
ll
OPEN ACCESS
iScience

Article
Information integration for decision-making in
desert locusts
Yannick Günzel,

Felix B.

Oberhauser, Einat

Couzin-Fuchs

einat.couzin@uni-konstanz.de

Highlights
Locust patch choice is

strongly influenced by the

social context

Foraging locusts select

the best available patch,

but split when options are

equal

We infer the locust

decision-making rule

guiding patch choice

Locusts integrate private

with social information for

informed decision-making

Günzel et al., iScience 26,
106388
April 21, 2023 ª 2023
University of Konstanz.

https://doi.org/10.1016/

j.isci.2023.106388

Konstanzer Online-Publikations-System (KOPS) 
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-2-1n05g2zlv7wtb4

mailto:einat.couzin@uni-konstanz.de
https://doi.org/10.1016/j.isci.2023.106388
https://doi.org/10.1016/j.isci.2023.106388
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.106388&domain=pdf


ll
OPEN ACCESS
iScience
Article
Information integration for decision-making
in desert locusts

Yannick Günzel,1,2,3,4 Felix B. Oberhauser,3,4 and Einat Couzin-Fuchs2,3,4,5,*
1International Max Planck
Research School for
Quantitative Behaviour,
Ecology and Evolution from
Lab to Field, 78464 Konstanz,
Germany

2Department of Biology,
University of Konstanz, 78464
Konstanz, Germany

3Department of Collective
Behavior, Max Planck
Institute of Animal Behavior,
78464 Konstanz, Germany

4Centre for the Advanced
Study of Collective
Behaviour, University of
Konstanz, 78464 Konstanz,
Germany

5Lead contact

*Correspondence:
einat.couzin@uni-konstanz.
de

https://doi.org/10.1016/j.isci.
2023.106388
SUMMARY

Locust swarms can extend over hundred kilometers, and starvation compels this
ancient pest to devour everything in its path. Theory suggests that gregarious
behavior benefits foraging efficiency, yet the role of social cohesion remains
elusive. To this end, we collected high-resolution trajectories of individual and
grouped gregarious desert locusts in a 2-choice assay with patches of either
similar or different quality. Carefully maintaining animals’ identities allowed us
to monitor each individual’s experience and estimate the leaky accumulation pro-
cess of personally acquired and socially derived evidence. We fitted data to a
Bayesian model to gain insight into the decision-making system for patch selec-
tion. By disentangling the relative contribution of each information class, our
study suggests that locusts balance incongruent evidence but reinforce
congruent ones.We provide insight into the collective foraging decisions of social
(but non-eusocial) insects and present locusts as a powerful empirical system to
study individual choices and consequent collective dynamics.

INTRODUCTION

The migratory desert locust (Schistocerca gregaria) can form swarms spanning several hundred square ki-

lometers and, driven by starvation, can devour everything on its path through semi-arid environments with

fragmented vegetation structures.1,2 Usually, locust bands form in arid recession areas when favorable

weather conditions allow the development of green vegetation.3,4 With increasing locust densities at

sparse food patches, social cues—like the resulting mechanical stimulation between animals—initiate gre-

garisation of previously solitarious animals.5–7 This density-dependent phase polyphenism (reviewed by

M.P. Pener and S.J. Simpson8, D.A. Cullen et al.9, and S.J. Simpson10), throughout which animals transition

from avoiding others to approaching them, causes a devastating autocatalytic chain reaction of aggrega-

tion that promotes further aggregation and, consequently, local population growth.11,12 Unlike solitarious

locusts, which populate recession areas in low densities and forage alone, gregarious locusts march

together2,13,14,15 and—upon depletion of local resources—invade new regions. Nevertheless, despite

this ancient plague’s vast humanitarian, ecological, and economic impact,16 little is known about how

locusts utilize different sources of information to guide their devastating foraging campaigns.

The transition from solitary to group foraging also implies significant differences in the type, quality, and

quantity of information animals can gather. Generally, information can be obtained through direct interac-

tions with the environment—‘‘private information’’; or derived from the behavior of others—‘‘social infor-

mation’’.17–19 Consequently, solitarious locusts are likely limited to private information, while social infor-

mation is abundant in swarms. Integrating both information classes, when available, could allow

individuals to update their self-obtained ‘‘beliefs’’ with those of surrounding conspecifics. This information

integration may be essential in high-population densities where nutritional unpredictability is increased

and environmental cues for locating potential resources are limited.20 Various phase-dependent morpho-

logical and physiological changes accompany the transition from a sedentary solitarious foraging strategy

with a restricted host-plant range21,8 to nutritionally opportunistic group foraging. Notably, a reallocation

of growth investment from low-level sensory areas (e.g., primary olfactory neuropils) to higher processing

ones (e.g., central complex) during the transition from the solitarious to the gregarious phase22 may reflect

a shift in environmental complexity, and consequently, the need for increased information processing.

Group-living individuals routinely utilize information produced intentionally or unintentionally by others,

and often simple rules can explain how social information is used in the underlying decision system.23–26
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In eusocial insects, foraging is facilitated by sophisticated communication and recruitment signals, such as

the waggle dance in bees27 or pheromone trails in ants.28 In other species, the transfer of social information

relies on inadvertent cues provided by the behavior of others.17,18 For example, gregarious insects such as

cockroaches and fruit flies collectively select resource patches without active recruitment29,30 via the effect

of retention: animals stay longer when more conspecifics are present.29,31–33 The presence of others can

indicate both resource location and quality, offering discrete and graded information, respectively.18

This often results in consensus formation through a collective quorum decision on a single option.

Cockroach groups, for instance, collectively select a single shelter out of two equal options.33 Notably,

however, social information can be outdated or noisy, and in many cases, animals may favor using private

information when available.34 Moreover, the presence of others at a resource patch may also indicate par-

tial exploitation/depletion, competition, or—as observed by Bazazi et al.35—potential danger through

cannibalism. Consequently, in some cases, the social context can even result in a preference inversion.31,36

Therefore, optimal foraging decisions rely on integrating information from both classes according to their

reliability and availability.37

Optimization processes for integrating different types of information are commonly utilized in multi-modal

sensory integration during navigation.38–40 The core premise—gaining higher estimation accuracy through

merging information classes, weighted by their uncertainty—can also be valid for private and social infor-

mation sources and has been successfully applied to human decisions.24,41 To our knowledge, empirical

animal studies have rarely used similar frameworks for integrating private and social information, poten-

tially due to difficulties in quantifying the accumulation of evidence in each information class.

To this end, we investigate how accumulated personal experience and the availability of social cues impact

locust foraging decisions in symmetric and asymmetric environments. For this, we investigated the locust

decision system by extending a Bayesian estimation for social decision-making by Arganda et al.25 to also

capture each animal’s previous decisions.We test how the social context impacts patch choice and whether

locusts form a consensus when two options are available. For this, we tracked the behavior of locust groups

varying in size during simple patch choice assays of either equal or different quality. Our study shows that

locusts use both private and social information, which they optimally update by balancing incongruent

(opposing) cues and reinforcing congruent (aligned) ones.
RESULTS

Condition-dependent formation of consensus

We studied locust foraging dynamics in a simple behavioral assay in which gregarious locusts were tested

in different group sizes (N= 1, 5, 10, 15, 30 animals) against two patch options (Figure 1A, Video S1) of either

equal symmetric (EQ-trials) or unequal asymmetric (UE-trials) quality (Figure 1B i). We tracked animals while

retaining accurate labels of individual identity for 30 min to estimate (history-dependent) interactions

among conspecifics and with the patches (Figure 1Bii). Throughout the trials, animals explored the arena

with multiple visits to both patches per animal (Figure S1A) with visit times that reflected the asymmetry in

patch quality (Figures S1B and S1C). As locust behavior is strongly density-dependent, we estimated ani-

mal density profiles across the entire arena to characterize each animal’s social experience within, around,

and outside the patches at any given time (Figure 1C and mov. 4).

Within a few minutes, animal density at the patches increased (Figure 2A). The density at the patches was

higher than the maximum density observed in two control regions (Figure 1Bi, dotted circles). Notably, we

observed this in both conditions (EQ, Figure 2Aii; UE, Figure 2Aiv), both patch types (HQ and LQ), and all

group sizes (see Table S1 for p values and s-values). Further, animal density was consistently higher at the

high-quality (HQ) patch in UE-trials (Figure 2Aiii–iv), but similar for both HQ-patches in the EQ-trials (Fig-

ure 2Ai–ii; see Table S1 for p values, s-values, and effect sizes). This imbalance during UE-trials resulted in

higher preference index values than during EQ-trials (Figure 2B; see Table S1 for p values, s-values, and

effect sizes).

The clear preference exhibited in all group sizes of the UE-trials was also reflected by the high consensus

level routinely exceeding a three-quarters super-majority (Figure 2C; purple swarm plots and time courses).

Interestingly, when twoHQ patches were present, locusts mostly split into two groups rather than forming a

quorum. It is important to note that capacity-wise, there was no ‘‘hard’’ boundary on quorum formation

even for the largest groups, as seen by the high consensus values in the UE-trials. The tendency to split
2 iScience 26, 106388, April 21, 2023
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Figure 1. Experimental setup and overview of conducted analysis steps to investigate locust foraging behavior

(A) Schematic of the circular arena (d = 90 cm) used. Two food patches were placed at a randomly selected, opposing

position (six possible configurations).

(B) Animals were tested under one of two conditions: An equal food condition (EQ, left), with two high-quality patches, or

an unequal one (UE, right), containing one high-quality patch and a low-quality one. As a control, we compared the

aggregation at patches with empty regions (dotted circles). Animals were visually tracked using marker-less multi-animal

tracking software that reliably maintained individuals’ identities throughout the trial (Bii, first row, example trajectories for

a trial with N = 10 animals, color codes animals’ IDs). Trajectories were rotated such that food patches were aligned

horizontally, with the high-quality patch on the right for UE-experiments. Local animal density was estimated based on

individual trajectories (Bii, second row, averaged across all frames and animals for the example trial above).

(C) Densities were estimated by 2-D Gaussian filtering of individual animal positions within the arena. Shown is a 1-D

example with five animals. Solid lines represent local densities induced by each animal. Dots represent local, animal-

centric (’’perceived’’) densities. The dotted line indicates the overall animal density in 1D space that could be measured at

a specific point of interest (POI) as, for instance, the center of a patch.
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during EQ-trials increases with group size (Figure 2C; green swarm plots), suggesting patch choices were

driven not only by positive social cohesion (explaining the high degree of consensus when only a few an-

imals were at the patches, e.g. for N < 15 and at the beginning of all trails) but also by other factors, such as

perceived patch values or competition avoidance.
Presence of others dictates individual patch interactions

To further dissect the individual factors governing the observed dynamics, we investigated how locust den-

sity (social cohesion) impacts patch choice decisions under different conditions. Tracking individual

animals while maintaining their identities throughout the trials allowed us to evaluate how the prevailing

animal density affected the probabilities of joining and staying at a patch. Overall, regardless of the patch

quality, we found that animals joined patches faster (Figure 3A) and stayed longer (Figure 3B) when local

density was high. Nevertheless, the resulting consensus maps were markedly different between EQ- and

UE-trials, also when evaluated against local animal densities at the patches (Figure 3C). With larger

differences in consensus values between the EQ- and UE-trials for more crowded patches, we examined

whether the positive social feedback is inverted when crowding is high (which would indicate explicit

competition avoidance). However, this was not the case, as locusts almost always preferred the more popu-

lated patch in both EQ- and UE-trials (Figure 3D). The preference for the more populated option was even

more apparent when choices were evaluated against the difference in densities between the two options,

showing a higher preference toward the more populated option for almost the entire range (except for

density differences of less than 1, when patches were nearly equally populated; Figure 3E). Taken together,
iScience 26, 106388, April 21, 2023 3
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Figure 2. Temporal dynamics of animal densities at patches, preference development, and consensus formation

(A) Animal density time courses (Ai, Aiii) and averages (Aii, Aiv) for the equal (EQ; shades of green/red; Ai–ii) and unequal (UE; shades of blue/magenta; Aiii–

iv) patch conditions, separated by group size. Colored time courses show animal density at the respective patches, while black lines show the maximum

animal density in the control regions (see Figure 1Bi, dashed circles). The instantaneous maximum density in control regions was used as baseline in Aii and

Aiv (bottom lines).

(B) Preference index time courses (Bi) and averages (Bii) for the equal (EQ; shades of green) and unequal (UE; shades of purple) patch conditions, separated

by group size. The stronger the values differ from zero (dotted line), the stronger the preference toward one patch over the other. For UE-trials, positive

values indicate a stronger preference for the high-quality option.

(C) Consensus time courses (Ci) and averages (Cii) for the equal (EQ; shades of green) and unequal (UE; shades of purple) patch conditions, separated

by group size. A value of zero indicates equal animal density at both patches, while a value of one shows full consensus—all animals are at a single patch.

Black solid lines indicate the degree of consensus that would result from a two-thirds super-majority, while the dotted black lines refer to a three-quarters
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Figure 2. Continued

super-majority, respectively. For time courses (Ai, Aiii, Bi, and Ci), solid colored lines represent grand means across animals and trials, while shaded

colored areas indicate 95% confidence intervals around the mean. For averages (Aii, Aiv, Bii, and Cii), each trial’s time course was averaged between

minutes five and 20 (majority of patch selection events; gray areas in time course panels). Crosses indicate the position of the mean (horizontal) and

corresponding 95% confidence intervals (vertical). Individual points indicate trial means. Not significant: n.s.; p < 0.05: *; p < 0.01: **; p < 0.001: ***; see

Table S1 for p values, s-values, and effect sizes.
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the density-dependent joining behavior exhibited in both patch conditions suggests that the presence of

others serves as an inadvertent social cue, which conveys discrete (location) information but is insufficient

for graded (quality) information. Since such information can be directly acquired by sampling the patches

during feeding events (accumulation of private information), we continued to investigate how the two

information channels interact during the patch selection process.
Locusts integrate private with social information for efficient foraging

Information about the location and quality of patches forms the basis of foraging decisions. We dissected

these decision-making processes by modeling personal and social evidence accumulation (Figure 4Ai) and

their interactions (Figures 4Aii and Aiii). A Bayesian formalism illustrates that locust decisions can be well

estimated from balanced differences of accumulated within-class evidence (Table S3; kq and ks are both

larger than zero but smaller than one) and by employing an optimal integration of different information

classes (private and social information).

Across group sizes and both patch conditions, individual information classes estimated the animal’s patch

choice well above chance level (gray distributions; Figure 4C). Generally, estimations based on social infor-

mation alone outperformed those solely based on directly acquired private information and resulted in the

smallest AICc values (apart from EQ-trials with groups of five animals). Above all, the integration of both

information classes under either patch condition (EQ or UE) significantly exceeds the single cue probabil-

ities of correct estimations (colored swarm plots; Figure 4C). The spread of all decision events, pooled

across all conditions, located according to their individual channel predictors and color-coded by the value

of their integrated estimate (Figure 4B) further corroborates this. Here, a simple average across all deci-

sions would estimate worse in 81:90% of the EQ- and 78:95% of the UE-trials.

Personally acquired and socially derived evidence can be congruent, i.e., both estimating correctly (P > 0:5,

upper right [orange] quarter in Figures 4Aii and 4D) or incorrectly (P < 0:5, bottom left corners); or they can

be incongruent with one correct and one incorrect estimation (blue quarters in Figure 4Aii). When evidence

is incongruent, there is a conflict regarding the information on which to base a decision. The decision rule

used here provides an intermediate estimate in these cases, based on the certainty levels of both channels

(top-left and bottom-right in Figure 4D). This estimate was generally better than a simple average with a

significant rescue in performance (Pintegration > 0:5 where either Ppers: or Psoc: < 0:5; Figure 4E). For EQ-trials,

when PEQ;pers: < 0:5, then Pintegration > 0:5 in 72:01% of the cases. Likewise, when PEQ;soc: < 0:5, then

Pintegration > 0:5 in 65:32% of the cases. The same held true for UE-trials. When PUE;pers: < 0:5, then

Pintegration > 0:5 in 70:20% of the cases, and when PUE;soc: < 0:5, then Pintegration > 0:5 in 66:00% of the cases.

The same integration rule with congruent evidence (both information classes estimating the same

outcome) results in reinforcement uncertainty reduction, producing an estimate which is more extreme

than both single cues. Since most cases of congruent evidence are correct (less likely that both information

classes are wrong), this resulted in more correct answers for both patch conditions (Pintegration > 0:5;

EQ : 88:19%; UE : 81:36%; Figure 4E). Taken together, inferring the locust decision-making rule used in

patch choice suggests that animals balance incongruent and reinforce congruent information. This reflects

an effective integration of the two information classes, which form stronger ‘‘opinions’’ when evidence

aligns as well as consider the respective strengths of the single cues in case of conflicting evidence.
DISCUSSION

This study provides a framework for studying collective decision-making based on evidence accumulation

in different information classes. We show that locusts collectively select the best available food but split

into two groups when both options are equal. Our data suggest that these fission-fusion dynamics origi-

nate from discrete information on the location of food conveyed by the retention of others. However, by

estimating the relative evidence provided by either class of information, private or social, we show that
iScience 26, 106388, April 21, 2023 5
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Figure 3. Prevailing animal densities shape individual and collective decisions

(A) Interval between two consecutive joining events as a function of the average prevailing animal density during the

interval. Solid lines represent grand means across animals, trials, and group sizes (N = 5, 10, 15, 30 animals; averages per

group size can be found in Figure S1E). Shaded areas indicate corresponding 95% confidence intervals. For the equal,

high-quality, (EQ) condition (left panel), data for both patches were pooled, while for the unequal-quality (UE) condition,

the low-quality (LQ, center panel) and the high-quality (HQ, right panel) patches were analyzed separately. Joining

intervals were corrected for the number of remaining animals to account for a ‘‘depletion’’ of available animals.

(B) Bivariate density contour plots show the duration of individual visits to a patch as a function of the average prevailing

animal density during the stay. Columns were min-max normalized, and white superimposed dots indicate the location of

the maximum of the respective column. Maxima were used to fit a linear model to the data (colored line). For the equal,

high-quality, (EQ) condition (left panel), data for both patches were pooled, while for the unequal-quality (UE) condition,

the low-quality (LQ, center panel) and the high-quality (HQ, right panel) patches were analyzed separately. (C) Bivariate

density contour plots showing how the degree of consensus changes as a function of the animal density summed over

both patches (EQ top row; UE bottom row). Columns were min-max normalized. Superimposed dotted white lines

indicate the location of a two-thirds super-majority. Average consensus values per row are shown on the right. Data were

pooled across all group sizes (N = 5, 10, 15, 30 animals).

(D) Histograms comparing the number of events a new animal joined the more populated patch (colored bars) or the less

populated one (gray bars) for different animal densities summed over both patches (EQ top row; UE bottom row).

(E) Histograms showing under which difference in animal density a new animal either joined the more (colored bars) or the

less (gray bars) populated option (EQ top row; UE bottom row). We tested whether the difference in counts in D and E was

significantly different from zero using paired two-sample, two-tailed bootstrap randomization tests (see p values and

s-values in the respective panels). Further, we applied two-tailed binomial tests with a proposed probability of joining the

more populated patch of 0.5 to each bin (see Table S2 for p values and s-values).
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locusts balance incongruent evidence based on their respective strength. At the same time, they reinforce

congruent information to form stronger opinions when evidence aligns.

Reliable sensory-motor decisions rely on stochastic processes to sample information fromnoisy environments,19

to integrate evidence fromdifferent senses40 according to the internal state,13,42,43 and ultimately to generate an

appropriate context-dependent motor output.44 Integration can occur at different scales: from the dendritic
6 iScience 26, 106388, April 21, 2023



B

D

E

Ai

Aii Aiii

Ci

Cii

Figure 4. Inference of the locust decision-making rule used in patch choice

(A) Illustration showing the concept of evidence accumulation (Ai), the Bayesian integration of private and social information (Aii), and the integration rule

(Aiii). Our model for estimating patch choices is based on the leaky accumulation of both personal and social experiences over time (Ai; accumulation bouts

indicated in red). We assumed that the accumulation of private information occurred during patch selection bouts and the accumulation of social

information during reorientation (pausing) bouts. Accumulated evidence in each information class (private, social) contributed to the estimation of the next

choice, i.e., to join patch x or y (Aii). If both information classes estimated the same choice, information was congruent (orange quarters). However, if

estimations were conflicted, information was incongruent (blue quarters). An emerging property of our model was that congruent information got reinforced

in the integration process, while incongruent information got balanced (Aiii).

(B) Scatterplot showing the distribution of patch choices estimated based on private information alone (abscissa), social information alone (ordinate), and

color-coded by their resultant integration estimate.

(C) Swarm plots showing the probability distributions of correct patch estimation based on private information (light gray), social information (dark gray), and

the integration of the two classes (color). Data for the equal patch condition (EQ) are in the upper row in shades of green for the integration, while the

unequal patch condition (UE) is below with shades of magenta for the integration. Corrected Akaike information criterion values are listed in Table S5.

Crosses indicate sample medians (horizontal) and corresponding 95% confidence intervals (vertical). Statistical analysis was done using paired two-sample,

two-tailed bootstrap randomization tests with Bonferroni correction (see Table S6 for p values, s-values, and effect sizes).
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Figure 4. Continued

(D) Same as in B but with color indicating whether the probability of a correct estimation was more extreme than either of the underlying information classes,

indicating reinforcement (orange); or whether the integration resembled a weighted average, indicating balancing (blue: better estimation than a simple

average, magenta: worse than a simple average).

(E) Proportion of when the probability for a correct patch choice estimation following the integration of private and social information was above 0.5,

separated by whether the underlying evidence was congruent (orange bars, indicating reinforcement) or incongruent (blue bars, indicating balancing). Light

blue bars show how strong socially derived information (Psoc: > 0:5) could rescue (Pintegration > 0:5) weak personally acquired information (Ppers: < 0:5). Dark

blue bars show how strong personally acquired information (Ppers: > 0:5) could rescue (Pintegration > 0:5) weak socially derived information (Psoc: < 0:5). Orange

bars pool reinforcement of weak information (Psoc: < 0:5 and Ppers: < 0:5) or strong information (Psoc: > 0:5 and Ppers: > 0:5). Underlying counts are noted on the

side. Statistical analysis was done using two-tailed binomial tests against a value of 0.5 (see Table S6 for p values and s-values). Not significant: n.s.; p < 0.05:

*; p < 0.01: **; p < 0.001: ***.
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integration of signals arriving at a single neuron,45,46 over small pooling networks of several cells,47 up to whole

brain regions.48 Here, we followed the principles of a drift-diffusionmodel, a standardmodel for perceptual de-

cision-making strategies reviewed by R. Ratcliff et al., 2016,49 by assuming a leaky accumulation of evidence for

the location of food (Figure 4). We based the accumulation processes on private and social information, which

resemble higher-order constructs of different modalities. Social information in locusts is likely based on vision,

but auditory, haptic, and olfactory cuesmay also contribute. For simplicity, we consolidated the different aspects

of this multi-modal construct into one term, ‘‘animal density’’ (Figures 1C, 2A, and 3). Moreover, models solely

based on social information explained most of the variation (AICc values in Table S5) with high reliability values

(parameter s in Table S3). Both corroborate the strong impact of the social context on patch choice (Figure 3),

reflecting how aggregation promotes further aggregation in locusts,11,12 reviewed by M.P. Pener and S.J.

Simpson, 2009.8 On the other hand, private information about a patch’s quality is most likely to be gustatory.

Estimation accuracy solely based on private information (Figure 4C) exceeding chance level suggests that

animals could remember and discriminate the location of a ‘‘good’’ food patch from that of a ‘‘bad’’ one.

This indicates that locusts can accumulate private evidence for several items, store it over seconds, and retrieve

the information effectively. Future experiments may elucidate the relative contribution of different modalities

and the mechanisms underlying their accumulation processes.

When assessing an event’s likelihood, subjective knowledge and objective facts about such likelihoods are

indistinguishable for the observer. Subjective confidence for the occurrence of a given event can be

described in terms of Bayesian probabilities, which represent the degree of an observer’s belief,25,50 re-

viewed by.51 Different classes of information can be combined to increase confidence while making a

decision, often according to their inherent uncertainty levels.52 Information integration processes can

explain elevated performance levels in insect navigation and foraging,38–40,53,54 human perception,55

and collective decision-making.41 Here, we show that a Bayesian formalism can also reliably estimate

foraging decisions by integrating different information classes (Figure 4), consistently resulting in signifi-

cantly better estimations following the integration of private with social information than for an individual

information class alone (Figure 4C). We projected decisions according to their respective social and per-

sonal evidence to gain more insight into the decision rule and why it outperforms each information class.

By dividing the 2-D ‘‘evidence space’’ into congruent (Figures 4Aii and 4D, orange quarter and points,

respectively) and incongruent (Figure 4Aii blue quarter; Figure 4D blue and magenta points), we derive

that providing a certainty context allows for integrating both information classes effectively. The social de-

cision-making rule rescues performance by balancing evidence in incongruent cases (blue bars in Figure 4E)

while increasing estimation confidence when evidence agrees (orange bars in Figure 4E).

The collective dynamics we observed of locust groups splitting between equal high-quality patches differ from

observations on other gregarious insect species.33,56 Analyzing consensus formation across time and group size

revealed that positive social cohesion, which was driving instances of consensus in relatively small groups during

EQ-trials (Figure 3C,N= 5), breakswith an increasing number of animals (Figure 3C,N> 5) and the acquisition of

private information over time. Future studies may investigate the relative contribution of different information

classes under different conditions across different temporal and spatial foraging scales.

Predicting locust behavior is crucial for taking preventive measures against future outbreaks and applying

directed control efforts against existing ones. To date, however, forecasts of swarms and marching bands’

locations still fall short of precision.57 Quantitative approaches have been largely insightful for generating

testable predictions about the gregarisation process,58,59 swarmmovement,60,61 and foraging.62 However,

large-scale empirical studies to corroborate them remain scarce (but not6,63 for long-term recordings of
8 iScience 26, 106388, April 21, 2023
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gregarisation experiments). By utilizing a simple foraging assay, in which the personal and social experi-

ences of all individuals are monitored across time, our study provides an empirical confirmation for the pre-

diction that gregarious behavior can improve foraging success in locusts59 and shows this behavior to be

dynamically amended by personal experience.

The basic framework for evaluating decision processes based on private and social information could be

combined with agent-based modeling to disentangle the contribution of interrelated factors and make

testable predictions about how this scales with size (social and spatial) and time. The extreme polyphenism

of locusts and the fast continuous transition between the gregarious and solitarious phase additionally al-

lows tuning of the valence of social parameters.8 With the high-resolutionmapping of personal experience,

nutritional state, and behavior, locust foraging offers a powerful empirical system to investigate local

individual decisions and their resulting collective dynamics.

Limitations of the study

Our study suggests a framework to analyze evidence accumulation and social decision-making, which we apply

to infer the decision rules used in patch choice under two simple experimental conditions. However, due to the

nature of the experiments and inter-connectivity between private and social information here (i.e., acquiring

private information by sampling a patch also increases the density of animals at that patch), we were not

able to equally scan the private-social parameter space (long-tailed distributions following the integration (Fig-

ure 4C); few combinations of high-personal and low-social values (Figure 4B)). Future experimental manipula-

tions could target the more conflicting regions of parameter space (e.g., by combining naive and experienced

or hungry and starved individuals). This could also be expanded further using other scenarios withmore gradual

differences in patch qualities and/or larger environments with multiple options to investigate the validity of the

results reported across contexts. Furthermore, the current study does not differentiate actual patch selection

bouts from ‘‘simply being around’’ a patch (i.e., when the animal’s centroid is in close vicinity to the patch).

Although we show that patch weight loss increases with increasing cumulative animal density (Figure S1D),

we cannot completely rule out the occurrence of animals watching others feed instead of feeding themselves.
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Materials availability

This study did not generate new unique reagents.

Data and code availability

d Processed animal trajectories have been deposited at Zenodo and are publicly available as of the date of

publication. The URL is: https://doi.org/10.5281/zenodo.7541780.

d Data were analyzed and plotted using custom-written MATLAB scripts. Analysis code is available at

https://doi.org/10.5281/zenodo.7541780. Custom-written graphical user interface (GUI) for manually su-

pervised tracking is available at https://github.com/YannickGuenzel/BlobMaster3000.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

We conducted experiments with late-instar (4th, 5th larval stage) gregarious Schistocerca gregaria (Forskål,

1775) desert locusts. The animals were commercially obtained from a local insect breeder (b.t.b.e. Insek-

tenzucht GmbH, Bad Wörishofen, Germany) at least one week prior to experiments. During this time, an-

imals were kept in the experimental room under crowded conditions (approx. 200 animals per 50 3 50 3

70 cm cage) with fresh blackberry leaves ad libitum. Two nights before the experiments, animals were

deprived of food and water to increase their foraging motivation.
METHOD DETAILS

Experimental setup

The setup consisted of a circular polyvinyl chloride (PVC) arena (d= 90 cm) with a transparent Plexiglas plate

covering the top (Figure 1, inspired by Günzel et al.31). We prevented animals from climbing by applying

petroleum jelly (Balea Vaseline, dm-drogerie markt GmbH + Co. KG, Karlsruhe, Germany) to the arena

wall. Each trial lasted 30 minutes and was recorded with a single Basler camera (25 fps; acA2040 - 90mm;

Basler AG, Ahrensburg, Germany) placed above the arena and equipped with an infra red (IR) long-pass

filter. A custom-made infrared LED (850 nm wavelength) grid and a diffuser plate placed below the arena

ensured uniform illumination for the video recordings. An additional light source (Hakutatz light emitting

diode (LED) ring light, 33cm 35WBi-color 3200-5600K) illuminated the arena from above. A white paper wall

(height: 75 cm) was additionally placed around the arena to prevent animals from visual guidance or

disruption throughout the trial. We kept the temperature constant (24 �C - 26 �C) during experiments

and cleaned the arena with ethanol and water after each trial.
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Experimental procedure

Gregarious locusts were tested individually or in groups (N = 5, 10, 15 or 30 animals) in one of two exper-

imental conditions: equal trials (’’ EQ-trials’’), in which two equal, high-quality (’’ HQ-patch’’) patches were

placed in the arena, and unequal trials (’’ UE-trials’’) with one nutritious patch (HQ-patch, same quality as in

EQ-trials) and one of a low nutritional value (’’ LQ-patch’’). Food patches (diameter: 7:12G0:40 cm, meanG

std) were placed within the arena on opposite sides (180� and 61:65G1:33 cm, meanG std apart) in one out

of six possible positions (e.g., positions 60� and 240� in mov. 4). Under each condition, EQ and UE, we con-

ducted 20 trials with N = 1 animal, ten trials for each N = 5, 10, and 15 animals, and four trials with N= 30

animals. Thus, 880 animals were tested in total.

Preparation of patches

For HQ-patches, we mixed 500 mL tap water with 38 g gelatin from porcine skin (gel strength 300, Type A,

G2500, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany), 25 g honey (Gut &Günstig Bienenhonig flüssig,

Edeka Zentrale Stiftung & Co. KG, Hamburg, Germany), and 25 g egg (yolk and albumen stirred before-

hand; EDEKA Bio Eier, Edeka Zentrale Stiftung & Co. KG, Hamburg, Germany). In contrast, for a clear dif-

ference in quality, the LQ-patches consisted of 525 mL tap water and 60 g gelatine only. During the prep-

aration, special care was taken that ingredients mix without caking. Besides the quality difference, the

patches were similar in shape and size and sufficient for the entire tested group of locusts to aggregate

on and around a single patch.

QUANTIFICATION AND STATISTICAL ANALYSIS

Visual tracking of animals

We obtained trajectories of individual locusts using the multi-animal tracking software TRex64 with a critical

focus on maintaining animal identities over time. For videos with densely clustered animals that were

particularly difficult to track, we used a custom-written GUI inMATLAB (R2021a, TheMathWorks Inc, Natick,

MA, USA) that allows for manual supervision. Obtained trajectories were smoothed by convolution with a

Gaussian kernel (half-width = 2 s, s = 2
3 s) and rotated to align the patch positions across trials (with the

HQ-patch in UE-trials always on the right). Smoothing trajectories resulted in more accurate speed profiles

that we used to determine walking and standing bouts. If an animal stayed for more than 5 s within the

range of one body length (4 cm) around the edge of the patch, we considered this interval a ’patch selection

bout’ (see Figure S1D for a quantification). This minimum retention time, along with a minimum inter-bout

interval of 5 s, accounted for animals just passing by or for noise in tracking, respectively.

Data analysis

We estimated local animal density by a frame-wise application of a 2-D Gaussian smoothing kernel to each

animal’s x=y-coordinates within the arena. We used a standard deviation that reflected the density-inde-

pendent interaction range employed by locusts of approx. 7 cm.14 We estimated the overall animal density

at a given point of interest (POI) as the sum of local densities imposed by each animal in the arena (see Fig-

ure 1 and Video S1).

We used the prevailing animal density at two control regions (Figure 1Bi, dotted circles) to rule out poten-

tial aggregation outside the patches. The control regions correspond to the two patches’ positions, only

rotated by 90 degrees. We only considered the maximum density across the two control regions to achieve

a conservative measure.

In order to determine the animals’ patch preference, we calculated a preference index based on the local

animal densities D (see Figure 2A) at both patches X and Y for each point in time t. Specifically, we divided

the difference between animal densities by their sum (PIX ðtÞ = DX ðtÞ�DY ðtÞ
DX ðtÞ+DY ðtÞ; see Figure 2B). Thus, the stron-

ger the preference index differs from zero, the stronger the preference toward a patch. For UE-trials, we

subtracted the density at the LQ-patch from the density at the HQ-patch. Thus, positive values reflect a

stronger preference for the HQ-option and negative values for the LQ-option.

We were interested in both whether and how animals deal with competition at crowded patches and to

what degree competition affects consensus formation. For this, we estimated the degree of consensus

as the absolute value of the preference index (see Figure 2C). Further, for each experimental condition

(EQ- and UE-trials), we pooled data from all group sizes and binned values according to the amount of
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prevailing animal density summed across both patches. We min-max normalized each column and de-

picted the 2-D binning as heat maps, plotted as filled contour plots without isolines (see Figure 3C).

To further investigate how the social context affects individual choices, we estimated how joining and stay-

ing at a patch is associated with animal density at the respective patch (see Figure 3). Joining intervals, i.e.,

the interval between two consecutive joining events, were plotted against the average animal density dur-

ing this interval. To account for changes in the availability of animals outside the patches, we corrected in-

tervals during which many animals were available by multiplying each interval with the density outside the

patches. Similarly, we plotted stay duration against the average animal density throughout the visit. Here,

we binned stay duration and animal density as a bivariate density estimate with min-max normalized col-

umns to reveal the respective distributions, and to test for a potential interaction between the two. For

the latter, we extracted the location of the maximum density (value of one due to column-wise normaliza-

tion) in each column, to which we then fitted a linear model. We used the total counts of observations per

animal density column as weights to account for skewed distributions for the fit. Heat maps were depicted

as filled contour plots without isolines.
Inferring the locust decision-making rule used in patch choice

We investigated the locust social decision-making system used in patch choice by adapting a previously

published decision rule by Arganda et al.25 The Bayesian estimation returns the probability of an

option x being a ’good’ option Pðx is goodÞ, given the evidence for options x and y, respectively

(Equation 1). For inference of the locust decision-making rule, We fitted six parameters to our data: the reli-

ability of private and social information (s and q, respectively), the corresponding relative impact of

opposing effects between patches for each information class (ks and kq, respectively), and time constants

for the accumulation of socially derived and personally acquired evidence (ts and tq, respectively;

Equation 4. To account for the asymmetric conditions in UE-trials we fitted two different values for

qx and qy , whereas qx = qy in EQ-trials.

Pðx is goodjsocialÞ = 1

1+ s�ðNx � ksNyÞ

P
�
x is good

��private� =
1

1+q�ðEx � kqEyÞ
(Equation 1)

Here, Nx and Ny refer to the accumulated evidence based on social information for patch x and y, respec-

tively. Likewise, Ex and Ey refer to the accumulated evidence based on private information for patch x and y,

respectively. Based on probability matching, the probability of choosing option x can be estimated

(25, Equation 2).

Px =
Pðx is goodÞ

Pðx is goodÞ+Pðy is goodÞ (Equation 2)

Here, we extended Equation 2 for combining two information classes: private and social information (Equa-

tion 3; Figure 4Aiii).

Px =
Pðx is goodjsocialÞP�x is good

��private�
Pðx is goodjsocialÞP�x is good

��private�+ Pðy is goodjsocialÞP�y is good
��private�

(Equation 3)

This non-linear integration rule incorporates three aspects. First, if one information class is non-informative,

the probability of choosing an option is solely based on the other information class. Second, combining

congruent evidence is substantially more informative than the underlying information classes alone. Third,

combining incongruent evidence accounts for the respective strengths by balancing (in contrast to aver-

aging) both classes.

We fitted the parameters to each group size (Table S3) using Bayesian hyperparameter optimization

(MATLAB built-in function bayesopt). The reliability of information parameters (s, q) were fitted within

the upper and lower bounds of 1 and 5, respectively. This assumes an option is good when supporting ev-

idence is substantial (e.g., a patch with high animal density is more attractive). The impact of opposing ef-

fects parameters (kq and ks) were fitted within the upper and lower bounds of 0 and 1, respectively. Here, a

value approaching one suggests that locusts choose a patch solely based on the relative difference in
14 iScience 26, 106388, April 21, 2023
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accumulated evidence, whereas a value approaching zero indicates that the decision was made solely

based on the absolute amount of evidence.

Following the principles of a drift-diffusion model, we modeled the accumulation of evidence as a leaky

process (Equation 4) with two integrator units per information class, i.e., one for each patch.

t
dXðtÞ
dt

= � XðtÞ+Y ðtÞ

where:

XðtÞ : accumulated sensory variable

Y ðtÞ : time � dependent personal or social context; respectively

t : time constant for leaky accumulation

(Equation 4)

Here, the time-dependent personal context was a step function that equals 1 for frames in which the animal

was feeding and 0 otherwise (see Figure 4Ai, left). The time-dependent social context was the local animal

density at a patch, scaled by the focal animal’s distance to the respective patch, with accumulation periods

during the animal’s pausing bouts outside the patches (see Figure 4Ai, right). This assumption of of social

information being accumulated during pausing bouts is based on the finding that pausing bouts can be

associated with reorientation maneuvers and thus potentially with decision-making processes.65,66 Having

one time constant per class of information accounts for differences in bout duration distributions (animals

generally have more prolonged patch selection bouts than pausing bouts, thus accumulating private infor-

mation over more extended periods than social information; Figure S1). We fitted the time constants within

the upper and lower bounds of 1 second and 15 minutes, respectively.

We applied the decision rule in a discretized fashion, only at the frame right before a selection event. This

means that if an animal was joining a patch at time t, the accumulated evidence for both patches and in-

formation classes one frame before were used to inform our model (private information for patches x

and y: Exðt � 1Þ, Eyðt � 1Þ; social information for patches x and y: Nxðt � 1Þ, Nyðt � 1Þ). Therefore, we
only compared the animal’s actual choice with a single estimation of its probability of choosing the patch,

which allowed us to determine whether the estimation was correct.

Integration of private and social information for patch choice

Interested in how locusts use different information classes to make decisions, we dissected the relative

contribution of private and social information in the integration process. For this, we simulated the absence

of information in the respective class by setting the corresponding reliability parameter, s or q (Equation 1),

to a value of one. Exemplary cases for which this would occur naturally are the absence of private informa-

tion before the animal’s first patch selection bout, or ambiguity in social information when other animals are

distributed equally among the two options. Note, however, that this does not include fitting new param-

eters. Instead, we interrogated the existing model to which degree the quality of a single information class

alone can correctly estimate the animal’s choice and how both classes of information are being integrated.

To account for an effective reduction in the number of parameters, we applied the Akaike information cri-

terion, corrected for small sample sizes (AICc,67–69; Equation 5).

AICc = nlog

�
RSS

n

�
+ 2k +

2k2 + 2k

n � k � 1

where :

n : sample size

RSS : residual sum of squares

k : 1+ number of fitted parameters

(Equation 5)

Statistical analysis

We performed all analysis steps in MATLAB. If not stated otherwise, we report averages as grand means

(means of trial means within one patch condition and group size) with bootstrapped 95% confidence inter-

vals (B = 5000 samples) as error bars or shaded areas, respectively. Statistical inference was based on
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bootstrap randomization tests with B = 5 � 106 samples (c.f.70). Briefly, we applied the same statistical sum-

mary to the permutated test statistic T� and to the test statistic of the original sample T and determined the

probability p of observing T� being the same or more extreme. Note that this approach yields a lowest

achievable p-value of 1=B = 2 � 10� 7.

For a two-sample, two-tailed comparison with observations z (mean z, standard deviation sz , sample size n)

and y (mean y, standard deviation sy , sample size m), we used the test statistic noted down in Equation 6.

Here, we drew bootstrap samples from a joint distribution of z and y with n samples assigned to z� and m

samples to y�.

Ttwo� sample =
jz � yjffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2
z

n
+
s2
y

m

s
(Equation 6)

For a paired two-sample, two-tailed comparison of observations z and y with the resulting pairwise differ-

ence x (mean x, standard deviation sx , sample size n), we used the test statistic noted down in Equation 7.

Here, we drew samples from the empirical distribution xi = xi � x with i = 1;.;n.

Tpairedtwo� sample =
jxj

sx

� ffiffiffi
n

p (Equation 7)

For a one-sample, two-tailed comparison with observation z (mean z, sample size n) and a pre-determined

value m0 (e.g. 0.5), we used the test statistic noted down in Equation 8. Here, we drew samples from the

empirical distribution zi = zi � z +m0 with i = 1;.;n.

Tone� sample = jz � m0j (Equation 8)

Reports of p-values are complemented with corresponding s-values (Shannon information, s = � log2ðpÞ).
Shannon information is expressed in bits of information against the tested hypothesis and helps to portray

evidential value better.71 In the case of two-sample comparisons, we further provide effect sizes (Cohen’s d).

To evaluate whether animals were joining the more populated patch, binned by the animal density

summed across both patches (Figure 3D), or binned by the difference in animal density (Figure 3E), we per-

formed two-tailed binomial tests72 with a proposed probability of 0.5 for joining the more populated patch

at each bin. The same test was used to evaluate model performance in Figure 2E.
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