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Appendix 1 
Details of the simulated landscapes  

Because the energy benefits of memory are expected to be highest among landscapes with 

intermediate spatial complexity, we simulated four different landscapes with the same randomly 

located patches, but with varying degrees of spatial autocorrelation in patch profitability. We first 

generated 35 858 non-overlapping patches each covering 5281 m2 (mean area of meadows in Prince 

Albert National Park; Fig. 2) within a circular landscape consisting of a 50 km radius. Patch density 

was specified as 4.6 patches per km2 – a density that is one half the density of the empirical 

landscape (i.e. 9.1 meadows km–2). This decrease in patch density reduced computation time 

dramatically during simulations. To verify that this reduction in patch density did not alter results, 

we randomly chose 5 of the 28 scenarios outlined below, simulated them with the observed patch 

density, and examined correlation between them and trajectories simulated using one half patch 

density. The two trajectories for each of the five scenarios almost completely mirrored each other 

with R2 > 0.97. 

Second, we calculated empirical spatial autocorrelation in patch profitability by identifying 

the scale α and variance σ2 parameters of a Gaussian random field isotropic covariance model 

(Gelfand et al. 2010) of the bison range in Prince Albert National Park. The expected profitability of 

each meadow (i.e. discrete open areas > 0.4 ha in size) was determined by developing a relationship 

between the normalized difference vegetation index calculated from a SPOT5 satellite image (10 m 

resolution, taken August 2008), the mean biomass within a sample of 24 meadows (Dancose et al. 

2011), and the mean expected intake rate of digestible energy within a sample of 21 meadows 

(Merkle et al. 2014). Using the calculated index of expected profitability and the centroid, i.e. 

geometric center (Moorcroft and Lewis 2006), of each meadow (n = 9015), we found the 

profitability of meadows to be weakly spatially correlated, with a mean α = 199.58 and σ2 = 0.12. 

Parameters were derived using maximum likelihood in the RandomFields package in R ver. 3.1.0 

(<www.r-project.org>).  

Finally, we simulated four landscapes with varying degrees of the empirical spatial 



autocorrelation in patch profitability based on a Gaussian random field. The observed σ2 was kept 

constant for all simulations. However, we simulated one landscape with no spatial autocorrelation, 

one with the observed α value in Prince Albert National Park, and two landscapes with relatively 

high (i.e. five and ten times more than observed) autocorrelation. These simulations provided 

landscapes with a resource gradient from approximately random (α = 40) to highly clumped (α = 

1999; Fig. 2). Following the observed distribution of meadow profitability in Prince Albert National 

Park, we scaled patch profitability values in all landscapes to have a mean of 699.8 (kJ digestible 

energy consumed per min) and SD of 22.0. All simulations were conducted in R using the 

RandomFields package. 
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Appendix 2 

Density distribution of patch-to-patch movement distances and fitted Weibull 

distribution 

Observed density distribution (gray bars) of patch-to-patch movement distances from source 

meadow to target meadow, and Weibull density distribution (black line) using fitted shape and scale 

parameters of κ = 1.12 and λ = 1.41, respectively. Patch-to-patch movements were based on three 

hour relocation data from 33 female plains bison GPS collared between 2005 and 2013 in Prince 

Albert National Park, Canada.  
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Appendix 3 

Estimation of resource depletion and regrowth  

Resource depletion and regrowth 

Although the memory-based foraging model was derived for situations where resource depletion is 

minimal, we still incorporated a decrease in patch profitability after an agent moves through a patch 

during our simulations. This specification increases the generality of our framework, as our model 

could be employed in ecosystems where patch depletion is more important. Our model of depletion 

and growth is constructed in two steps. Let 𝑝 x, 𝑡  be the profitability of patch 𝑥 at time 𝑡. For our 

two-step model, we need to define an intermediate term, 𝑝!"# x, 𝑡 , giving the patch profitability 

after depletion is taken into account but before vegetation regrowth is factored in. The function for 

depletion is given as follows 

𝑝!"# x, 𝑡 = 𝑝 x, 𝑡 𝑑 𝑡,∆𝑡 , 𝑖𝑓 𝑎𝑛 𝑎𝑔𝑒𝑛𝑡 𝑖𝑠 𝑖𝑛 𝑝𝑎𝑡𝑐ℎ 𝑥 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡,
𝑝 x, 𝑡 ,                           𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒,    (5) 

where d(t,∆𝑡) = 1 – D(t,∆𝑡)/100. D(t,∆𝑡) is the percentage decrease in patch profitability incurred 

in a single time-step of length ∆𝑡. In the second step, we account for the increase in patch 

profitability due to regrowth of vegetation during the growing season. Following Van Moorter et al. 

(2009), we use a logistic function to model regrowth. Thus, the profitability of patch x at time t + Δt 

(representing a fixed time interval) is given as 

𝑝 x, 𝑡 + ∆𝑡 = 𝑝!"# x, 𝑡 + 𝑎 1−
𝑝!"# x, 𝑡
𝑝!"# x

 𝑝!"# x, 𝑡                                          (6) 

where a is the growth rate, and pmax(x) is the maximum intrinsic profitability in patch x. In all 

analyses, we assumed the expected profitability within each patch recovered at a rate of a = 0.036. 

This regrowth rate was derived from empirical data on how mean forage intake rate for bison 

increases throughout the growing season (May through August) due to vegetation regrowth of 

meadows in Prince Albert National Park (see Appendix 2 for details on calculation of a). We also 

assumed that each agent reduces the profitability of each patch visited, D(t,∆𝑡), at each time step by 

a mean of 2.3% (calculation details can be found in Merkle et al. 2015). 



 

Estimation of increase in mean forage intake rate 

(a) due to vegetation regrowth 

We estimated the rate of increase in mean forage 

intake rate (a) due to vegetation regrowth using a 

logistic growth function (Eq. 6 above) during the 

growing season for meadows within Prince 

Albert National Park (Canada). Between June and 

August of 1998, we monitored dry forage 

biomass (in grams per square meter) in 24 

meadows distributed throughout the bison range. 

Each meadow was visited four times throughout 

the season. Dry forage biomass was determined by the distance (in centimeters) that a plastic disk 

settled from the ground in 16–90 evenly spaced quadrats (depending on the area of each meadow). 

We then calculated intake rate of dry forage following the growing season functional response 

reported in Fortin et al. (2002). See Fortin et al. (2002) for further details of the vegetation 

sampling.  

 We estimated a using an optimization routine 

where we minimized the sum of squared deviations 

between observed and the predicted mean intake rate 

estimates given a range of a values between 0 and 1. To do 

this, we first assumed pmax was the largest mean intake rate 

estimate for each meadow sampled. This value was always 

measured towards the end of the growing season in late 

July or August. We then specified p(t) as the initial mean 

intake rate measurement for each meadow, and p(t + Δt) as 

	
Figure A1. Mean intake rate of dry forage over 
time in 24 meadows sampled four times between 
June and August 1998 in Prince Albert National 
Park (Canada). Black line represents predicted 
mean logistic growth function based on rate of 
increase (a) = 0.036. 

	
Figure A2. Optimization profile of the 
sum of squared deviations for observed 
and predicted mean intake rate of dry 
forage in 24 meadows monitored June to 
August 1998 within Prince Albert 
National Park (Canada). 



each of the three subsequent measurements with Δt equal to the number of days passed since the 

initial mean intake rate measurement at time t. Our data suggested an overall rate of increase in 

mean forage intake rate (a) of 0.036 (Fig. A1), with a clear profile of the sum of squared deviations 

(Fig. A2). The anlysis was conducted in R (<www.r-project.org>).  

  



Appendix 4 
Mathematical modifications to the master equation to incorporate patch depletion and 

regrowth, as well as memory 
Because the ME deals with probabilities, and not individual locations, some modifications needed 

to be made in the calculation of patch depletion and regrowth, as well as memory. Thus, at each 

step of the master equation (ME), patch depletion and regrowth is calculated by modifying eqs. 4 

and 5 to include the probability u(x,t) that the population is in patch x at time t. Specifically, the 

profitability of patch x at time t is given as  

𝑝 x, 𝑡 + ∆𝑡 = 𝑝 x, 𝑡 𝑑(𝑡,∆𝑡) ! !,! + 𝑎 1−
𝑝 x, 𝑡 𝑑(𝑡,∆𝑡) ! !,!

𝑝!"# x
 𝑝 x, 𝑡 𝑑(𝑡,∆𝑡) ! !,!  (8) 

Equation 8 interpolates between the case where the population is present (i.e. 𝑢 x, 𝑡 = 1) and when 

it is not present (i.e. 𝑢 x, 𝑡 = 0). Notice that placing 𝑢 x, 𝑡 = 1 into Eq. 8 is equivalent to Eq. 6 

combined with the top line of Eq. 5. Likewise, placing 𝑢 x, 𝑡 = 0 into Eq. 8 is equivalent to Eq. 6 

combined with the bottom line of Eq. 5. All variables in Eq. 8 are the same as in Eq. 5 and 6. 

However, since the ME solves for the population level distribution kernel, we specified patch 

depletion 𝐷(𝑡,∆𝑡) as 60% (2.3% × 26 groups). In other words, if the entire population is in a single 

patch at a single time step, the profitability of that patch would decrease by 60%. 

Incorporating memory aspects into the movement kernel 𝑓 x|y, ε,𝛄,𝛃  is not trivial. 

Memory is ostensibly non-Markovian, but the ME is a first order Markov process. To deal with this, 

we translated the temporal aspects of the memory-based patch selection model into properties of the 

underlying space use, which are then updated each time step. We start by letting L(x,t,T) be the 

probability that the population’s last visit to patch x was at time t – T, where t is the present time. 

Here, 𝑇 can be thought of as the time since the animal last visited patch x. Then 

𝐿 x, 𝑡,𝑇 = 𝐿 x, 𝑡 −  Δ𝑡,𝑇 − Δ𝑡 1− 𝑢(x, 𝑡 −  Δ𝑡) , 𝑖𝑓 𝑇 >  Δ𝑡                                       (9) 

𝐿 x, 𝑡,Δ𝑡 = 𝑢 x, 𝑡 −  Δ𝑡                                                                                                           (10) 

where Δt is the time step. Equation 9 states that for the last visit to patch x to be at time t – T, the 

situation at time 𝑡 −  Δ𝑡 must have been as follows: patch x had last been visited at time 𝑇 − Δ𝑡 

previous to 𝑡 −  Δ𝑡, and the patch has not been revisited at time 𝑡 −  Δ𝑡. Equation 10 states that the 

probability patch x was last visited at time 𝑡 −  Δ𝑡 is simply the probability of the animal being 

present at time 𝑡 −  Δ𝑡. 

The mean time, 𝑇 x, 𝑡 , since any part of the population last visited the patch at position x, 

given that it has visited this patch at some point, is then 

𝑇 x, 𝑡 =  
𝑛𝐿 x, 𝑡,𝑛Δ𝑡 Δ𝑡!

!!!

𝐿 x, 𝑡,𝑛Δ𝑡!
!!!

                                                                                   (11) 



where N = t/Δt (which is an integer, by construction of the model).  

 Again, to take into account probabilities, we redefine the weighting function 𝑤!(x,t,T) of 

past experience (originally defined in Merkle et al. 2014) as 

𝑤! x, 𝑡,𝑇 =  
𝑢 x, 𝑡 − 𝑇
1+ 𝑘!𝑇

                                                                                                 (12) 

which is the weight of returning to patch 𝑥 based on the probability of the animal being there at 

time t – T, and 𝑘! is the devaluation (or memory decay) factor. The subscript I is either RefPoint, 

ExpProfit or RelRefPoint, depending on which entry in the vector Z we are calculating (see Eq. 4, 

and Eq. 14–16 below). For PrevVis, we define  

𝑃𝑟𝑒𝑣𝑉𝑖𝑠 x, 𝑡 =  
𝐿 x, 𝑡,𝑛Δ𝑡!

!!!

1+ 𝑘!"#$%&' 𝑇 x, 𝑡                                                                                (13) 

The denominator of Eq. 13 states that the longer it has been since visiting patch x (assuming x has 

been previously visited), the lower the chance of moving to x. The numerator means that the 

probability of moving to x is lower if the population is likely never to have visited x before. 

 The reference point (i.e. mean profitability of previously visited patches discounted by the 

weighting function) is calculated as 

𝑅! 𝑡 =  
𝑤! x, 𝑡,𝑛Δ𝑡 𝑝 x, 𝑡!!!

!!!
!!!

𝑤! x, 𝑡,𝑛Δ𝑡!!!
!!!
!!!

                                                                       (14) 

where Ω is the set of locations of the patch’s centroids, and p(x,t) is the profitability of patch x at 

time t. Finally, following Merkle et al. (2014, section titled ‘Quantifying past experience’), we 

calculate ExpProfit and RelRefPoint as 

𝐸𝑥𝑝𝑃𝑟𝑜𝑓𝑖𝑡 x, 𝑡 = 𝑅!"#$%&'( 𝑡 + 𝑝 x, 𝑡 − 𝑅!"#$%&'( 𝑡 𝑤!"#$%&'() x, 𝑡,𝑇          (15) 

𝑅𝑒𝑙𝑅𝑒𝑓𝑃𝑜𝑖𝑛𝑡 𝑡 = 𝑅!"#!"$%&'() 𝑡 − Δ𝑡 − 𝑝 𝑦, 𝑡                                                           (16) 

where p(y,t) and p(x,t) are the profitability of the source and target patches, respectively. Equation 

15 states that the expected profitability of patch x is larger than the reference point (Eq. 14) by an 

amount proportional to the profitability of patch x minus the reference profitability. The magnitude 

of this proportionality is given by the weight of past experience (Eq. 12). Equation 16 is the relative 

profitability of the reference point (Eq. 14) compared to the source meadow. See Merkle et al. 

(2014) for details of the estimated devaluation factors k (i.e. kPrevVis in Eq. 13, kRefPoint and kExpProfit in 

Eq. 15 and kRelRefPoint in Eq. 16). To help visualize the model, Fig. 1 shows how the various 

quantities defined in the above text feed into the ME of space use.  

  



Appendix 5 
MSD of total utilization distribution of simulated populations  
Mean squared displacement (in km2) of the total utilization distribution of simulated populations 

over time (two years, 936 steps) in four different landscapes varying in the spatial autocorrelation of 

patch profitability (from random [a] to highly clumped [d]; Fig. 2). Using the integro-difference 

equation approach, simulated populations were parameterized with varying influence (from the 

observed odds [exponent of β] to 12 times the observed odds) that all components of the memory-

based patch selection model have over random movement. ‘Rand’ denotes the displacement of a 

forager choosing patches at random. 

 

  

Strength of memory bias

La
nd
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e

a
b

c
d

Rand Obs ß × 3 × 6 × 9 × 12

491 455 366 221 123 72

491 454 373 246 149 95

491 455 374 246 148 94

491 455 371 236 138 85



Appendix 6 
Stability of utilization distribution of simulated populations over time 
Volume of intersection between the first and second year of the utilization distribution of simulated 

populations over time (totaling two years, 936 steps) in four different landscapes varying in the 

spatial autocorrelation of patch profitability (from random [a] to highly clumped [d]; Fig. 2). Using 

the integro-difference equation approach, simulated populations were parameterized with varying 

influence (from the observed odds [exponent of β] to 12 times the observed odds) that all 

components of the memory-based patch selection model have over random movement. ‘Rand’ 

demotes the intersection between the first and second years of a forager choosing patches at 

random. 

 

 

Strength of memory bias

La
nd

sc
ap

e

a
b

c
d

Rand Obs ß × 3 × 6 × 9 × 12

0.59 0.6 0.64 0.71 0.78 0.81

0.59 0.6 0.64 0.7 0.73 0.75

0.59 0.6 0.64 0.7 0.73 0.76

0.59 0.6 0.64 0.7 0.76 0.79


