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Abstract 19 

Ideal free distribution (IFD) theory offers an important baseline for predicting the 20 

distribution of foragers across resource patches. Yet it is well known that IFD theory relies 21 

on several over-simplifying assumptions that are unlikely to be met in reality. Here we 22 

relax three of the most critical assumptions: (i) optimal foraging moves among patches, 23 

(ii) omniscience about the utility of resource patches, and (iii) cost-free travelling between 24 

patches. Based on these generalizations, we investigate the distributions of a constant 25 

number of foragers in models with explicit resource dynamics of logistic type. We find 26 

that, first, when foragers do not always move to the patch offering maximum intake rate 27 

(optimal foraging), but instead move probabilistically according to differences in resource 28 

intake rates between patches (sub-optimal foraging), the distribution of foragers becomes 29 

less skewed than the IFD, so that high-quality patches attract fewer foragers. Second, this 30 

homogenization is strengthened when foragers have less than perfect knowledge about the 31 

utility of resource patches. Third, and perhaps most surprisingly, the introduction of 32 

travelling costs causes departures in the opposite direction: the distribution of sub-optimal 33 

foragers approaches the IFD as travelling costs increase. We demonstrate that these three 34 

findings are robust when considering patches that differ in the resource’s carrying capacity 35 

or intrinsic growth rate, and when considering simple two-patch and more complex 36 

multiple-patch models. By overcoming three major over-simplifications of IFD theory, 37 

our analyses contribute to the systematic investigation of ecological factors influencing the 38 

spatial distribution of foragers, and thus help in deriving new hypotheses that are testable 39 

in empirical systems. A confluence of theoretical and empirical studies that go beyond 40 

classical IFD theory is essential for improving insights into how animal distributions 41 

across resource patches are determined in nature. 42 
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Understanding the distribution of animals among spatially structured resources is one of 44 

the most important subjects in basic and applied ecology. Analogous questions apply to 45 

human predators such as hunters, commercial fishers, and recreational anglers. In this 46 

context, the ideal free distribution (IFD) theory, originally developed by Fretwell and 47 

Lucas (1970) to predict habitat selection by birds, keeps attracting considerable attention 48 

in terms of theoretical investigations and applications to a wide range of species (e.g., 49 

Tregenza 1995, Gillis 2003, Křivan et al. 2008, Houston 2008). Its predictions have been 50 

tested in detailed experiments, mainly using fish (e.g., Milinski 1979, 1984, Kennedy et al. 51 

1994, Hakoyama and Iguchi 2001) or birds (e.g., Harper 1982, Inman 1990, Kennedy and 52 

Gray 1997, Vahl et al. 2007), as well as in large-scale field studies (e.g., Gillis 2003, 53 

Haugen et al. 2006, Jones et al. 2006). Although the original IFD model was successful in 54 

predicting the distribution of foraging animals, a characteristic bias has been reported in 55 

empirical studies since the early stages of application (Abrahams 1986): resource patches 56 

of poorer quality generally attract more foragers than predicted by classical IFD theory, 57 

while patches of better quality attract fewer foragers (summarised by Kennedy and Gray 58 

1993). This deviation from theoretical predictions has stimulated critical examination and 59 

subsequent extension of the original IFD model. 60 

Classical IFD theory relies on several simplifying assumptions that are unlikely to 61 

be met in the real world. In an extensive review of IFD studies, Tregenza (1995) classified 62 

such assumptions into the following seven categories: (1) equal competitive abilities 63 

among foragers, (2) omniscience of foragers, (3) cost-free travelling of foragers between 64 

patches, (4) no interference competition among foragers, (5) fixed resources in space and 65 

time, (6) rate of resource intake as the only factor affecting the patch choice of foragers, 66 

and (7) distribution of foragers determined entirely by maximizing their short-term fitness. 67 

It is therefore not surprising that scholars have tried to relax some of these simplifying 68 
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assumptions to better understand the spatial distribution of foragers. However, not all 69 

aspects and variables summarized in this list have been investigated in detail as regards 70 

their influence on the distribution of foraging animals. Tregenza (1995) pointed out that a 71 

vast majority of the efforts to extend the original IFD model had been devoted towards 72 

analysing competition among foragers (assumptions 1 and 4), sometimes in conjunction 73 

with modifications of resource dynamics (assumption 5). This trend has continued until 74 

today (Tregenza et al. 1996, van der Meer 1997, van der Meer and Ens 1997, Weber 1998, 75 

Doncaster 1999, 2000, Ollason and Yearsley 2001, Flaxman and Reeve 2006, 76 

Smallegange and van der Meer 2009). 77 

Despite their importance, substantially less attention has been devoted to critically 78 

examining the impact of the other simplifying assumptions. Investigating how relaxing 79 

these other assumptions of the original IFD theory changes common predictions about the 80 

distribution of foragers among spatially structured resources is needed before more 81 

realistic predictions, applicable to empirical systems, can be obtained. It is therefore 82 

desirable to conduct a systematic investigation in which more than one assumption is 83 

relaxed simultaneously. Unfortunately, this has rarely been attempted in the literature. To 84 

fill this gap, the research presented in this study relaxes three critical assumptions of the 85 

original IFD model – (i) optimal foraging moves among patches, (ii) omniscience about 86 

the utility of resource patches, and (iii) cost-free travelling between patches – and 87 

examines in a general and systematic way the impacts of the relaxed assumptions on 88 

departures from IFD predictions. Only by incorporating these relaxations into a common 89 

model, the individual and joint contribution of these assumptions on forager distributions 90 

can be comprehensively explored. 91 

The original IFD model assumes that at each foraging animal always chooses the 92 

patch providing it with the highest utility in terms of resource intake rate. Clearly, this 93 
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strict assumption of optimal foraging is not satisfied in nature. Thus, several authors have 94 

incorporated non-optimal, probabilistic movement into their models (Regelmann 1984, 95 

Houston and McNamara 1987, Hugie and Grand 2003, Ruston and Humphries 2003, 96 

Jackson et al. 2004) and found that forager distribution then become more uniform (with 97 

poor patches attracting more foragers) than predicted by classical IFD theory. 98 

Unfortunately, these investigations were limited to simple situations with two resource 99 

patches, and thus omitted multi-patch scenarios. Moreover, they considered rigid, and 100 

probably unrealistic, assumptions about a fixed mixture of fully optimal and fully random 101 

foraging movements, with this mixture remaining unaffected by actual differences in 102 

utility between resource patches. More realistic sub-optimal foraging movement has been 103 

investigated only for the special case in which foragers move optimally, unless the 104 

difference of two patch utilities is smaller than a given threshold, whereupon they more 105 

randomly (perceptual-constraints models). These studies predicted that the forager 106 

distribution becomes less skewed than the IFD (Abrahams 1986, Kennedy and Gray 1993, 107 

Spencer et al. 1995, 1996, Carter and Abrahams 1997, Collins et al. 2002). However, 108 

instead of assuming that the nature of foraging movements changes abruptly below a 109 

threshold, it is more natural to assume that the degree of sub-optimality in foraging 110 

movement due to errors in patch choice increases gradually as utility differences between 111 

patches decrease (Egas et al. 2004). In the present study, we therefore adopt a gradual and 112 

probabilistic approach to patch choice, in an effort to complement the existing literature 113 

and to test the generality of the aforementioned findings. 114 

It is also obvious that real foragers are never omniscient, in the sense that they 115 

would possess perfect information about expected intake rates in spatially segregated 116 

resource patches. Some models have therefore dealt with situations in which foragers have 117 

imperfect information about the utility of resource patches, and need to improve their 118 
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knowledge through experience (Bernstein et al. 1988, 1991, 1999, Cézilly and Boy 1991, 119 

Koops and Abrahams 2003, Hakoyama 2003, Cressman and Křivan 2006). These models 120 

were typically individual-based, and incorporated imperfect information together with 121 

many other realistic assumptions. As a result, they provided no clear answer to the 122 

question what kinds of departures from the IFD were attributable to the assumption of 123 

imperfect information, as opposed to relaxations of other simplifying assumptions. As a 124 

remarkable exception, Ranta et al. (1999, 2000) reported that the distribution of foragers 125 

across resource patches becomes less skewed than the IFD in simple but insightfully 126 

constructed cellular-automaton models in which the knowledge of foragers was limited to 127 

a certain range around their current locations. However, instead of assuming an abrupt 128 

absence of information beyond a certain distance, it is again more natural to assume that 129 

the reliability of information foragers have on patch utilities decreases continuously as the 130 

distance to their current patch increases. Our model therefore incorporates a gradual 131 

decline in foragers’ knowledge of patch utility with distance – an assumption that, to our 132 

knowledge, has as yet not been used for extending the original IFD model. 133 

Finally, the impact of cost of travelling between patches on departures from IFD-134 

based predictions has attracted even less research than the effects of sub-optimal 135 

movement and imperfect information. Some researchers introduced travelling costs in 136 

terms of foraging time in individual-based simulation models (Regelman 1984, Bernstein 137 

et al. 1991, Cézilly and Boy 1991), and reported a decrease in the frequency of patch 138 

switching (Regelman 1984). Although Bernstein et al. (1991) established that the resultant 139 

distribution of foragers departed from the IFD, they did not explain these departures in 140 

detail. Using analytical models, both Kennedy and Gray (1993) and Morris (1987) 141 

predicted that with increasing travel costs the distribution of foragers among spatially 142 

structured resources becomes more extreme relative to the IFD (with richer patches 143 



 8 

attracting more foragers). However, the model by Kennedy and Gray (1993) was criticised, 144 

mainly because they extended a model based on individual behaviours to a group 145 

(Milinski 1994, Åström 1994, Lessells 1995). Also, conclusions reported by Morris (1987) 146 

were based on the assumption of unidirectional migration from a richer habitat to a poorer 147 

one; a simple extension of his model by Åström (1994) later showed that effects of 148 

travelling costs on bidirectional movements could potentially cancel out. Åström (1994) 149 

thus predicted that travelling cost would not have any consistent impact on forager 150 

distributions across patches. Being aware of possible confounding factors, Åström (1994) 151 

concluded that more detailed, mechanically based models were needed to understand in 152 

greater detail the effects of travelling costs on distributions of foragers. Unfortunately, 153 

however, no study appears to have responded to his call – an observation that, in part, 154 

motivated the present study. 155 

In conclusion, the scope of existing investigations on the effect of sub-optimal 156 

foraging movement, imperfect information, and travelling costs on distributions of 157 

foragers across spatially structured resource patches is quite limited, and no study so far 158 

has investigated interactions among these aspects. This state of affairs prevents 159 

researchers from fully understanding factors affecting forager distributions in nature and 160 

burdens the application of IFD theory to empirical systems with considerable uncertainties. 161 

The objective of the present study is to relax the assumptions of (i) optimal foraging 162 

moves among patches, (ii) omniscience about the utility of resource patches, and (iii) cost-163 

free travelling between patches, by systematically investigating their separate and joint 164 

impact on the distribution of foragers across resource patches. We also incorporate and 165 

systematically evaluate other features that might be important in natural systems, such as 166 

variability across patches in the carrying capacities and intrinsic growth rates of resource 167 

populations. To further assess the generality of our findings, we present results for two 168 
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general models, describing a two-patch system and a multi-patch system, respectively. We 169 

start with analyzing two-patch systems, thereby following a common approach in previous 170 

IFD studies (e.g., Milinski 1979, Parker and Sutherland 1986), before we proceed to more 171 

general models with multiple patches. We introduce sub-optimal movement decreasing 172 

with the utility difference between resource patches, and study information uncertainty 173 

increasing with the distance between resource patches. In this manner, we are able to 174 

confirm and extend conclusions previously reached by studies that were based on more 175 

restrictive assumptions. We also report a surprising new finding, that distributions of sub-176 

optimal foragers approach the IFD as travelling costs are raised. 177 

Model description 178 

In this study, we systematically relax three of the critical assumptions of the original IFD 179 

model: (i) optimal foraging moves among patches, (ii) omniscience about the utility of 180 

resource patches, and (iii) cost-free travelling between patches (Fig. 1). 181 

Spatial structure among patches 182 

In our model, a constant number of foragers (which might be predators or parasites) move 183 

among resource patches. The resource (which serves as prey for the predators, or as host 184 

for the parasites) does not move among patches, but its abundance in each patch changes 185 

according to population dynamics with logistic growth and exploitation. This situation is 186 

characteristic of systems in which the resource has a comparatively high rate of renewal 187 

compared to changes in the abundance of foragers. Typical examples include birds feeding 188 

on a metapopulation of insects or fish, or fishers targeting spatially distributed fish stocks 189 

across a network of lakes or marine fishing grounds. 190 
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We investigate two types of spatial structures: two-patch and multi-patch models. 191 

In the two-patch model, only two resource patches are considered, which differ from each 192 

other either in their carrying capacity K  or in their intrinsic growth rate r . We first 193 

consider this simple situation because two-patch systems have been used in most 194 

experimental studies (e.g., Milinski 1979, 1984) and corresponding theoretical 195 

investigations (Regelman 1984, Parker and Sutherland 1986). In the multi-patch model, a 196 

two-dimensional square lattice of 10 10 100   patches is considered. To remove edge 197 

effects, we use periodic boundary conditions (so that the right edge of the lattice is 198 

connected to the left edge, and the top edge is connected to the bottom edge, resulting in a 199 

torus-like structure; e.g., Adler and Nuernberger 1994). Similar to the two-patch model, 200 

patches differ either in their carrying capacities or intrinsic growth rates, following normal 201 

distributions around a given mean (mean of K  = 600 with s.d. of K  = 100, or mean of r  202 

= 0.3 with s.d. of r  = 0.05). The spatial distribution of patches is initially assumed to be 203 

independent of their quality, i.e., there is no correlation between the qualities of 204 

neighbouring patches. 205 

We examine the distribution of foragers and the corresponding resource 206 

abundances at equilibrium. Equilibrium distributions of foragers and abundances of the 207 

resource are determined either by numerically solving the underlying equations or by 208 

conducting numerically simulations in discrete time. We treat both the number of foragers 209 

across patches and the resource abundances within patches as continuous variables. The 210 

system is deemed to have reached equilibrium when the relative changes between 211 

consecutive time steps of resource abundances in all patches fall below a fixed threshold 212 

(0.001). We define the IFD as the distribution of foragers that causes the intake rates of 213 

resource at equilibrium to be identical across all resource patches. 214 
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Resource dynamics within patches 215 

We consider a renewable resource that is regulated by logistic growth and exploitation, 216 

resulting in a widely used kind of resource dynamics in discrete time (e.g., Clark 1990, 217 

Vandeermeer and Goldberg 2003). Specifically, the resource dynamics of the i th patch is 218 

described by 219 

( 1) ( ) exp{ (1 ( ) / ) ( )}i i i i i iR t R t r R t K qF t    , 220 

where iK  is the patch’s carrying capacity, ir  is its intrinsic growth rate, iF  is the number 221 

of foragers currently occupying the patch, and q  is their foraging rate. We assume that 222 

density-dependent resource renewal and foraging occur sequentially. With ( )iR t  223 

representing the resource abundance after renewal, the amount of resource consumed at 224 

time t  is 225 

( ) ( ){1 exp( ( ) )}i i iC t R t qF t   . 226 

Because (1 ( ) / ) ( ) 0i i i ir R t K qF t    at equilibrium, the resource abundance and the 227 

number of foragers at equilibrium, *

iR  and *

iF , are related by 228 

* *(1 / )i i i iR K qF r  . 229 

The equilibrium intake rate *

iV  is the amount of resource consumed per forager per time 230 

step, 231 

* * * * * * * * */ {1 exp( )}/ (1 / ){1 exp( )}/i i i i i i i i i i iV C F R qF F K qF r qF F        . 232 

If the distribution of foragers follows the IFD, foragers in any patch by definition 233 

experience identical intake rates. We therefore calculate the number of foragers *

iF  for 234 

1, ,i n  under IFD conditions by numerically solving the equations 235 

* * * * * *

1 1 1 1 1 2 2 2 2 2(1 / ){1 exp( )}/ (1 / ){1 exp( )}/ ...K qF r qF F K qF r qF F        , 236 
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with 237 

*

tot 1


n

ii
F F , 238 

denoting the total number of foragers in the system, which is assumed to be constant. 239 

Forager movement between patches 240 

Foragers are assumed to move between patches probabilistically according to the utility 241 

that is provided by a given patch. The probability of moving from patch i  to patch j  is 242 

defined as 243 

1
exp( ) / exp( )

n

ij ij ikk
M U U 


  , 244 

where 
ijU  denotes the utility of patch j  from the perspective of individuals in patch i , 245 

and   is an parameter controlling the degree of optimality in the movement of foragers. 246 

The basic assumption underlying this equation is that foragers are likely to make errors in 247 

acting upon their knowledge about the utilities of patches, preventing them from always 248 

moving optimally as the IFD model assumes. Such errors are more pronounced when 249 

foragers experience smaller utility differences between patches (Egas et al. 2004). 250 

Accordingly, in our model, foragers move exclusively to the patch with the highest utility 251 

value when  , while they move randomly when 0  . In other words, the 252 

movement of foragers agrees with the IFD assumption when  , while a decrease in 253 

  causes an increase in the degree of non-IFD or sub-optimal movement (Fig. 1 a). 254 

When incorporating imperfect information about the utility of patches and costs for 255 

travelling between patches, the perceived utility of patch j  for foragers in patch i  is 256 

defined as 257 

 (1 )   ij ij j ij i ijU I V I V T , 258 
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where 
jV  is the utility of patch j  and ijT  is the cost of travelling from patch i  to patch j . 259 

ijI  denotes the certainty of information foragers in patch i  have about patch j  260 

( 10  ijI ). By weighting the utility of other patches k  with the degree of information 261 

certainty a forager in patch i  has about these utilities, 262 

1

1

n

ik kk
i n

ikk

I V
V

I









, 263 

we obtain the average utility among patches as perceived by foragers in patch i . Therefore, 264 

the expected utility ijU  of patch j  as perceived from patch i  is the utility jV  of patch j  265 

when foragers have perfect information about that patch ( 1ijI  ), while ijU  approaches 266 

the average 
iV  as the information certainty vanishes ( 0ijI  ). In other words, foragers 267 

replace missing information by average information. In the present study, the utility 
jV  of 268 

a patch j  is given by the resource intake rate of foragers in that patch (this is motivated 269 

by the often close relation between the intake of resources and the survival and/or 270 

reproduction of foragers). 271 

Travelling costs and uncertainty about patch utility are assumed to increase with 272 

the distance between patches. The distance between any two neighbouring patches i  and 273 

j  is assumed to be 1ijd  . This implies that the maximum distance between patches in a 274 

two-dimensional lattice within 10 10  patches is 5 2 . Geometric decay with distance is 275 

assumed for the certainty of information about patch utility, 276 

1
ijd

ijI I , 277 

where 1I  is the information certainty when the inter-patch distance is 1 (Fig. 1 b). We 278 

assume that travel costs increase linearly with inter-patch distance, 279 
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1ij ijT T d , 280 

where 1T  is the travelling cost when the inter-patch distance is 1 (Fig. 1 c). In the present 281 

study, we assume that travelling costs and information certainties are symmetric within 282 

pairs of patches ( jiij II   and jiij TT  ). In the analyses below, we vary information 283 

uncertainty 1 11 I    ( 10 1  ), so that the IFD conditions are described by 1 1 0T    284 

and  . 285 

Outline of analysis 286 

Figure 1 summarises the scheme of our systematic investigation of effects of relaxing 287 

three simplifying assumptions of classical IFD theory – by considering sub-optimal 288 

foraging, information uncertainty, and travelling costs – on the equilibrium distribution of 289 

foragers among resource patches. We start with investigating the two-patch model. Our 290 

analyses unfold as follows: 291 

 In a first step, we examine the baseline situation in which foragers experience no 292 

travelling costs and have perfect information about intake rates across all patches. 293 

We then alter the optimality of foraging movements and compare non-IFD 294 

(   ) with IFD () situations. 295 

 In a second step, we introduce information uncertainty about patch utility. We 296 

compare the resultant distribution of foragers with IFD predictions. 297 

 In the third step, we add travelling costs between patches and again contrast the 298 

resultant distribution of foragers with IFD predictions. 299 

Finally, we repeat the above three steps for the multi-patch model. 300 

In each step, the equilibrium distribution of foragers and the corresponding intake 301 

rates in each resource patch are calculated by discrete-time simulations. When the system 302 



 15 

has reached equilibrium, we record the number of foragers and the intake rates in each 303 

resource patch. Additionally, we obtain the IFD for   and 1 1 0T    by solving 304 

equations numerically, as described above. 305 

The generality of our results is tested by modifying the total number of foragers in 306 

the system, as well as by changing the nature and degree of heterogeneity in patch quality 307 

through variations in the distribution of carrying capacities and intrinsic growth rates of 308 

the resource across patches. 309 

Results 310 

Two-patch model 311 

In the two-patch model, we assume that there are only two patches, with one patch P 312 

having poorer resource quality, in terms of either carrying capacity K  or intrinsic growth 313 

rate r , than another patch R. 314 

We start by examining the baseline case in which foragers experience no travelling 315 

costs between the two patches ( PR 0T  ), and have perfect information about the two patch 316 

utilities ( PR 0  ), even though they do not necessarily move between patches optimally 317 

(   ). At equilibrium and with optimal movement (  ), the poor patch P hosts 318 

fewer foragers than the rich patch R, * *

P RF F  (Fig. 2 a, b). The equilibrium proportion of 319 

foragers in the poor patch, * * *

P P R( )F F F , increases as the movement optimality   is 320 

reduced, i.e., as movement patterns depart more and more from being optimal (Fig. 2 a, b). 321 

In other words, the distribution of foragers is less skewed between the two patches of 322 

different resource qualities when foragers choose patches sub-optimally and 323 

probabilistically (   ), than when they do so optimally and deterministically () 324 
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as assumed by classical IFD theory. By definition, there is no difference in the intake rates 325 

of the two resource patches under IFD conditions. Under sub-optimal movement, the 326 

intake rate in the rich patch is always higher than in the poor patch, but this disparity 327 

decreases as the movement optimality   increases (Fig. 2 c, d). We observe qualitatively 328 

similar patterns when the two resource patches differ in either carrying capacity K  (Fig. 2 329 

left) or intrinsic growth rate r  (Fig. 2 right). 330 

Next, we investigate the impact of forager number and of the magnitude of inter-331 

patch difference in resource quality on the distribution and intake rates of foragers under 332 

the baseline condition of no travelling cost and perfect information. If foragers move sub-333 

optimally (   ), their equilibrium proportions approach the IFD when the total number 334 

of foragers in the system increases (Fig.3 a, b) and when the difference in patch quality 335 

decreases (Fig.3 c, d). It is interesting to observe that when the assumptions of the original 336 

IFD model are satisfied (i.e., ), the poor patch may host no foragers at all when the 337 

total number of foragers is small (Fig. 3 a) or when its carrying capacity is much smaller 338 

than that of the rich patch (Fig. 3 c). This situation does not qualitatively change when 339 

forager movement is close to optimal ( 5  ). As the optimality of forager movement 340 

between patches declines ( 1  ), the poor patch always attracts some foragers. Sub-341 

optimal movement tends to result in a greater disparity in average intake rates between the 342 

poor and the rich patch. In general, this disparity in intake rates decreases as the forager 343 

distribution approaches the IFD, i.e., as the number of foragers increases and the inter-344 

patch difference in resource qualities decreases (Fig. 3 e-h). Interestingly, this effect is less 345 

pronounced when resource patches differ in intrinsic growth rate (Fig. 3 f, h) than when 346 

they differ in carrying capacity (Fig. 3 e, g). 347 

The introduction of information uncertainty has a systematic impact on the forager 348 

distribution. Under the baseline condition of perfect information ( 1 0  ) with sub-optimal 349 
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movement (   ), the forager distribution is less skewed than the IFD (Fig. 4 a). As 350 

information uncertainty increases, the forager distribution becomes even less skewed and 351 

approaches an even distribution of foragers across the rich and poor patches, resulting in 352 

equilibrium proportions of 0.5 in both patches (Fig. 4 a). The disparity in intake rates rises 353 

as information uncertainty is aggravated (Fig. 4 d). We observe the same trends 354 

independent of whether the two patches differ in carrying capacities or intrinsic growth 355 

rates (results not shown). The effects of information uncertainty disappear when foragers 356 

choose their patches optimally (  ): even though differences in perceived patch 357 

utilities diminish as uncertainty increases, optimal foragers are assumed to be able to 358 

recognise even the most minute differences in patch utilities, so that they can always 359 

choose the best patch. 360 

Compared with information uncertainty, travelling costs have the opposite effect 361 

on the distribution of foragers (Fig. 4 b). Under the baseline condition of no travelling 362 

costs ( 1 0T  ) with sub-optimal movement (   ), the forager distribution is less skewed 363 

than the IFD. As travelling costs increase, the proportion of foragers in the poor patch 364 

decreases and thus approaches the IFD (Fig. 4 b). The same effect occurs when foraging 365 

movement becomes closer to being optimal, i.e., when   increases. As departures from 366 

the IFD diminish, the disparity in intake rates between the patches decreases (Fig. 4 e). 367 

We observe the same trends independent of whether the two patches differ in carrying 368 

capacities or intrinsic growth rates (results not shown). The effects of travelling costs 369 

disappear when foragers always choose the best patch, i.e., when they move optimally 370 

(  ). In that extreme case, the unique equilibrium of proportions in each patch is 371 

replaced with an equilibrium range that changes with travelling costs (shaded area in Fig. 372 

4 b). The equilibrium range spreads symmetrically on both sides of the IFD and becomes 373 

wider when travelling costs are increased. Within this range, the intake rate in one patch 374 
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may be slightly higher than in the other, but the travelling costs cancel out any potential 375 

benefit, thereby effectively preventing forager movement. 376 

Finally, we examine the case in which travelling costs and imperfect information 377 

apply together. The results show that in their effects on the forager distribution these two 378 

factors always act antagonistically, i.e., they diminish each other’s effects (Fig. 4 c; only 379 

the case 1   is shown). 380 

Multi-patch model 381 

In the multi-patch model, we consider a square lattice of 10 10 100   patches, which 382 

differ from each other in either their carrying capacity K  or intrinsic growth rate r . 383 

We start by investigating the impact of sub-optimal movement when K  varies 384 

among patches. In the IFD model, foragers move among patches until they can no longer 385 

increase their intake rate: as a result, some low-quality patches host no foragers, in 386 

particular when the total number of foragers is low (Fig. 5 a, dotted IFD lines). 387 

Accordingly, the IFD becomes more uniform as the total number of foragers increases. 388 

When we introduce sub-optimal foraging movement (   ), the forager distribution 389 

becomes less skewed than the IFD (Fig. 5 a). The difference in intake rates among patches 390 

increases as movement optimality declines (Fig. 5 c). 391 

The forager distribution behaves differently when the intrinsic growth rate r  rather 392 

than the carrying capacity K  varies between patches (Fig. 5 b). The IFD is then 393 

characterized by linear relationships between a patch’s intrinsic growth rate and its 394 

number of foragers, and even the lowest-quality patches always attract some foragers. An 395 

analytical investigation of this pattern is provided in the Appendix. The forager 396 

distribution does not become more uniform when the total number of foragers increases. 397 

Despite these differences in the IFDs resulting from variability among patches in K  or r , 398 
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the effect of movement optimality is similar in both cases: as movements depart more 399 

from being optimal, the forager distribution becomes less skewed than the IFD and the 400 

disparity of intake rates among patches increases (Fig. 5 d). 401 

As in the two-patch model, information uncertainty has systematic effects on the 402 

forager distribution. The baseline distribution under perfect information ( 1 0  ) and sub-403 

optimal movement (   ) is less skewed than the IFD, and information uncertainty 404 

causes the forager distribution to become even more uniform across patches (Fig. 6 a), 405 

which increases the disparity of intake rates among patches (Fig. 6 d). Imperfect 406 

information has the same consistent effects on the forager distribution independent of 407 

whether the variation among patches occurs in carrying capacity K  or intrinsic growth 408 

rate r  (results not shown). Depending on the quality of its neighbouring patches, a patch 409 

of given quality hosts slightly different numbers of foragers at equilibrium: low-quality 410 

patches host more foragers when they are surrounded by high-quality patches than when 411 

they are surrounded by low-quality patches, because in the former case the surrounding 412 

source population is larger. This effect does not occur when information and travelling 413 

costs are independent of the distance between patches. 414 

Travelling costs bias forager distributions and disparities of intake rates among 415 

patches in the opposite direction than information uncertainty. The baseline forager 416 

distribution under cost-free travel ( 1 0T  ) and sub-optimal movement (   ) is less 417 

skewed than the IFD (Fig. 6 b). As travelling between patches becomes more costly, the 418 

forager distribution becomes more skewed and approaches the IFD (Fig. 6 b). Accordingly, 419 

the disparity of intake rates among patches diminishes as travelling costs increase (Fig. 6 420 

d). We observe the same trends for variability among patches in K  and r  (results not 421 

shown). Analogous to the case of information uncertainty, the equilibrium number of 422 
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foragers a patch of certain quality attracts under travelling costs depends on the quality of 423 

its neighbouring patches. 424 

The consistent effects resulting from information uncertainty and travelling costs 425 

are observed only when foragers respond sub-optimally to the intake rates available across 426 

patches (   ). For optimal movement (), neither information uncertainty nor 427 

travelling costs change the forager distribution. Instead, we find equilibrium ranges of 428 

forager numbers in each patch, as in the two-patch case. 429 

Finally, we examine the case in which information uncertainty and travelling costs 430 

are varied jointly. In these cases, the forager distribution is always less skewed than the 431 

IFD. Departures from the IFD grow as information certainty and travelling costs decrease, 432 

with the two factors here acting synergistically (Fig. 6 c; only the case 1   is shown). 433 

One may wonder whether the impact of travelling costs on forager distributions 434 

depends on the assumed absence of correlations between the resource qualities of 435 

neighbouring patches. In natural systems, the resource qualities of adjacent patches are 436 

likely to be similar. We therefore vary the degree of spatial autocorrelation in the resource 437 

qualities of neighbouring patches and check how this affects the forager distribution. We 438 

find that the forager distribution departs less from the IFD when positive correlations 439 

reinforce the impact of travelling costs (Fig. 7). 440 

Overall, the results of the multi-patch models are in good agreement with the 441 

results of the two-patch model. Sub-optimal movement results in less skewed forager 442 

distributions among patches, and the introduction of information uncertainty enhances 443 

these departures from the IFD. Interestingly, travelling costs have the opposite effect, with 444 

forager distributions approaching the IFD as travelling costs increase. 445 
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Discussion 446 

Using a theoretical modelling approach, here we have investigated the distribution of 447 

foragers across multiple resource patches under more realistic conditions than those 448 

assumed by the original IFD model (Fretwell and Lucas 1970). Specifically, using general 449 

two-patch and multi-patch models with resource renewal and constant forager numbers, 450 

we analysed the impacts of sub-optimal foraging moves among patches, of information 451 

uncertainty about patch utility, and of costs of travelling between patches. We found that 452 

when non-ideal foragers probabilistically move between patches according to the resource 453 

intake rates available among patches, their distribution is less skewed than the IFD, so that 454 

low-quality patches attract more foragers than expected under IFD conditions. We also 455 

found that the forager distribution becomes more uniform across patches when foragers do 456 

not possess perfect information about patch utilities. To our surprise, the introduction of 457 

costs of travelling between patches had an impact in the opposite direction, rendering the 458 

forager distribution across resource patches more similar to IFD predictions. The effects of 459 

the three investigated factors appear to be robust: we found equivalent effects when 460 

examining a two-patch and a multi-patch model, when considering variability in the 461 

carrying capacity K  or the intrinsic growth rate r  of patches, and when changing the 462 

spatial autocorrelation of patch qualities among neighbouring patches. 463 

Our study is the first joint and systematic investigation of the impact of sub-464 

optimal foraging movement, information uncertainty, and travelling costs in a general 465 

model predicting the distribution of foragers. Our results considerably extend the existing 466 

theoretical literature on IFD theory and its limitations, provide mechanistic explanations 467 

of forager distributions observed in nature, and are useful for deriving hypotheses about, 468 

and predictions of, forager distributions in specific ecological systems. 469 
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The first key assumption of our model that differs from previous IFD models is 470 

that foragers respond probabilistically to differences in patch utility. In other words, we 471 

not only incorporate non-IFD, sub-optimal movement among patches (Regelmann 1984, 472 

Houston and McNamara 1987, Hugie and Grand 2003, Ruston and Humphries 2003, 473 

Jackson et al. 2004), but also relate the extent of such movement to the magnitude of 474 

utility differences among patches. In classical IFD models, foragers are assumed always to 475 

move to the best patch, i.e., to the one patch that provides them with the highest resource 476 

intake rate. This unrealistic assumption results in the prediction of classical IFD theory 477 

that, at the IFD, foragers enjoy identical intake rates across all patches. In the real world, 478 

however, the habitat-choice behaviour of foragers is never perfect, although natural 479 

selection might have shaped it surprisingly well. It is instead reasonable to assume that 480 

foragers make increasingly more errors in patch choice when differences in the involved 481 

patch utilities are small. We therefore incorporated this more realistic assumption into our 482 

model. Accordingly, our model predicts all patches to host at least some foragers (even if 483 

their quality is extremely low), so that the resultant distribution of foragers at equilibrium 484 

is less skewed than predicted by IFD theory. Our results agree with findings from previous 485 

theoretical studies that tried to overcome the unrealistic assumption of optimal movements 486 

by complementing them with a fixed proportion of random movements (Houston and 487 

McNamara 1987). These models thus combined two unrealistic types of movement, fully 488 

optimal and fully random movement, to achieve a greater degree of realism in the 489 

description of forager movement. We believe that our model of sub-optimal movement, 490 

according to which movements between any two patches probabilistically depend on their 491 

utility difference, offers a considerably more plausible description of real movement 492 

processes than either the optimal choice assumed by classical IFD theory or the simple 493 

mixture between fully optimal and fully random choice assumed in more recent models. 494 
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This greater degree of realism is critical if model analyses are to unravel determinants of 495 

forager distributions, or match empirical observations, in real systems. 496 

In our model, the effects of information uncertainty on the distribution of foragers 497 

depend on whether these foragers move between patches optimally or sub-optimally. 498 

Under optimal movement, information uncertainty does not alter the distribution of 499 

foragers. However, under the more realistic non-IFD assumption that the accuracy of 500 

patch choice is related to differences in patch utility, increased uncertainty about a patch’s 501 

utility results in a more uniform distribution of foragers across resource patches than 502 

predicted by classical IFD theory. This confirms and extends results of two earlier studies 503 

that assumed different types of constrained knowledge about resource utility. In the 504 

perceptual-constraints model (Abrahams 1986), foragers cannot distinguish between 505 

differences in patch utilities that are smaller than a certain threshold. Ranta et al. (1999, 506 

2000) instead assumed knowledge of foragers about patch utilities to be limited to 507 

neighbouring patches, located within a certain distance of their current patch. Our analyses 508 

go beyond these earlier approaches in three important respects. First, we explicitly 509 

distinguish errors in perception (modelled in terms of information uncertainty about patch 510 

utility) from errors in implementation (modelled in terms of sub-optimal patch choice), 511 

which together must be expected to affect all realistic foraging behaviours. Our study 512 

reveals the effects of both types of error acting in separation and conjunction. Second, we 513 

allowed the perceived utility differences and the implemented foraging movements 514 

between patches to vary gradually with patch utilities, thus avoiding the typically 515 

implausible assumption of foraging behaviour changing abruptly as utility differences 516 

between patches shrink. Third, we incorporated the fact that in realistic settings the 517 

certainty about the resource utility of a given patch will tend to decrease gradually with 518 
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the distance from a forager’s current patch, thus avoiding the typically implausible 519 

assumption of information certainty changing abruptly as distances between patches grow. 520 

Perhaps most strikingly, we found that, when movement is sub-optimal, travelling 521 

cost among patches lead to forager distributions that increasingly resemble those predicted 522 

by classical IFD theory. At first glance, this novel finding would appear to conflict with 523 

Åström’s (1994) conclusion that the cost of travelling between patches does not have a 524 

consistent effect on the distribution of foragers among patches. This conflict is only 525 

apparent, since our results agree with his conclusion as long as we follow his other 526 

assumption that foragers move between patches optimally (). However, when 527 

foragers move among patches sub-optimally, in accordance with the difference in patch 528 

utility (   ), which is a more realistic assumption as previously mentioned, travelling 529 

costs have a consistent impact on the distribution of foragers, which indeed contradicts 530 

Åström’s (1994) conclusion. To our surprise, the distribution of foragers becomes more 531 

skewed and approaches the IFD as travelling costs increase. We suggest that our findings 532 

on the impact of travelling costs on the distribution of foragers are of particular ecological 533 

interest, because this impact works in the opposite direction of other realistic aspects 534 

ignored in the classical IFD theory (e.g., competitive abilities among foragers, as reviewed 535 

in Tregenza 1995, or sub-optimal movement and information uncertainty, as examined in 536 

this study). 537 

Why does the distribution of sub-optimal foragers approach the IFD with 538 

increasing travelling costs? In our model, foragers keep moving between patches even 539 

when the forager distribution is at equilibrium (Houston and McNamara 1987), due to our 540 

realistic assumption of sub-optimal movement between patches. At this type of dynamic 541 

equilibrium, the number of foragers entering a patch by definition equals the number of 542 

foragers leaving the same patch. Let us consider a pair of patches of high (R) and low (P) 543 
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quality, and assume that there are no costs of travelling. When patch R hosts more 544 

foragers than patch P, and intake rates are equal in both patches, half of the foragers in 545 

patch R are expected to move to patch P, while the other half stays in patch R (see Fig. 1 546 

a; the probability of choosing patch P is 50% when the utility difference between the two 547 

patches is 0). The same applies to patch P. Accordingly, the actual number of emigrants 548 

from R to P exceeds the number of emigrants from P to R, because patch R hosts more 549 

foragers than patch P. The number of foragers in patch P thus increases, and the dynamic 550 

of forager movement reaches equilibrium when the number of emigrants from R and P 551 

becomes equal. At equilibrium, patch P thus hosts more foragers than it does in the IFD. 552 

This is a mechanistic explanation why, without travelling costs, the distribution of sub-553 

optimal foragers is less skewed than classical IFD theory predicts. When travelling costs 554 

exist, the number of foragers that move to the other patch is diminished, because the utility 555 

of the other patch is reduced by the travelling cost. The rate of this decline in the number 556 

of emigrants from the high-quality patch R to the low-quality patch P is larger than that 557 

from P to R (Fig. 2 a; the decline rate would be equal only if the curve were exponential). 558 

Therefore, the number of foragers in the high-quality patch R increases. This asymmetry 559 

caused by travelling costs shifts the equilibrium distribution closer to the IFD, and does so 560 

there more the larger those costs. 561 

Why did previous theoretical investigations fail to find this effect? Two 562 

explanations come to mind. To understand the first potential explanation, we must recall 563 

that the forager distribution does not approach a single equilibrium when foraging 564 

movements are optimal () and travelling costs are smaller than the benefit 565 

experienced through the intake of resources. If travelling cost exceeds that benefit, optimal 566 

foragers stop moving at some stage, resulting in different endpoints within the equilibrium 567 

ranges shown in Fig. 4. Most of the existing simulation models on the impact of travelling 568 
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costs provided predictions on moving frequency (Regelman 1984) and prey mortality 569 

(Bernstein et al. 1991, Kacelnick et al. 1992), but made no explicit prediction on the 570 

distribution of foragers. This focus may have resulted from the existence of equilibrium 571 

ranges instead of single equilibrium points. To understand the second potential 572 

explanation, we must recall that a patch of a certain quality hosts slightly different 573 

numbers of foragers at equilibrium, depending on the quality of its neighbouring patches. 574 

Both effects make the relationship between patch quality and forager number more 575 

complicated, which may help explain why previous studies have failed to report a 576 

systematic impact of travelling costs on forager distributions. 577 

To our knowledge, only two experimental studies have empirically tested the effect 578 

of travelling costs on departures from the IFD, and both of these have suggested that the 579 

introduction of travelling costs increases the proportion of foragers staying in poor patches 580 

(Korona 1990, Kennedy and Gray 1997). This would appear to contradict the results of the 581 

present study. However, in interpreting these experimental studies we must be aware of 582 

several additional factors that might have affected the experiments. For example, in the 583 

experiment with free-ranging ducks (Kennedy and Gray 1997), travelling costs were 584 

introduced by increasing the distance between two feeding patches. An increase in this 585 

distance might decrease the number of foragers currently travelling between the two 586 

patches, and thus increase the number of foragers currently staying in the two patches. In 587 

the context of our model, this is equivalent to increasing the total number of foragers, 588 

which, as we have shown above, results in a more uniform forager distribution, in line 589 

with the experimental observations. Another possible side effect of increasing the distance 590 

between two feeding patches is a reduced accuracy of discriminating the two patch 591 

utilities, which, according to the perceptual-constraints models (Abrahams 1986) and our 592 
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own results, makes the forager distribution less skewed, again in line with the 593 

experimental observations. 594 

Our model results address the case of a forager population of constant size 595 

exploiting a constantly renewing spatially structured resource. Thus, the number of 596 

foragers in a given patch increases exclusively due to immigration, instead of through 597 

enhanced reproduction and/or survival. The opposite extreme assumption is that foragers 598 

do not move between patches at all, but experience different reproduction and/or survival 599 

rates in different patches, which can also lead to an IFD (Cressman and Křivan 2006). 600 

Thus, an IFD is attainable through qualitatively different mechanisms, and the present 601 

study considered forager movement instead of forager demography. Situations in which 602 

forager movement is fast compared with forager demography are characteristic, for 603 

example, of birds exploiting spatially structured resources such as insects or fish. Fast 604 

forager movement, as compared to slow forager demography, also applies to humans such 605 

as commercial fishers or recreational anglers that exploit fish populations distributed 606 

across lakes or patchy marine habitats (Parkinson et al. 2004). Our results based on a 607 

general logistic growth model of resource dynamics also demonstrate that forager 608 

distributions are quantitatively affected by the type of heterogeneity considered among 609 

resource patches, i.e., by whether variability among patches exists in carrying capacities or 610 

intrinsic growth rates. These observations imply that the relative timescales of forager 611 

movement and demography, as well as the type of resource variability across patches, 612 

need to be carefully considered when empirical observations are interpreted in the light of 613 

our results. 614 

Predictions and assumptions of the original and extended IFD models have been 615 

tested in many empirical studies using a variety of animal taxa (reviewed in Tregenza 616 

1995), including humans (Abrahams and Healey 1990, 1993, Gillis et al., 1993, Gillis 617 
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2003, Abernethy et al. 2007). Besides such empirical tests of predictions by IFD theory, 618 

some authors have incorporated IFD principles into theoretical models as basic 619 

assumptions and investigated their consequences on predator-prey dynamics, in efforts to 620 

obtain insights for resource management (e.g., Dolman and Sutherland 1997, Parkinson et 621 

al. 2004). Our study here suggests that predictions based on the original IFD model might 622 

be misleading if, for example, foragers experience travelling costs and information 623 

uncertainty, or if they move sub-optimally instead of optimally. Our model removes some 624 

of the most serious over-simplified assumptions of classical IFD theory, while generating 625 

general and robust findings about the resultant departures from IFD predictions. Although 626 

our model is based on quite general assumptions for the demography of foragers (constant 627 

numbers) and resources (logistic growth with exploitation), it is flexible enough to allow 628 

extensions through the incorporation of more complex forager and resource dynamics. 629 

The present model can also be developed further as the basis for a comprehensive and 630 

systematic investigation of factors influencing the distribution of foragers in space. For 631 

example, Parkinson et al. (2004) assumed that recreational anglers follow an IFD across a 632 

landscape of lakes, resulting in identical catch rates at equilibrium. Based on this 633 

assumption, they predicted systematic overexploitation of high-quality lakes. In the light 634 

of our results, it seems important to test to what extent this or other conclusions derived 635 

from classical IFD assumptions hold when accounting for sub-optimal movement, 636 

information uncertainty, or travelling costs. Our general model introduced here may thus 637 

serve as a starting point for analysing more complex forager distributions. 638 

What types of experimental studies are required to test the predictions from the 639 

present study? As already mentioned, information uncertainty and travelling costs are 640 

often confounded in empirical studies; it is therefore important to separate these two 641 

factors. To test the effects of travelling costs on forager distributions, for example, 642 
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introducing an additional cost to travelling, such as predation risk, might be a promising 643 

approach. Experimenters might also be able to force foragers to experience different 644 

effective distances for information acquisition and travelling, for example, by using a two-645 

patch system in which foragers can learn about the utility of the other patch by directly 646 

observing it (short distance), even though they need to make a detour to reach it (long 647 

distance). The vast majority of previous experimental tests of IFD theory were carried out 648 

in laboratories, adopting a simple system consisting of two patches of high and low quality. 649 

Using three or more patches (e.g., Carter and Abrahams 1987) and altering the distances 650 

among them would therefore be important in the future. Although it is sometimes difficult 651 

to control for all factors affecting the distribution of foragers, well-designed field 652 

experiments or observations are needed to elucidate general patterns resulting from 653 

information uncertainty and travelling costs. In such situations, quantifying key variables 654 

in the model – in particular, the quality of resource patches, information that foragers 655 

possess, and the costs of travelling – is important for testing the predictions from our study. 656 

For example, foragers might be followed for extended periods of time using novel 657 

biotelemetry methods. Promising future research also includes systematic investigations of 658 

so far unexplored factors affecting forager distributions in space and time, in particular, 659 

the remaining three out of seven categories of over-simplifying assumptions in classical 660 

IFD theory (Tregenza 1995) could fruitfully be addressed (fixed resources in space and 661 

time, rate of resource intake as the only factor affecting the patch choice of foragers, and 662 

distribution of foragers determined entirely by maximizing their short-term fitness). 663 

In conclusion, here we have unravelled the consistent effects of three simplifying 664 

assumptions of traditional IFD theory on the distribution of foragers. The robustness of 665 

our findings is underscored by their consistency for two-patch and multi-patch models, 666 

and also for variability among patches in terms of carrying capacities and intrinsic growth 667 
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rates. While simple models like those used in classical IFD theory are of great value for 668 

explaining broad and general patterns in behavioural ecology, their extension and 669 

generalization are useful for obtaining deeper insights and more adequate predictions. In 670 

particular, our model has demonstrated the previously unrecognized effects of travelling 671 

costs on the distribution of sub-optimal foragers, as well as the consistent impacts of sub-672 

optimal movement and information uncertainty on departures from IFD predictions. We 673 

hope that our results will encourage experimental studies of these three factors, and will 674 

ultimately contribute to a better understanding of forager behaviour across spatially 675 

structured resources. 676 
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Appendix 815 

Here we present an analytical examination of the ideal free distribution (IFD) of foragers 816 

when the carrying capacity K  or the intrinsic growth rate r  varies between patches, either 817 

separately or jointly. Our goal is to derive the relationships between the forager numbers 818 

and the values of K  or r  characterizing patches at the IFD equilibrium. 819 

At the IFD, the resource is at equilibrium in each patch 1, ,i n , 820 

* *(1 / ) 0  i i i ir R K qF , 821 

and foragers experience the same intake rate *V  across all patches, 822 

* * * * * * *{1 exp( )}/ (1 / ){1 exp( )}/      i i i i i i i iV R qF F K qF r qF F . 823 

Using the Taylor expansion * *exp( ) 1  i iqF qF , which is valid when foraging is 824 

mild ( * 1iqF  or *1/ iq F ), we obtain 825 

* *(1 / ) i i iV K qF r q  826 

and therefore 827 

* 1 2 * 1( )   i i iF r q q V K . 828 

This shows that when carrying capacities are constant across patches, iK K , the 829 

relationship between *

iF  and ir  is linear, * i iF r . When instead intrinsic growth rates are 830 

constant across patches, ir r , the relationship between *

iF  and iK  is concave from 831 

below, approaches a maximum of * /iF r q  for iK , and is negative for * /iK V q , 832 

which means that patches with carrying capacities below 
* /V q  remain empty of foragers. 833 

Since an increase in the total forager number totF  causes a decrease in *V , and thus in the 834 

threshold 
* /V q , the number of empty patches decreases when there are more foragers in 835 
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total. While our simulation results shown in Fig. 5 are based on the specific assumption of 836 

the quality of the 100 patches following a normal distribution, we have thus confirmed 837 

that our conclusions about (i) the different impacts of variability among patches in either 838 

carrying capacities or intrinsic growth rates and about (ii) the impacts of the total forager 839 

number are both valid more generally. 840 

841 
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Table 842 

Table 1. Parameters and variables used in this study. 843 

Symbol Description Default value (range) 

Parameters 

n  Number of patches in two-patch model 2 

  in multi-patch model 100 

iK  Carrying capacity of resource in patch i  mean = 600 

ir  Intrinsic growth rate of resource in patch i  mean = 0.3 

  Movement optimality of foragers 1, 5, or   [0,  ) 

1T  
Travelling cost of foragers for moving between 

neighbouring patches 
0 [0,  ) 

1I  
Information certainty of foragers about neighbouring 

patches 
1 [0, 1] 

1  
Information uncertainty of foragers about 

neighbouring patches ( 11  I ) 
0 [0, 1] 

totF  Total number of foragers in two-patch model 20 [5, 50] 

  in multi-patch model 1000 [200, 2000] 

F  Average number of foragers per patch ( tot / F n ) 10 

q  Foraging rate 0.01 

Variables 

iR  Resource abundance in patch i  n.a. 

iF  Forager abundance in patch i  n.a. 

iV  Per capita resource intake rate of foragers in patch i  n.a. 

ijU  Utility of patch j  as viewed from patch i  n.a. 

ijM  Probability of moving from patch i  to patch j  n.a. 

ijd  Distance between patch i  and patch j  n.a. 

844 
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Figure captions 845 

Fig. 1. Schematic illustration of assumptions used in our model. We relax three 846 

assumptions of the classical IFD model, i.e., (i) optimal foraging moves among patches, 847 

(ii) perfect information about the utility of resource patches, and (iii) cost-free travelling 848 

between patches. In the classical IFD model, foragers always choose the foraging patch 849 

that offers the highest resource intake rate. In the present model, the patch choice of 850 

foragers is assumed to depend on the utility difference between patches, with the degree of 851 

movement optimality being controlled by the parameter   (a). As   increases, patch 852 

choice approaches optimal foraging. Furthermore, in the present model the knowledge of 853 

foragers about the resource utility in other patches is assumed to decline with distance (b), 854 

while travelling costs between patches are assumed to increase with distance (c). As 855 

parameters 1 11  I  and 1T  decrease, conditions approach those assumed in the classical 856 

IFD model. 857 

Fig. 2. Impacts of movement optimality   on the proportion of foragers in the poor patch 858 

(a, b) and on their intake rates (c, d) in the two-patch model. The two left panels (a, c) 859 

show the case when the two patches differ in their carrying capacities ( PK  = 400, RK  = 860 

800, Pr  = Rr  = 0.3), while the two right panels (b, d) show the case when the two patches 861 

differ in their intrinsic growth rates ( PK  = RK  = 600, Pr  = 0.2, Rr  = 0.4). In panels (c) 862 

and (d), solid and dashed lines show intake rates in the rich and poor patches, respectively, 863 

while dotted lines in all panels show IFD predictions. 864 

Fig. 3. Impacts of the total number of foragers and of the disparity in patch quality on the 865 

proportion of foragers in the poor patch (a–d) and on their intake rates (e–h) in the two-866 
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patch model. The four left panels (a, c, e, g) show the case when the two patches differ in 867 

their carrying capacities ( PK  = 400, RK  = 800, Pr  = Rr  = 0.3), while the four right panels 868 

(b, d, f, h) show the case when the two patches differ in their intrinsic growth rates ( PK  = 869 

RK  = 600, Pr  = 0.2, Rr  = 0.4). Dotted lines show IFD predictions (), while black 870 

and grey lines show the cases 1   and 5  , respectively. In panels (e–h), solid and 871 

dashed lines show the intake rates in the rich and the poor patch, respectively. 872 

Fig. 4. Impacts of information uncertainty (a, d) and travelling costs (b, e) on the 873 

proportion of foragers in the poor patch (upper panels) and on their intake rates (lower 874 

panels) in the two-patch model. The two patches differ in their carrying capacities ( PK  = 875 

400, RK  = 800, Pr  = Rr  = 0.3). Dotted lines show IFD predictions (), while black 876 

and grey lines show the cases 1   and 5  , respectively. In panels (d) and (e), solid 877 

and dashed lines show the intake rates in the rich and the poor patch, respectively. The 878 

shaded areas in panels (b) and (e) show the equilibrium ranges in which optimal foragers 879 

() do not move between patches. Panel (c) shows, for 1  , interactions between 880 

information uncertainty and travelling costs in their joint effect on the proportion of 881 

foragers in the poor patch. The IFD proportion is 0.134. 882 

Fig. 5. Impacts of the total number of foragers and of movement optimality on the 883 

distribution of foragers and their intake rates in the multi-patch model when patches differ 884 

in their carrying capacities (left) or in their intrinsic growth rates (right). Each point 885 

represents the value in a single patch. The total number of foragers is 200, 1000, or 2000, 886 

which corresponds to 2F   (squares), 10F   (circles), or 20F   (diamonds), 887 

respectively. Movement optimality   is   (IFD, dotted lines), 5 (grey symbols), or 1 888 

(black symbols). IFD intake rates (  ) are not shown for patches that host no foragers. 889 
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Fig. 6. Impacts of information uncertainty and travelling costs on the distribution of 890 

foragers and their intake rates in the multi-patch model when patches differ in their 891 

carrying capacities. Dotted lines show IFD predictions (), while black circles and 892 

triangles show the case   = 1. Each circle or triangle shows the value in a single patch. In 893 

panels (a) and (d), the information uncertainty 1  is varied from 0.0 (circles) to 0.5 894 

(triangles). In panels (b) and (e), the travelling cost 1T  is varied from 0.0 (circles) to 2.0 895 

(triangles). Similar changes are found when   = 5 (results not shown). IFD intake rates 896 

(  ) are not shown for patches that host no foragers. Since a patch of given quality 897 

hosts slightly different numbers of foragers at equilibrium, depending of the quality of its 898 

neighbouring patches, the relative position of all patches are randomized between 899 

simulations and shown values are averaged over 100 simulations. Panel (c) shows, for 900 

1  , interactions between information uncertainty and travelling costs in their joint 901 

effect on the proportion of foragers in the poorest patch. The number of foragers in the 902 

poorest patch is shown relative to the average number of foragers per patch ( 10F  ). The 903 

IFD proportion is exactly 0. 904 

Fig. 7. Impacts of the spatial autocorrelation between the resource qualities of 905 

neighbouring patches on the distribution of foragers in a multi-patch model with 100 906 

patches located along a one-dimensional ring. The autocorrelation coefficient of carrying 907 

capacities of adjacent patches is varied between –0.9 and +0.9. The number of foragers in 908 

the poorest patch is shown relative to the average number of foragers per patch ( 10F  ). 909 

As in Fig. 6, shown values are averaged over 100 simulations. 910 
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