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SUMMARY  30 

Social isolation has profound effects on behavior and cognition, but these effects can differ across sex and 31 
behavioral domains. We asked how social isolation shapes foraging decisions in male and female rats 32 
using a patch-leaving task that combines spatial navigation with sequential stay-or-go choices across 33 
varying travel costs and reward depletion rates. All groups scaled patch residence times with travel cost 34 
in a manner consistent with the marginal value theorem yet consistently overstayed beyond the optimal 35 
leaving time. The magnitude of overstaying was shaped by a strong interaction between sex and social 36 
status, with socially isolated females leaving patches closest to optimal and consuming food at the highest 37 
rate. Their foraging was accompanied by a coherent spatial and behavioral profile where the socially 38 
isolated females spent more time idle, preferentially occupying protected regions near the door and 39 
corridor, and avoiding the exposed patch center during both active foraging and periods of idling. These 40 
patterns are consistent with a conservative, safety-oriented strategy that simultaneously minimizes 41 
exposure and maximizes caloric return. Social isolation does not uniformly impair cognition but can 42 
selectively bias female rats toward efficiency-maximizing foraging decisions, consistent with the 43 
ecological pressures faced by outcast females in wild rat colonies. 44 
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Introduction 45 

Rattus norvegicus, the Norway rat, is a highly social animal that lives in colonies of up to hundreds of 46 
individuals organized by a hierarchical social structure. Social rank shapes an individual’s access to 47 
resources, with higher-status animals gaining preferential access to food, water, and mating partners. 48 
Individuals at the bottom of the hierarchy may ultimately be expelled from the colony and forced to strike 49 
out on their own as socially isolated outcasts. Such outcasts must navigate and forage under the persistent 50 
risk of encountering colony members, a pressure expected to shape their decisions about when to explore 51 
and when to exploit a food patch. The foraging decisions of an outcast rat therefore unfold under 52 
fundamentally different social and ecological constraints than those of an integrated colony member. 53 

Optimal foraging theory holds that animals make decisions that maximize their resource intake per unit 54 
of time. The marginal value theorem (MVT), one formalization of this principle, has proven broadly 55 
accurate in describing the patch-leaving decisions made by many species, including parasitoid insects,1,2 56 
rodents,3–11 birds,12–14 non-human primates,15–17 and humans.5,18–21 MVT predicts the optimal moment at 57 
which an animal should abandon the currently harvested patch and travel to a new one, given the travel 58 
time between patches and the rate at which resources deplete within them.22 Although a wide range of 59 
species behave in qualitative agreement with MVT, increasing patch residence time as travel cost rises, 60 
virtually all of them overstay, remaining in patches beyond the optimal leaving time and departing with 61 
marginal intake rates below the environmental average. Overstaying is among the most reproducible 62 
departures from optimality in foraging behavior, yet how the magnitude of overstaying is shaped by sex, 63 
social experience, and developmental history remains largely unexamined. 64 

Patch-leaving decisions also vary substantially among individuals, and one consistent axis of this 65 
variability is sex. Female rats tend to leave patches earlier than males and differ in their sensitivity to 66 
manipulations of travel cost and reward depletion,9 paralleling sex differences reported in adjacent 67 
decision domains such as impulsive choice and delay discounting.23 Foraging in open environments 68 
further requires animals to trade energy intake against exposure to risk. Rats have an innate fear of open 69 
spaces, owing to evolutionary pressures of predation, and preferentially occupy the protected perimeter of 70 
an arena rather than its exposed center, a thigmotaxic tendency long used as an index of anxiety-related 71 
behavior24, with females typically showing stronger center avoidance than males. Because time spent in 72 
protected regions trades against time available to harvest, the spatial organization of foraging effort and 73 
the patch-leaving decisions it produces are unlikely to be independent, yet the two are rarely characterized 74 
together within a single controlled paradigm. 75 

Adolescence is a sensitive period for the maturation of prefrontal circuitry, the hypothalamic-pituitary-76 
adrenal (HPA) axis, and social cognition.25 Post-weaning social isolation in rodents produces persistent, 77 
often developmentally specific changes that extend into adulthood, including deficits in learning, memory, 78 
and impulse control,26,27 increases in anxiety and stress reactivity,28,29 fragmented sleep structure,30,31 and 79 
a weakened immune system.32,33 Critically, these consequences are not uniform across sex: females show 80 
greater HPA-axis reactivity to isolation than males28,29 and stronger or qualitatively different effects on 81 
anxiety and spatial learning,26,34,35 whereas isolation effects on impulsivity and reward processing have 82 
been described primarily in males.23,27 Adolescent social isolation therefore provides a well-defined 83 
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manipulation for asking how the early social environment shapes adult decision-making in a sex-84 
dependent manner. 85 

In the wild, socially isolated outcasts experience markedly different foraging pressures than integrated 86 
colony members. Outcast rats have been described as approaching and withdrawing from patches 87 
regardless of the presence of conspecifics, avoiding patches occupied by other rats altogether, and 88 
restricting themselves to the peripheral, safer regions of a foraging environment even in the absence of 89 
conspecifics, all while bearing elevated predation and aggression risk.36 These pressures predict that 90 
adolescent social isolation, by approximating several experiential features of outcast life, should bias 91 
foraging toward cautious, efficiency-maximizing strategies, and that this bias should be most pronounced 92 
in females. To test this, we used a sequential two-patch foraging task with manipulated travel costs and 93 
reward depletion rates in male and female Long-Evans rats reared from postnatal day 28 in either same-94 
sex social groups or social isolation. We asked whether socially isolated rats deviate less from MVT-95 
optimal leaving times than group-housed rats, whether any such effect is sex-dependent, and whether 96 
shifts in foraging efficiency are accompanied by corresponding changes in the spatial organization of 97 
foraging behavior. 98 

Results 99 

Patch-leaving foraging task 100 

Given the differences between socially isolated and socially integrated wild rats in foraging behavior and 101 
impaired performance of socially isolated laboratory rats on most cognitive tasks, we utilized a laboratory-102 
based patch-leaving decision-making task in male and female rats that were either socially integrated or 103 
socially isolated at postnatal day 28. Rats (n = 18 male, n = 18 female) were randomly assigned to either 104 
the socially isolated or socially integrated housing condition, resulting in four groups (solitary male (SM), 105 
solitary female (SF), group male (GM), and group female (GF)), with their housing condition continuing 106 
throughout the entirety of the experiment. After four weeks of living in their assigned housing condition, 107 
rats were individually tested in a sequential patch-leaving foraging task in an arena that consisted of two 108 
square open field patches connected by a corridor that allowed for the imposition of different travel times 109 
between the patches by restricting the rat to the corridor for different periods of time (Figure 1A). 110 
Following entry into a patch after the imposition of a travel time in the corridor, rats could forage for 111 
sucrose pellets distributed according to one of four different depletion functions that varied based on two 112 
initial pellet rates and two depletion rates (Figure S1). Rats readily shuttled between the two patches even 113 
with the imposition of different travel times (either 7 or 60 seconds) in the corridor, with the pellet 114 
distribution function resetting upon reentry into a patch after having visited the other patch. 115 

Rats visited more patches with a short travel time (16.90+/-0.39 patches) than with a long travel time 116 
(8.00+/-0.11 patches; t(286)=21.9, p<0.001; Figure 1B). The marginal value theorem predicts that 117 
animals’ patch residence times will vary directly with the travel time between patches, which has been 118 
observed in both wild and laboratory animals, and was observed in this laboratory-based patch-leaving 119 
task (Figure 1C-F). Rats had significantly longer patch residence times with long versus short travel times 120 
(long: 174.53 ± 3.66 s; short: 102.92 ± 3.10 s; t(286) = 14.9, p < 0.001; Figure 2A). Rats’ patch residence 121 
times were compared to the optimal patch leaving time predicted by MVT, and as is typical for most 122 
animals, rats overstayed in patches beyond the optimal leaving time regardless of travel time or pellet 123 
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distribution function, with rats overstaying significantly longer when there was a short as compared to a 124 
long travel time (long: 52.95 ± 5.16 s; short: 82.77 ± 3.11 s; t(286) = 4.95, p < 0.001; Figure 2B). The four 125 
pellet distribution functions did not result in differences in either the number of patches visited (high 126 
initial/low depletion: 11.6 ± 0.61; high initial/high depletion: 12.6 ± 0.64; low initial/low depletion: 12.7 127 
± 0.67; low initial/high depletion: 12.9 ± 0.72; one-way ANOVA: F(3,284) = 0.79, p = 0.499; Tukey–128 
Kramer, all p > 0.05; Figure 2C) or patch residence times (high initial/low depletion: 143.9 ± 6.6 s; high 129 
initial/high depletion: 135.7 ± 6.1 s; low initial/low depletion: 135.7 ± 6.4 s; low initial/high depletion: 130 
139.6 ± 6.5 s; one-way ANOVA: F(3,284) = 0.36, p = 0.779; Tukey–Kramer, all p > 0.05; Figure 2D). As 131 
rats were tested repeatedly across eight days with different pellet distribution functions and travel times, 132 
we considered whether rats’ memory of the previous session influenced their initial patch leaving decisions 133 
during the current session. Using the patch residence time of the first trial in each session, we found no 134 
differences across sessions (repeated-measures ANOVA, trials: F(7,238) = 1.35, p = 0.227), between sexes 135 
(sex × trials: F(7,238) = 0.42, p = 0.889; Figure 2E), or between social status (housing × trials: F(7,238) 136 
= 0.54, p = 0.807; 2F). This suggests that rats did not carry over specific patch-leaving biases from day to 137 
day. 138 

Socially isolated female rats make efficient foraging decisions 139 

Each group of rats displayed overstaying behavior, yet clear differences were observed between the sexes 140 
and housing conditions. There is a strong interaction between sex and housing condition, driven primarily 141 
by socially isolated female rats, which overstay significantly less than the other groups (GM: 65.9 ± 4.2 142 
s; SM: 77.8 ± 8.3 s; GF: 84.8 ± 6.1 s; SF: 46.9 ± 5.2 s; two-way ANOVA main effect of housing: F(1,32) 143 
= 4.44, p = 0.043; sex × housing: F(1,32) = 16.31, p < 0.001; Post hoc Tukey–Kramer: SF<SM: p<0.01, 144 
SF<GF: p<0.001; Figure 3A). Thus, socially isolated female rats perform closer to optimal in terms of 145 
their patch residence times. Given that an animal that leaves patches at the optimal time will maximize 146 
their food intake, socially isolated female rats consumed pellets at a significantly greater rate than each of 147 
the other three groups (GM: 4.44 ± 0.09; SM: 4.44 ± 0.16; GF: 4.40 ± 0.08; SF: 4.89 ± 0.10; two-way 148 
ANOVA main effect of housing: F(1,32) = 5.19, p < 0.05; main effect of sex: F(1,32) = 3.38, p = 0.075; 149 
sex × housing interaction: F(1,32) = 5.19, p < 0.05; Post hoc Tukey–Kramer: SF<GF, SM and GM all 150 
p<0.05; Figure 3B). This positions solitary female rats as more efficient foragers for food as a function of 151 
time than the other groups. 152 

As optimal foraging theories are ultimately concerned with animals making decisions to meet their caloric 153 
needs, an animal’s energy expenditure and overall caloric needs also play into whether animals are making 154 
optimal or efficient decisions. As the task structure does not require the rats to be constantly active, given 155 
that food pellets are dispensed into the patch according to the distribution function and not based on the 156 
rats’ behavior, the rats do not need to do anything during the inter-pellet interval and can simply choose 157 
to sit idly and conserve their energy. As such, on the energy-expenditure side, we considered (1) the total 158 
distance traveled during the patch-residence period and (2) the amount of time spent idle during the task 159 
as proxies for energy expenditure. There were no significant differences in travel distance during patch 160 
residence (GM: 28,803 ± 982 cm; SM: 29,781 ± 1,084 cm; GF: 27,457 ± 1,516 cm; SF: 26,086 ± 1,359 161 
cm; two-way ANOVA main effect of housing: F(1,32) = 0.02, p = 0.876; main effect of sex: F(1,32) = 162 
4.04, p = 0.053; sex × housing interaction (F(1,32) = 0.88, p = 0.356); Figure 3C), but solitary females 163 
spent significantly more time idle than both male groups (GM: 0.19 ± 0.01; SM: 0.20 ± 0.01; GF: 0.24 ± 164 
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0.02; SF: 0.26 ± 0.02; two-way ANOVA main effect of sex: F(1,32) = 12.18, p<0.001; main effect of 165 
housing: F(1,32) = 1.65, p = 0.209; sex × housing interaction: F(1,32) = 0.31, p = 0.580; post hoc Tukey–166 
Kramer: SF>GM, p<0.01, SF>SM, p<0.05; Figure 3D). As female rats are significantly smaller than male 167 
rats (GM: 241.0 ± 5.0 g; SM: 251.1 ± 6.2 g; GF: 181.3 ± 2.6 g; SF: 171.7 ± 4.4 g; two-way ANOVA main 168 
effect of sex: F(1,32) = 217.82, p < 0.001; main effect of housing (F(1,32) = 0.00, p = 0.960; sex × housing 169 
interaction: F(1,32) = 4.32, p<0.05; post hoc Tukey–Kramer: males>females, all p < 0.001; Figure 3E), 170 
their foraging behavior makes them more efficient than at first glance, given their lower caloric needs. We 171 
derived a measure of foraging efficiency that incorporated the number of food pellets obtained, distance 172 
traveled, and body weight. Using this measure, female rats, particularly solitary females, were more 173 
efficient foragers than male rats (GM: 0.65 ± 0.05; SM: 0.59 ± 0.03; GF: 0.90 ± 0.06; SF: 1.02 ± 0.08; 174 
two-way ANOVA main effect of sex: F(1,32) = 32.67, p < 0.001; main effect of housing: F(1,32) = 0.33, 175 
p = 0.57; sex × housing interaction: F(1,32) = 2.29, p = 0.14; post hoc Tukey–Kramer: females>males, all 176 
p < 0.05; Figure 3F). Overall, these results indicate that solitary female rats were the most efficient foragers 177 
among the four groups tested, as they left patches earlier, obtained food pellets at a higher rate, and reduced 178 
locomotion during patch foraging relative to the other groups. 179 

Socially isolated female rats utilize space differently 180 

Alternatively, reduced locomotor activity in solitary female rats may represent a safety-oriented foraging 181 
strategy that minimizes exposure and reduces the likelihood of encountering conspecifics. Rats’ overt 182 
utilization of space suggests differences in foraging strategies across the groups. Rats have an innate fear 183 
of open spaces owing to evolutionary pressures of predation occurring in such spaces, and therefore rats 184 
prefer the relative safety of protective structures, including the walls of laboratory-based arenas. Solitary, 185 
outcast wild rats have been described as restricting themselves to the perimeter of a foraging area,36 even 186 
in the absence of conspecifics, and therefore, we considered how rats utilize space in the laboratory-based 187 
foraging arena. During patch residence, rats in all groups preferentially occupied regions near the 188 
perimeter of the patches rather than the exposed central area (Figures 4A–4D). This tendency was more 189 
pronounced in females, which exhibited lower center-to-perimeter occupancy ratios than males, indicating 190 
reduced use of the patch center by female rats. Consistent with this pattern, male rats showed higher center: 191 
perimeter ratios than females, reflecting greater occupancy of the exposed central region during active 192 
foraging. In addition to the patch perimeter, the corridor and door regions constitute relatively protected 193 
areas of the environment. Because door closure and patch switching were triggered only when rats crossed 194 
the far end of the corridor, animals could remain near the door of the current patch without initiating the 195 
travel time to the other patch. Using the region definitions illustrated in Figure 4E, we quantified spatial 196 
occupancy across the full patch-residence period (Figure 4F). Significant group effects were observed in 197 
the Door, Corridor, and Patch Center regions, but not in the Boundary (one-way ANOVAs Door: F(3,284) 198 
= 8.06, p < 0.001; Corridor: F(3,284) = 16.47, p < 0.001; Patch Center: F(3,284) = 19.98, p < 0.001; 199 
Boundary: F(3,284) = 1.70, p = 0.17). Solitary females spent a greater proportion of time near the door 200 
than both group-housed and solitary males (post hoc Tukey-Kramer Door: SF>GM p<0.01, SF>SM 201 
p<0.001), whereas both female groups spent more time in the corridor than males (post hoc Tukey-Kramer 202 
Corridor: SF>SM & GM p<0.001, GF>SM & GM p<0.001). Conversely, solitary females spent less time 203 
in the Patch Center than all other groups (Patch Center: SF<GF p<0.05, SF<SM p<0.001, SF<GM p<0.01; 204 
Figure 4F). 205 
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To determine whether these spatial biases persisted during non-foraging periods, we next examined spatial 206 
occupancy during idling (Figures 4G). Group differences were again observed in the Door, Corridor, and 207 
Patch Center regions, but not in the Boundary (one-way ANOVAs Door: F(3,284) = 3.12, p < 0.05; 208 
Corridor: F(3,284) = 10.08, p < 0.001; Patch Center: F(3,284) = 8.15, p < 0.001; Boundary: F(3.284) = 209 
2.09, p = 0.10). Solitary females spent more idle time in the door and corridor regions than solitary males 210 
(post hoc Tukey-Kramer Door: p<0.05, Corridor: p<0.001, whereas both female groups showed reduced 211 
occupancy of the Patch Center relative to males (post hoc Tukey-Kramer: SF<SM p<0.001, SF<GM, 212 
p<0.01, GF<SM p<0.05; Figure 4G). Together, these results indicate that solitary female rats preferentially 213 
restrict both foraging and idle behavior to regions associated with greater environmental safety, 214 
concentrating spatial use near the door and corridor while minimizing exposure to the open field. 215 

Discussion 216 

The present study reveals a striking and counterintuitive pattern: social isolation, which typically impairs 217 
cognitive function across a host of laboratory-based tasks, was associated with more efficient foraging 218 
specifically in female rats. Socially isolated females left patches closer to the optimal time predicted by 219 
MVT than the other three groups, overstaying significantly less and acquiring sucrose pellets at a higher 220 
rate across both short and long travel costs. This shift in decision-making was accompanied by a coherent 221 
spatial and behavioral profile: solitary females preferentially occupied the protected regions near the door 222 
and corridor, avoided the exposed patch center during both active foraging and idling, and spent a greater 223 
fraction of the session idle. The convergence of efficiency-relevant decisions with safety-oriented spatial 224 
use indicates that adolescent isolation does not produce a domain-general impairment in female rats, but 225 
instead biases them toward a coordinated strategy that simultaneously minimizes exposure and maximizes 226 
caloric return—a strategy consistent with the ecological pressures faced by outcast females at the margins 227 
of wild rat colonies, where both predation risk and conspecific aggression are elevated. 228 

The interaction between sex and social condition, driven largely by solitary females showing the lowest 229 
levels of overstaying relative to MVT, suggests that females may be more sensitive than males to the 230 
effects of social isolation, but that this sensitivity manifests in complex, domain-specific ways. The same 231 
manipulation that shifted female foraging toward a more conservative, efficiency-maximizing strategy 232 
impairs females more severely than males in other cognitive domains, including spatial learning and 233 
memory.34,35 This sex-specific pattern may have hormonal underpinnings. Post-weaning social isolation 234 
increases stress and anxiety sensitivity more strongly in females, which show greater HPA-axis reactivity 235 
following isolation,28,29 and ovarian hormones modulate anxiety-like behavior and stress responses across 236 
the estrous cycle,37,38 providing a plausible mechanistic link between social isolation, heightened anxiety, 237 
and altered foraging strategy. Because estrous-cycle phase was not monitored in the present design, a 238 
cycle-dependent contribution to the female-specific effects cannot be evaluated here; future studies should 239 
examine whether patch-leaving decisions vary across the estrous cycle or following ovariectomy. 240 

The spatial restriction observed in solitary females extends Calhoun’s classical descriptions of outcast 241 
wild rats into a controlled laboratory paradigm.36 Across both active foraging and idle periods, solitary 242 
females concentrated their occupancy in the door and corridor regions and avoided the patch center, 243 
whereas group-housed females and both male groups distributed their occupancy more evenly. The 244 
persistence of this bias during idling is informative: a spatial preference expressed only during active 245 
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foraging could reflect a tactical response to the depleting reward schedule, whereas one that holds during 246 
periods of disengagement points to a more generalized defensive stance. Center avoidance in open-field 247 
assays has long been interpreted as an index of state and trait anxiety24, and the present spatial pattern is 248 
consistent with that interpretation. The novel observation is that this defensive spatial profile coexists 249 
with, and likely directly supports, efficiency-maximizing patch-leaving decisions, rather than trading off 250 
against them. 251 

Because the task delivered pellets on a fixed schedule rather than in response to behavior, rats did not need 252 
to remain active during the inter-pellet intervals and could conserve energy by sitting idly. The elevated 253 
idling of solitary females, therefore, admits two competing interpretations. Under a motivational-deficit 254 
account, isolation reduces engagement with the task, and the increased idle time reflects disengagement 255 
rather than strategy. Under an energy-conservation account, idling is a deliberate behavioral choice that 256 
lowers caloric expenditure during inter-pellet intervals and contributes to the observed foraging efficiency. 257 
Three features of the data favor the strategic interpretation. First, idling co-occurred with higher pellet-258 
acquisition rates and closer-to-optimal patch leaving, rather than with reduced engagement. Second, idling 259 
was concentrated in the protected door and corridor regions rather than distributed uniformly, the spatial 260 
signature of an active safety-related preference rather than a global loss of behavioral drive. Third, solitary 261 
females continued to traverse the corridor and re-enter patches at appropriate intervals, indicating that the 262 
goal-directed structure of the task remained intact. A motivational-deficit account predicts disengagement 263 
that scales with idling, which neither the temporal nor the spatial structure of the present data supports. 264 

Several mechanisms could account for the reduced overstay observed in solitary female rats. Overstaying 265 
in patch-leaving paradigms has been attributed to the undervaluation of the opportunity cost of remaining 266 
in the current patch,19 rational learning of patch structure under uncertainty,21 and choice-history biases 267 
that prolong patch residence.5 Adolescent social isolation could shift any of these computations, for 268 
example, by heightening the subjective salience of the opportunity cost, by altering prefrontal 269 
contributions to structure learning,26,34,35 or by changing subjective time perception under chronic stress. 270 
Notably, the direction of the effect argues against a generalized impulsivity account: testosterone has been 271 
implicated in sex differences in impulsivity, and removal of endogenous testosterone via orchiectomy 272 
increases impulsivity in males,23 so a reward-driven impulsivity mechanism would predict earlier patch 273 
leaving in males rather than the female-specific reduction in overstay observed here. Distinguishing 274 
among the remaining accounts will require within-task manipulations not implemented in this study, 275 
including reward-rate volatility, explicit cuing of patch structure, and pharmacological challenge of HPA-276 
axis function. 277 

Together, these findings contribute to a growing body of evidence that early social experience has 278 
profound and long-lasting effects on behavior, but that these effects are not uniformly detrimental across 279 
all domains. While social isolation impairs many forms of cognitive performance,26,27,34,35 it appears to 280 
enhance certain aspects of decision-making in the context of foraging, particularly for females and in 281 
situations where conservative, efficient strategies are advantageous. Consistent with re-wilding arguments 282 
that the magnitude and direction of social-adversity effects are strongly context-dependent in richer, more 283 
naturalistic social ecologies,39 our results suggest that adolescent social isolation can bias females toward 284 
an adaptive, efficiency-maximizing foraging strategy in specific contexts, such as patch-leaving. This 285 
context-dependence emphasizes the importance of evaluating the cognitive consequences of early-life 286 
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social manipulations across a broad range of ecologically valid paradigms before characterizing them as 287 
global deficits, and of recognizing that behaviors appearing maladaptive in one context (e.g. reduced 288 
exploration, elevated thigmotaxis, increased idling) may be adaptive in another. 289 

Limitations of the Study 290 

Several limitations of this study should be noted. First, the sample size was modest (n = 9 per group), 291 
although in line with other studies in the field; while the central sex × housing interaction on overstay 292 
duration and pellet-acquisition rate was robust, the body-weight-normalized foraging-efficiency metric 293 
showed a main effect of sex without a significant sex × housing interaction (p = 0.14), so the efficiency 294 
conclusion rests on the convergence of multiple measures rather than on a single significant interaction in 295 
the composite metric. Second, estrous-cycle phase was not monitored, which precludes direct evaluation 296 
of cycle-dependent contributions to the female-specific effects reported here. Third, isolation onset at 297 
postnatal day 28 captures a single developmental window, and the effects of isolation initiated at earlier 298 
or later ages may differ. Fourth, behavioral characterization was restricted to the patch-leaving paradigm; 299 
how the observed strategy generalizes to other foraging structures, to social foraging contexts, or to overtly 300 
threatening environments remains to be established. Finally, the present study is purely behavioral, and 301 
the neural substrates that support the observed sex × isolation interaction, including candidate 302 
contributions from anterior cingulate cortex,8 locus coeruleus,6 and HPA-axis circuitry, remain a priority 303 
for future investigation. 304 

 305 

REFERENCES 306 

1. Waage, J.K. (1979). Foraging for Patchily-Distributed Hosts by the Parasitoid, Nemeritis canescens. 307 
The Journal of Animal Ecology 48, 353. https://doi.org/10.2307/4166. 308 

2. Wajnberg, E., Fauvergue, X., and Pons, O. (2000). Patch leaving decision rules and the Marginal 309 
Value Theorem: an experimental analysis and a simulation model. Behavioral Ecology 11, 577–586. 310 
https://doi.org/10.1093/beheco/11.6.577. 311 

3. Phelps, M.T., and Roberts, W.A. (1989). Central-place foraging by rattus norvegicus on a radial 312 
maze. Journal of Comparative Psychology 103, 326–338. https://doi.org/https://doi.org/10.1037/0735-313 
7036.103.4.326. 314 

4. Cassini, M.H., Kacelnik, A., and Segura, E.T. (1990). The tale of the screaming hairy armadillo, the 315 
guinea pig and the marginal value theorem. Animal Behaviour 39, 1030–1050. 316 
https://doi.org/10.1016/S0003-3472(05)80776-6. 317 

5. López-Yépez, J.S., Martin, J., Hulme, O., and Kvitsiani, D. (2021). Choice history effects in mice and 318 
humans improve reward harvesting efficiency. PLoS Comput Biol 17, e1009452. 319 
https://doi.org/10.1371/journal.pcbi.1009452. 320 

6. Kane, G.A., Vazey, E.M., Wilson, R.C., Shenhav, A., Daw, N.D., Aston-Jones, G., and Cohen, J.D. 321 
(2017). Increased locus coeruleus tonic activity causes disengagement from a patch-foraging task. Cogn 322 
Affect Behav Neurosci 17, 1073–1083. https://doi.org/10.3758/s13415-017-0531-y. 323 

.CC-BY-NC-ND 4.0 International licenseavailable under a 
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2026. ; https://doi.org/10.64898/2026.07.03.736107doi: bioRxiv preprint 

https://doi.org/10.64898/2026.07.03.736107
http://creativecommons.org/licenses/by-nc-nd/4.0/


10 
 

7. Kane, G.A., Bornstein, A.M., Shenhav, A., Wilson, R.C., Daw, N.D., and Cohen, J.D. (2019). Rats 324 
exhibit similar biases in foraging and intertemporal choice tasks. eLife 8, e48429. 325 
https://doi.org/10.7554/eLife.48429. 326 

8. Kane, G.A., James, M.H., Shenhav, A., Daw, N.D., Cohen, J.D., and Aston-Jones, G. (2022). Rat 327 
Anterior Cingulate Cortex Continuously Signals Decision Variables in a Patch Foraging Task. J. Neurosci. 42, 328 
5730–5744. https://doi.org/10.1523/JNEUROSCI.1940-21.2022. 329 

9. Garcia, M., Gupta, S., and Wikenheiser, A.M. (2023). Sex differences in patch-leaving foraging 330 
decisions in rats. Oxford Open Neuroscience 2, kvad011. https://doi.org/10.1093/oons/kvad011. 331 

10. Gancarz, A.M., Mitchell, S.H., George, A.M., Martin, C.D., Turk, M.C., Bool, H.M., Aktar, F., Kwarteng, 332 
F., Palmer, A.A., Meyer, P.J., et al. (2023). Reward maximization assessed using a sequential patch depletion 333 
task in a large sample of heterogeneous stock rats. Sci Rep 13, 7027. https://doi.org/10.1038/s41598-023-334 
34179-8. 335 

11. Güldener, L., Saravanakumar, P., Happel, M.F.K., Ohl, F.W., Vollmer, M., and Pollmann, S. (2024). 336 
Differential patch-leaving behavior during probabilistic foraging in humans and gerbils. Commun Biol 7, 337 
1000. https://doi.org/10.1038/s42003-024-06683-8. 338 

12. Pyke, G.H. (1978). Optimal Foraging in Hummingbirds: Testing the Marginal Value Theorem. Am Zool 339 
18, 739–752. https://doi.org/10.1093/icb/18.4.739. 340 

13. Hahn, S., Peter, H.-U., and Bauer, S. (2005). Skuas at penguin carcass: patch use and state-341 
dependent leaving decisions in a top-predator. Proc. R. Soc. B. 272, 1449–1454. 342 
https://doi.org/10.1098/rspb.2005.3106. 343 

14. Nolet, B.A., Klaassen, R.H.G., and Mooij, W.M. (2006). The use of a flexible patch leaving rule under 344 
exploitative competition: a field test with swans. Oikos 112, 342–352. https://doi.org/10.1111/j.0030-345 
1299.2006.13460.x. 346 

15. Hayden, B.Y., Pearson, J.M., and Platt, M.L. (2011). Neuronal basis of sequential foraging decisions 347 
in a patchy environment. Nat Neurosci 14, 933–939. https://doi.org/10.1038/nn.2856. 348 

16. Turrin, C., Fagan, N.A., Dal Monte, O., and Chang, S.W.C. (2017). Social resource foraging is guided 349 
by the principles of the Marginal Value Theorem. Sci Rep 7, 11274. https://doi.org/10.1038/s41598-017-350 
11763-3. 351 

17. Barack, D.L., Chang, S.W.C., and Platt, M.L. (2017). Posterior Cingulate Neurons Dynamically Signal 352 
Decisions to Disengage during Foraging. Neuron 96, 339-347.e5. 353 
https://doi.org/10.1016/j.neuron.2017.09.048. 354 

18. Kolling, N., Behrens, T.E.J., Mars, R.B., and Rushworth, M.F.S. (2012). Neural Mechanisms of 355 
Foraging. Science 336, 95–98. https://doi.org/10.1126/science.1216930. 356 

19. Constantino, S.M., and Daw, N.D. (2015). Learning the opportunity cost of time in a patch-foraging 357 
task. Cogn Affect Behav Neurosci 15, 837–853. https://doi.org/10.3758/s13415-015-0350-y. 358 

20. Hall-McMaster, S., Dayan, P., and Schuck, N.W. (2021). Control over patch encounters changes 359 
foraging behavior. iScience 24, 103005. https://doi.org/10.1016/j.isci.2021.103005. 360 

.CC-BY-NC-ND 4.0 International licenseavailable under a 
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2026. ; https://doi.org/10.64898/2026.07.03.736107doi: bioRxiv preprint 

https://doi.org/10.64898/2026.07.03.736107
http://creativecommons.org/licenses/by-nc-nd/4.0/


11 
 

21. Harhen, N.C., and Bornstein, A.M. (2023). Overharvesting in human patch foraging reflects rational 361 
structure learning and adaptive planning. Proc. Natl. Acad. Sci. U.S.A. 120, e2216524120. 362 
https://doi.org/10.1073/pnas.2216524120. 363 

22. Charnov, E.L. (1976). Optimal foraging, the marginal value theorem. Theoretical Population Biology 364 
9, 129–136. https://doi.org/10.1016/0040-5809(76)90040-X. 365 

23. Hernandez, C.M., Orsini, C., Wheeler, A.-R., Ten Eyck, T.W., Betzhold, S.M., Labiste, C.C., Wright, 366 
N.G., Setlow, B., and Bizon, J.L. (2020). Testicular hormones mediate robust sex differences in impulsive 367 
choice in rats. eLife 9, e58604. https://doi.org/10.7554/eLife.58604. 368 

24. Simon, P., Dupuis, R., and Costentin, J. (1994). Thigmotaxis as an index of anxiety in mice. Influence 369 
of dopaminergic transmissions. Behavioural Brain Research 61, 59–64. https://doi.org/10.1016/0166-370 
4328(94)90008-6. 371 

25. Spear, L.P. (2000). The adolescent brain and age-related behavioral manifestations. Neuroscience & 372 
Biobehavioral Reviews 24, 417–463. https://doi.org/10.1016/S0149-7634(00)00014-2. 373 

26. Krupina, N.A., Shirenova, S.D., and Khlebnikova, N.N. (2020). Prolonged Social Isolation, Started 374 
Early in Life, Impairs Cognitive Abilities in Rats Depending on Sex. Brain Sciences 10, 799. 375 
https://doi.org/10.3390/brainsci10110799. 376 

27. Venegas, J.J., Weisz, J.M., Choi, C.Y., Herringshaw, R.E., Nabelsi, O.A., and Liang, N. (2025). Social 377 
isolation increases impulsive choice with minor changes on metabolic function in middle‐aged rats. 378 
Physiological Reports 13, e70184. https://doi.org/10.14814/phy2.70184. 379 

28. Lukkes, J.L., Mokin, M.V., Scholl, J.L., and Forster, G.L. (2009). Adult rats exposed to early-life social 380 
isolation exhibit increased anxiety and conditioned fear behavior, and altered hormonal stress responses. 381 
Hormones and Behavior 55, 248–256. https://doi.org/10.1016/j.yhbeh.2008.10.014. 382 

29. Hermes, G.L., Rosenthal, L., Montag, A., and McClintock, M.K. (2006). Social isolation and the 383 
inflammatory response: sex differences in the enduring effects of a prior stressor. American Journal of 384 
Physiology-Regulatory, Integrative and Comparative Physiology 290, R273–R282. 385 
https://doi.org/10.1152/ajpregu.00368.2005. 386 

30. DaSilva, J.K., Husain, E., Lei, Y., Mann, G.L., Tejani-Butt, S., and Morrison, A.R. (2011). Social 387 
partnering significantly reduced rapid eye movement sleep fragmentation in fear-conditioned, stress-388 
sensitive Wistar-Kyoto rats. Neuroscience 199, 193–204. 389 
https://doi.org/10.1016/j.neuroscience.2011.09.066. 390 

31. DaSilva, J.K., Husain, E., Lei, Y., Mann, G.L., Morrison, A.R., and Tejani-Butt, S. (2017). Social 391 
partnering alters sleep in fear-conditioned Wistar rats. PLoS ONE 12, e0186017. 392 
https://doi.org/10.1371/journal.pone.0186017. 393 

32. Bartolomucci, A., Palanza, P., Sacerdote, P., Ceresini, G., Chirieleison, A., Panerai, A.E., and 394 
Parmigiani, S. (2003). Individual housing induces altered immuno-endocrine responses to psychological 395 
stress in male mice. Psychoneuroendocrinology 28, 540–558. https://doi.org/10.1016/S0306-396 
4530(02)00039-2. 397 

33. Krügel, U., Fischer, J., Bauer, K., Sack, U., and Himmerich, H. (2014). The impact of social isolation 398 
on immunological parameters in rats. Arch Toxicol. https://doi.org/10.1007/s00204-014-1203-0. 399 

.CC-BY-NC-ND 4.0 International licenseavailable under a 
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2026. ; https://doi.org/10.64898/2026.07.03.736107doi: bioRxiv preprint 

https://doi.org/10.64898/2026.07.03.736107
http://creativecommons.org/licenses/by-nc-nd/4.0/


12 
 

34. Mumtaz, F., Khan, M.I., Zubair, M., and Dehpour, A.R. (2018). Neurobiology and consequences of 400 
social isolation stress in animal model—A comprehensive review. Biomedicine & Pharmacotherapy 105, 401 
1205–1222. https://doi.org/10.1016/j.biopha.2018.05.086. 402 

35. Begni, V., Sanson, A., Pfeiffer, N., Brandwein, C., Inta, D., Talbot, S.R., Riva, M.A., Gass, P., and 403 
Mallien, A.S. (2020). Social isolation in rats: Effects on animal welfare and molecular markers for 404 
neuroplasticity. PLoS ONE 15, e0240439. https://doi.org/10.1371/journal.pone.0240439. 405 

36. Calhoun, J. (1963). The Ecology and Sociology of the Norway Rat (U.S. Dept. of Health, Education, 406 
and Welfare, Public Health Service). 407 

37. Marcondes, F.K., Miguel, K.J., Melo, L.L., and Spadari-Bratfisch, R.C. (2001). Estrous cycle 408 
influences the response of female rats in the elevated plus-maze test. Physiology & Behavior 74, 435–440. 409 
https://doi.org/10.1016/S0031-9384(01)00593-5. 410 

38. Pestana, J.E., and Graham, B.M. (2024). The impact of estrous cycle on anxiety-like behaviour 411 
during unlearned fear tests in female rats and mice: A systematic review and meta-analysis. Neuroscience 412 
& Biobehavioral Reviews 164, 105789. https://doi.org/10.1016/j.neubiorev.2024.105789. 413 

39. Zipple, M.N., Vogt, C.C., and Sheehan, M.J. (2023). Re-wilding model organisms: Opportunities to 414 
test causal mechanisms in social determinants of health and aging. Neuroscience & Biobehavioral 415 
Reviews 152, 105238. https://doi.org/10.1016/j.neubiorev.2023.105238. 416 

 417 

 418 

.CC-BY-NC-ND 4.0 International licenseavailable under a 
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2026. ; https://doi.org/10.64898/2026.07.03.736107doi: bioRxiv preprint 

https://doi.org/10.64898/2026.07.03.736107
http://creativecommons.org/licenses/by-nc-nd/4.0/


13 
 

STAR★METHODS 419 

KEY RESOURCES TABLE 420 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Experimental models: Organisms/strains 

Rat: Long-Evans Rat Charles River 

Laboratories 

RRID:RGD_60991 

Software and algorithms 

Arduino 1.8.19 Arduino https://www.arduin

o.cc/ 

Bonsai 2.6.3 Lopes et al. (citation) https://bonsai-

rx.org/ 

MATLAB2022b  Mathworks https://www.math

works.com/product

s/matlab.html 

SLEAP Pereira et al. 

(citation) 

https://sleap.ai/ 

 421 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 422 

The experimental protocols were approved by the Institutional Animal Care & Use Committee (IACUC) 423 
of the University of Illinois Urbana-Champaign. Thirty-six (18 males and 18 females) Long-Evans hooded 424 
rats (weight: 75 g, approximately 4 weeks old) were obtained from Charles River Laboratories in three 425 
rounds, each batch with 12 rats (6 males and 6 females). Animals were evenly assigned to housing either 426 
individually or in same-sex groups of three in standard polypropylene shoebox cages for four weeks, with 427 
water and food ad libitum for 4 weeks until task acclimation began. The room was maintained at a constant 428 
temperature of 23°C and on a 12-hour standard light/dark cycle. During training and testing sequences, 429 
animals' body weights were maintained at >85% of their free-feeding weight to encourage food foraging. 430 

 431 

METHOD DETAILS 432 

Behavioral apparatus 433 

The behavioral apparatus was an integrated rectangular structure of gray acrylic panels, featuring two 434 
open fields (75 cm squares) connected by a corridor (75 cm x 25 cm). The walls of the apparatus were 45 435 
cm tall. Extra maze cues were strategically placed around the maze to facilitate animals’ orientation. 436 
Access to each side of the open field was controlled by an automatic door with a stepper motor. Infrared 437 
light break beam sensors monitored if rats were sufficiently close to the automatic door and instructed its 438 
operations. A 3D-printed sugar pellet dispenser with a stepper motor was positioned above each open field. 439 
The dropped sugar pellets were scattered randomly across various locations in the open field. All stepper 440 
motors and infrared light break beam sensors were operated by an Arduino UNO board. Arduino codes 441 
and data were written and streamed through Arduino IDE 1.8.19. A FLIR Flea3 camera was placed above 442 
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the apparatus to record animal behaviors. Behavioral data and video data were integrated and stored by 443 
Bonsai (an open-source software) on the PC platform. 444 

Patch-leaving training and testing 445 

After four weeks of separate housing conditions, rats underwent 5 days of handling and apparatus 446 
acclimation, with each handling session lasting 5 minutes. Following handling, the experimenter placed 447 
the rat in the corridor, with both doors on either side remaining open. In each of the open fields, 20 sugar 448 
pellets were pre-positioned. The rats were allowed to freely navigate between the patches for 10 minutes 449 
to retrieve the sugar pellets. During the 5-day training phase, we chose a short corridor transit time of 7 450 
seconds and medium initial and depletion rates as the reward schedule. During the training sessions, the 451 
rats were placed in the corridor with both doors closed. After 10 seconds, one side door would randomly 452 
open, initiating a new reward schedule in the corresponding open field, the rat was allowed to stay in that 453 
patch for any length of time. When a rat chose to leave the patch and entered the corridor, approaching the 454 
opposite automatic door and triggering the infrared light break beam sensor, the door of the previous patch 455 
closed. After the transit time elapsed, the door on the other side opened, starting a new reward schedule in 456 
the new patch. Rats could repeatedly navigate between the two open fields within 30 minutes. Throughout 457 
the 5-day training procedure, we consistently used this reward rate. The testing phase lasted for 8 days. 458 
The experimental procedure was identical to the training phase, with the difference being that during these 459 
eight days, we employed different transit times (short-7 seconds and long-60 seconds), initial rates (low 460 
and high), and depletion rates (low and high). This resulted in 8 different combinations (2^3) of 461 
parameters. Over eight days, each rat experienced the eight reward schedules, each session lasting 30 462 
minutes. These reward schedules were pseudo-randomly ordered, and all three batches of rats underwent 463 
the same sequence of reward schedules. Rats underwent handling, acclimation, training, and testing 464 
individually. Housing conditions remained constant as separate housing conditions throughout this period. 465 

Reward schedules 466 

The reward schedule was determined by three parameters: corridor transit time, initial rate, and depletion 467 
rate. We used dustless precision pellets (F0023, 100% sucrose, 45 mg, Unflavored) as rewards. Corridor 468 
transit time was defined as the waiting time in the corridor when both doors are closed, occurring between 469 
a rat abandoning the previous patch and moving to the next one. We selected two corridor transit times: 7 470 
seconds and 60 seconds. The initial rate represented the initial interval between sugar pellet dispensing, 471 
with a low initial rate of 20 seconds and a high initial rate of 5 seconds. The depletion rate was the weighted 472 
interval time added to the initial interval time. A higher depletion rate resulted in a faster increase in the 473 
interval time between sugar pellet dispensing as the cumulative residence time lengthened. Conversely, a 474 
lower depletion rate led to smaller changes in the interval time between sugar pellet dispensing. Together, 475 
the initial rate and depletion rate determined the interval schedules for sugar pellet dispensing after the 476 
reset of a new patch. 477 

The reward interval schedule for the depleting patch was calculated using the following equation: 478 

reward_interval = initial_rate(i) + e(i-1)
1/2

×depletion_rate 479 

where i represents the sequence number of sugar pellets after a new patch reset.  480 
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QUANTIFICATION AND STATISTICAL ANALYSIS 481 

All statistical analyses were conducted using custom scripts implemented in MATLAB 2022b. 482 
Comparisons between two groups were performed using Welch’s t-test across all trials. For analyses 483 
involving two-by-two comparisons with unequal sample sizes, we applied a two-way ANOVA, followed 484 
by post-hoc multiple comparisons using Tukey’s HSD to determine pairwise differences. Time-series data 485 
were analyzed via repeated-measures MANOVA. Prior to applying parametric tests, data were evaluated 486 
for normality and homogeneity of variances. Error bars throughout represent the standard error of the 487 
mean (SEM). 488 

FORAGING EFFICIENCY CALCULATION 489 

For each subject, foraging efficiency was calculated as the ratio of the total number of sugar pellets 490 
obtained to the product of the total distance moved and the subject’s body weight. Specifically, foraging 491 
efficiency was computed using the following equation: 492 

foraging efficiency = 
sugar pelles obtained

distance moved × body weight
 0.75

 493 

where “Sugar pellets obtained” is the count of reward pellets collected, “Distance moved” is the 494 
cumulative path length traversed by the subject during the foraging session, and “Body weight” is the 495 
mass of the subject measured prior to the session. This metric expresses the amount of reward obtained 496 
per unit of locomotor effort per unit body mass, thereby standardizing for individual differences in 497 
movement and size. 498 

  499 
Figure Legends 500 
Figure 1. Rats adjust patch-leaving behavior according to travel cost in a sequential foraging task. 501 

(A) Schematic of the patch-leaving foraging arena. (B) Number of patches visited during long versus short 502 
travel time sessions. (C, D) Representative trajectory illustrating a rat’s movement pattern across the two 503 
patches and the corridor under long (C) and short (D) travel-cost conditions. (E, F) Example session 504 
activity plots for a long (E) and short (F) travel time session showing the rat’s trajectory in just the x-505 
dimension over time (y-axis). Upon each entry into a patch the optimal leaving time is shaded in green, 506 
with any overstay duration shaded in blue. 507 

  508 

Figure 2. Patch residence times scale with travel cost and reflect systematic overstaying relative to 509 
marginal value theorem predictions. 510 

(A) Mean patch residence time for long and short travel time sessions. (B) Mean overstay duration for 511 
long and short travel time sessions. (C) Mean number of patches visited for the four different pellet 512 
distribution functions. (D) Mean patch residence times for the four different pellet distribution functions. 513 
(E) Mean patch residence times on the first trial of each session across days for males and females. (F) 514 
Mean patch residence times on the first trial of each session across days for group-housed and solitary rats. 515 

  516 
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Figure 3. Social isolation selectively enhances foraging efficiency in female rats. 517 

(A) Mean patch overstay durations. (B) Mean pellet consumption rate. (C) Mean distance traveled. (D) 518 
Mean ratio of time spent idle. (E) Mean body weight. (F) Mean foraging efficiency. 519 

  520 

Figure 4. Social isolation and sex shape spatial occupancy during patch residence and idling  521 

(A–D) Heat maps showing the mean spatial occupancy for group housed males (A), solitary males (B), 522 
group housed females (C), and solitary females (D). Color scale indicates relative occupancy, with armer 523 
colors denoting greater time spent in a given location. (E) Schematic of the foraging arena illustrating 524 
region definitions used for spatial analyses. Blue denotes the patch boundary (periphery), orange denotes 525 
the patch center, yellow denotes the area near the door of the current patch, and gray denotes the corridor 526 
connecting the two patches. (F) Proportion of spatial occupancy in the Door, Corridor, Boundary, and 527 
Patch Center regions during patch residence for group housed males, solitary males, group housed females, 528 
and solitary female group. (G) Proportion of spatial occupancy in the Door, Corridor, Boundary, and Patch 529 
Center regions during idle time for group housed males, solitary males, group housed females, and solitary 530 
female group.  531 

  532 

Figure S1. Pellet distribution functions used in the patch-leaving foraging task.  533 

(A) Schematic illustration of the four pellet distribution functions used in the task, defined by 534 
combinations of initial reward rate (high or low) and depletion rate (high or low). Pellet delivery rate 535 
decreased over time within each patch visit according to the specified depletion function. 536 
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