructose or the NaCl will diffuse at the edge, so are they remaining in the proximity because
they are actively feeding (exploiting) on this decaying concentration, or are they sensing the
lower gradient and they are actually looking (chemosensing) for the higher concentration?
The behaviour at the edge is really different (check sucrose in Wosniack et al. 2022), and
there might be a way of avoiding the diffusion by actually adding a plastic ring and pouring
the agar + resource in there. The effect of the ring, per se, would still have to be tested.

b) How was the threshold selected? It is very likely that the concentration at the patch
boundary will be very different for 1M and 0.1 M. Could the authors explain why they chose
such a distance? What does majority of larvae mean? Is the "majority"” the same for 0.1M and
1M? Is there a relationship between the threshold chosen and the diffusion of fructose and
NacCl?

(2) The word exploitation is used in the paper, but there are many instances where it is
unclear whether that is the case. This should be clarified since there are no controls for
exploitation.

(3) In the experiments analysing the adaptation of foraging behaviour, it is not clear if the
first and second patch means that only 2 patches were analysed per larva or the first and
second in a sequence of patches visited. I think it is the second option (because of Figure S3D),
but the authors should clarify this. Also, we do not know how many animals were tested. The
number of data points in 4C (4G) compared to 4D (4H) seems very different.

Regarding the results, which are very interesting, why aren't the larvae spending less time in
the 0.1M sucrose patch after having fed on a 1M patch, while they spend more time in a 1M
after a 0.1M? Could it be that the difference in residence time is correlated with their hunger
rather than the comparison between conditions?

(4) T am not an expert in this type of model, and I would appreciate it if the authors could
explain how the values of the drift and leak have been fitted in Figure 5H. If possible, I would
recommend adding a graph showing the parameter exploration of distinct possible
combinations of values.

https://doi.org/10.7554/eLife.111624.1.sa2

Reviewer #2 (Public review):

Summary:

This manuscript investigates how Drosophila larvae make foraging decisions in patchy
environments with controlled resource density and valence. Using movement tracking in
bounded arenas, the authors show that larvae's patch residence time (PRT) differs depending
on resource type, environmental context, and prior experience.

The authors vary whether the environment is homogenous (all patches are equal) or
heterogenous (mixed patches) and whether a higher density of the resource is appetitive
(food) or aversive (salt). The most salient results are that in heterogeneous environments,
larvae remain longer on higher-density patches of fructose, while they stay shorter in higher-
density salt patches. The study further demonstrates that prior foraging experience
influences subsequent patch residence time (PRT).

A drift-diffusion model is used to describe patch-leaving behavior, suggesting that an
integration process may underlie stay-leave decisions during foraging. Overall, the work
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provides a useful behavioral system for studying foraging behaviour and highlights the role
of context and experience in shaping larval foraging strategies.

Strengths:

A major strength of the manuscript is the behavioral system. The assay is simple, well-
controlled, and suitable for realistic spatial and temporal scale tracking of individual larvae.
The use of non-volatile resources and embedded patches minimizes confounds from olfactory
navigation and allows the authors to focus on local patch exploitation, return behavior, and
experience-dependent decisions.

The results regarding patch resident time (how long larvae stay in patches of different
resource density) are convincing. In homogeneous environments, larvae spend more time on
patches with a higher density of food (0.1M > 0.01M) and less time in patches with a lower
density of salt (0.01M > 0.1M), indicating that their behaviour is sensitive to the valence of the
resource. Further, larvae do not simply respond to current circumstances, since PRT in a
given patch is sensitive to the quality of the preceding one encountered, showing some kind
of memory.

Weaknesses:

(1) The theoretical background of the experiment, as exposed in the Introduction, is
somewhat misleading. The experiment is based on patches of sufficient size for the individual
larvae not to deplete them through their activity, so that the intake rate is constant while
exploiting a given patch. In those circumstances, the theoretical rate-maximizing strategy
would be to either reject a patch on encounter or stay in it indefinitely (until pupation). The
threshold for rejection or acceptance will depend on travel time, but patch residence time
would be either zero (or minimal identification time) or lifelong. In the introduction, it
appears as if the system follows the classical Marginal Value Theorem assumptions as used in
classical foraging theory. In that case, patch residence time is fundamentally sensitive to a
decline in intake rate while in a patch. This raises questions about what factors drive patch-
leaving in the present protocol. A better theoretical framework would focus on behavioural
variables that can be expected to depend on the circumstances of the experiment, as
discussed below.

(2) Rather than make predictions about time in the patch, which as explained above do not
reflect the present system, larval behaviour could be modelled and described as a function of
observable properties such as: (a) speed of locomotion; (b) tendency to deviate from straight
progress (area restricted searching); (c) probability of return after leaving a patch, possibly
controlled through rea restricted searching; (d) a response to concentration gradient, since
patch boundaries are probably gradual through diffusion. There is a useful literature in this
regard in studies of parasitic wasps such as Venturia canescens (formerly Nemeritis
canescens, see Waage 1979). Larva may respond directly to local resource concentration (see
van Alphen, J. J., Bernstein, C., & Driessen, G., 2003), where higher concentration leads to
increased feeding rate, reduced locomotion, and consequently results in longer time in each
patch. This could still be a normative model, but based on realistic driving inputs. The
dimensions of the system make it unlikely that larvae have the opportunity to adjust to travel
time, or patch composition, on which classical foraging models are based. The original
versions of the marginal value theorem were thought for cases where birds exploited pine
cones, so that each bird had multiple encounters, and also on dung flies that mated in dung
patches, which also dried out. A system with heritable optimised parameters could work for
other natural systems where the parameters can be heritable, but not here.

(3) The previous argument indicates that patch time, while it is a real quantitative
consequence, is not ideal as the major dependent variable for this system. Given that the
authors have the full trajectories, they could treat movement in discrete time bins and ask if
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the tendency to depart from linear progression (i.e. from moving straight ahead) is a function
of the density of the resource. It would appear as if all the results, including return to patches
(but not memory), could be explained by area-restricted searching (see Dorfman, A., Hills, T.
T., & Scharf, I. (2022). A guide to area-restricted search: a foundational foraging behaviour.
Biological Reviews, 97(6), 2076-2089.). Slower movement (perhaps directly caused by eating)
and more twisted progress could generate longer times in higher food densities.

(4) The evidence for an effect of prior experience is interesting but could be strengthened.
The authors state that PRT on the second patch depends on the concentration in the first
patch. However, statistically significant modulation of prior experience was only found when
the second food patch was richer, namely 1M fructose (Figure 4C). If the change in patch time
is due to a form of learning and contrast, one might expect significantly shorter times in any
second patch if the first one was richer, which is not the case. One difficulty is that the
'patchy’ nature of the environment may not be evident to the larvae, because they are much
smaller than the patches. From a larva's perspective, a patch is an environment, potentially
suitable to remain in until pupation (which is what they ought to do in richer food patches).

(5) The modelling section is promising but currently somewhat underdeveloped relative to
the strength of the claims. The authors fit a drift-diffusion model to data and report that a
drift-only model captures homogeneous environments, whereas adding a leak term improves
the fit in heterogeneous environments. This provides a useful quantitative summary of
behavior but the biological interpretation of the leak parameter is not clear. In addition, the
valence condition was not modelled.

https://doi.org/10.7554/eLife.111624.1.sa1

Reviewer #3 (Public review):

Summary:

The work investigates how the foraging behaviour of Drosophila larvae depends on resource
quality, valence, and heterogeneity in the foraging environment. A specific focus of the work
was to study how foraging decisions depend on the prior experience of alternative resource
patches in the same environment. Moreover, the work presents computational models (drift
diffusion models) that recapitulate foraging decisions, and whose parameters appear to
depend on resource quality and environment statistics, providing potential insights into the
dynamics of the decision-making process.

I am not familiar with previous literature on foraging decisions in Drosophila, but I was
specifically consulted to comment on the computational modelling. Therefore, my comments
will mostly focus on the modelling aspects.

Strengths:
In my understanding, the two strengths of the current study are that:

(1) it uses non-volatile resources, providing better control of the available cues that could
guide foraging decisions, and

(2) it tracks foraging behaviour over an extended period of time (3h), generating a rich
dataset of foraging behaviour in the same environment.

Overall, the study appears to have been carefully conducted.
Weaknesses:

The computational modelling currently provides limited additional value beyond the
empirical results. There are no prior hypotheses that are addressed by the computational
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models. Given the flexibility of DDMs, fitting foraging times is expected to be feasible. The
question is whether the fits provide mechanistic insight. The main insight appears to be that
describing foraging times in a homogeneous environment requires a single free parameter
(drift rate), while the heterogenous environment requires a second parameter (leak).
However, the effective complexity of the model is higher than the stated parameter count
suggests, as each patch quality is fit with a different drift rate, which does not generalise
across environments: in the heterogeneous environment, the drift rate differs substantially
across fructose concentrations, whereas in the homogeneous environment, the same
concentrations yield nearly identical drift rates. Counter their claims, the authors also do not
systematically explore the effect of specific prior foraging experience on computational
parameters, but only contrast model fits to environments with different statistics, in which
prior experiences will be generally different. Overall, at the moment these modelling results
have a rather descriptive character, and provide very little insight into the underlying
computational principles that drive foraging decisions.

A second weakness is that the study does not report the detailed results of the statistical tests,
and it seems that the authors interpret several differences that are not marked as statistically
significant in the figures. Furthermore, the model comparisons do not account for different
degrees of freedom of the models, and the goodness of fit values alone are insufficient to
conclude that one model is better than the other (rather than overfitting).

https://doi.org/10.7554/eLife.111624.1.sa0
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