











Table 3. Range of parameter values used in the uncertainty analyses. Step length, patches remembered, and
perceptual range are continuous variables. Directionality varies linearly from Dpin in good habitat to Dmax in poor

habitat. Directionality was treated as a categorical variable.

Step Length (m) Patches Perceptual Range Range in Directionality
Remembered (m) (Dmin-Dmax)
20 0 50 0.1-0.2
30 10 100 0.1-0.9
40 40 200 0.5-0.75
50 100 400 0.8-0.9
3. Results

Simulated movement behavior of monarch butterflies are depicted in Figure 4. Under all 25 model
parameter combinations, we found that the simulated monarch agents spent their time in areas with high
milkweed density, such as road ROWs, with occasional forays into agricultural fields where milkweed
was modelled as rare or non-existent. A correlated random walk alone, in which monarch agents do not
respond to land cover types, would not replicate these movement paths. Four of the five expert panelists
considered panel C to be the best representation of monarch movement paths, while one panelist
considered panel A to be the best parameterization. All of our panelists generally cited similar rationale
for choosing C or A: female monarch butterflies move long distances across the landscape, do not stay in

one habitat patch for long, and are a vagile species that disperses their eggs widely.

The amount of time monarch agents spent in agricultural fields and how far they moved across the
landscape was affected by the parameter values (see Fig. 4 A- F). With a long perceptual range (400 m)
the monarch agent remained at the cluster of patches at a road intersection and failed to leave that cluster
(Fig. 4B), whereas with a 50 m perceptual range the monarch agent moved more widely (Fig. 4A).

Agents with longer term spatial memory (100 patches remembered) formed less dense clusters of
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movement in road ROWs (Fig. 4C) relative to those with fewer patches remembered (10 patches
remembered, Fig 4A). Longer-term spatial memory resulted in monarch agents more readily leaving a
location and finding higher-quality habitat not previously visited. Although longer-term spatial memory
(100 remembered patches) allows a monarch agent to occasionally leave clusters of patches at road
intersections, large perceptual range (400 m) results in the agent utilizing much less of the landscape (Fig.
4D), as compared to an agent with a shorter perceptual range (50 m, Fig. 4A). When directionality is high
in poor habitat (0.9, Fig. 4E), the agent movement path is more linear as compared to tortuous movement

paths with low directionality in poor habitat (0.02, Fig. 4F).
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Fig. 5. Monarch agent movement paths under differet arameter combinations. Each panel is the moemet path
for one monarch agent over ten days in a 1274 ha subset of Story County. Parameters are abbreviated as perceptual
range = p, spatial memory = m, directionality = d, step length = s and units are as follows: perceptual range is
meters, spatial memory is number of patches, directionality is categorical and has no units, and step length is meters.
Panel A: p=50, m=10, d=0.5-0.75, s=30. Panel B: p=400, m=10, d=0.5-0.75, s=30. Panel C: p=50, m=100,
d=0.5-0.75, s=30. Panel D: p=400, m=100, d=0.5-0.75, s=30. Panel E: p=50, m=10, d=0.1-0.9, s=30. Panel F:

p=50, m=10, d=0.1-0.2, s=30.
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Fig. 6. Example egg density from a model simulation. Agricultural fields with glyphosate-resistant crops (blue)
have very low egg density. Roadsides have variable density. Grass/pasture and non-glyphosate resistant

agricultural fields have medium egg density (yellow or orange).

The land-cover types that accumulated the most eggs in the model, across all 25 parameter combinations,
were road ROWs, grassland/pasture, and non-glyphosate resistant corn (Fig. 5, Fig. 6). The proportion of
eggs laid in ROWs (19%-49%) was highly variable across simulations, indicating that more precise
values for perceptual range and spatial memory would reduce variability in quantifying use of ROWs.
Grassland and pastures have the next highest accumulated eggs, varying from 24-42% of eggs laid. Non-
glyphosate resistant corn constitutes 12% of the corn fields and is assumed to have relatively good higher
milkweed density, consistent with 15-34% of eggs being laid in these patches. All other habitats

accumulate relatively few eggs.
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Fig. 7. Histograms of the proportion of eggs laid in each habitat type across all 25 parameter combinations. Road
right-of-ways are combined for this figure. Other crops and wetlands had negligible proportions, similar to forest,

and are not shown.

3.1 Effect of Varying Perceptual Range on Monarch Movement and Egg-laying

Perceptual range had an important effect on how monarch agents move and how eggs were distributed
across the landscape (Table 4). Except for step length, which is a model construct, perceptual range
explained more of the variance in utilization distribution, median egg density in road ROWSs, and median
egg density in grass/pasture, than spatial memory or directionality. Larger perceptual ranges resulted in
monarch agents failing to move from groups of patches with high milkweed density, resulting in smaller
utilization distributions (see Supplementary Material B and C). A small perceptual range resulted in a
higher median egg density in road ROWs as well as more evenly distributed eggs in these patches (Fig.
7). With a large perceptual range, median egg density was lower because eggs accumulated in a few

patches, and many patches had few or no eggs (Fig. 7). Median egg density decreased in both road ROW
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and grass/pasture habitat as perceptual range increased, though more so in road ROWs (Supplementary

Material B and C). The proportion of eggs laid and total eggs laid in road ROWs, grass/pastures, and the

full study area, were largely unaffected by changes in perceptual range, contrary to our hypothesis

(Supplementary Material B and C). In summary, perceptual range affected where eggs were laid on the

landscape, but not the cumulative total number of eggs.

Table 4. Sensitivity indices for four parameters and six response variables, and R? statistics. Sensitivity indices

were calculated as the Type I sum of squares for a parameter divided by the total sum of squares and range from 0,

when a change in one unit of the parameter results in no change in the response variable, to 1, when a change in one

unit of the parameter results in a change of 1 unit in the response variable.

Response Variable Perceptual Spatial Directionality  Step R’
Range Memory Length

Utilization Distribution 0.29 0.16 0.18 046 0.84
Proportion of Eggs Laid 0.02 0.12 0.40 0.89  0.95
Median Egg Density (Road ROWs) 0.57 0.18 0.13 0.02 0.84
Median Egg Density (Grass/Pasture) 0.37 0.10 0.26 0.21  0.76
Total Eggs Laid (Road ROWs) 0.03 0.25 0.08 0.59 0.71
Total Eggs Laid (Grass/Pasture) 0.01 0.05 0.44 0.72 0.84
Total Eggs Laid (Study Area) 0.02 0.12 0.40 0.89  0.95
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median. The x-axis scale for A has been constrained to 0 — 1000 for comparison to B, though the range of egg

density for A is 0 —11,108.
3.2 Effect of Varying the Spatial Memory on Monarch Movement and Egg-laying

Spatial memory was the most important factor affecting the total eggs laid in road ROWSs, other than step
length (Table 4). Longer spatial memory decreased the total number of eggs laid in road ROWs,
consistent with our hypothesis (see Supplementary Material B and C). Spatial memory explained 10 -
18% of variation in utilization distribution, proportion of eggs laid, median egg density in grass/pasture,
and total eggs laid in the study area. Spatial memory explained very little of the variation in total eggs
laid in grass/pasture. Increasing spatial memory increased the area of the utilization distribution,
consistent with our hypothesis (Supplementary Material B and C). Longer term spatial memory also
decreased the proportion of eggs laid, the total eggs laid in the study area, and the median egg density in

grass/pasture (Supplementary Material B and C).

3.3 Effect of Varying Directionality on Monarch Movement and Egg-laying

Directionality explained 40 - 44% of variation in proportion of eggs laid, total eggs laid in grass/pasture,
and total eggs laid in the study area (Table 4). When directionality was low (0.1) in good habitat,

monarch agents stayed longer in grass/pasture habitat and laid more eggs, thus increasing the values of
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the above mentioned output parameters (Supplementary Material B and C). Directionality explained 18%
of the variation in utilization distribution area. High directionality in poor habitat increased the area of
the utilization distribution as monarch agents moved farther from places they had been, especially those
areas without milkweed such glyphosate-resistant corn and soybean fields (Supplementary Material B and
C). Directionality had the smallest effect on egg density in road ROWSs and total eggs laid in road ROWs
(Table 4). Higher directionality in good and poor habitat increased median egg density in road ROWs,
and total eggs in road ROWs to some degree (Supplementary Material B and C), likely because agents

moving in straighter movement paths were more likely to find a road ROW.

3.4 Effect of Varying Step Length on Model Output

Step length explained the largest proportion of variation in all response variables except median egg
density in road ROWSs and median egg density in grass/pasture (Table 4). Longer step lengths increased
the area of the utilization distribution, but decreased all other response variables (Supplementary Material
B and C). Longer step lengths lead to farther movement, increasing the area of the utilization distribution,

but longer step lengths meant fewer opportunities to lay eggs, decreasing all other response variables.

4. Discussion

Perceptual range is implicitly included in many individual-based models as the local area with which an
agent may interact (Wallentin, 2017), but spatial heterogeneity of habitat within that perceptual range, as
we have modelled here, has rarely been included in individual-based models. Our results show that
perceptual range and spatial memory can be critical input parameters. Lima and Zollner (1996) called for
increased attention to the impacts of animal behavior at the landscape scale and Wallentin (2017)
specifically called for more attention to spatial structure as a constraint on animal movement in spatial
simulation studies. We found that perceptual range, in particular, has a dramatic effect on how monarch
agents move and lay eggs on the landscape. Perceptual range in monarch butterflies, as with most

phytophagous insects, is poorly understood (Garlick, 2007; Carde and Willis, 2008), but has important
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implications for model behavior. When perceptual range was large, the model estimated that monarch
agents have a much smaller utilization distribution and lay eggs in relatively few habitat patches. With a
small perceptual range, eggs are more evenly distributed on the landscape. Monarch butterflies are a
vagile species (Zalucki and Kitching, 1984; Ries and Debinski, 2001; Zalucki and Lammers, 2010) and
our modeled movements with a smaller perceptual ranges are consistent with such behavior.
Experimental determination of perceptual range up to several 100 m in free-ranging monarch butterflies

will aid in refining this model input.

Increasing spatial memory can influence monarch agent movement, but the effect is most apparent at fine
scales. The habitat in road ROWs is comprised of relatively small patches. As a result, monarch agents
can avoid a patch visited in recent steps, which results in lowered egg densities in road ROWs as spatial
memory increases (See Supplemental Table C.3 and Figure D.2). In larger grass/pasture patches, which
have an intermediate milkweed density value, and in which several steps can be required to leave a patch,
there is no decline in total eggs in grass/pasture patches as spatial memory increases (see Supplemental
Table C.7 and Figure D.2) and a marginal trend of lower egg density (Table C.4 and Figure D.2). This
response may reflect that while monarch agents ‘remember’ a large grassland/pasture patch visited in
previous steps, once back in the patch it may take numerous steps before they depart a large area with a
moderate milkweed density. Our model does not currently include spatially-explicit placement of ‘high
density’ milkweed patches within the grass/pasture patches, because there is no systematically collected
data available on milkweed patch sizes, stem densities and spatial distributions for this land cover class.
Collection of field survey data on milkweed patch characteristics within larger land cover classes, such as
grass/pasture, would permit an evaluation of the extent to which estimated total eggs or egg density in a

large patch is sensitive to spatial memory of explicitly located, high density milkweed patches.

Our results showed that different model parameterizations had little effect on the total number of eggs laid
in Story County, even though the monarch agents exhibited a diversity of complex movements and

associated egg density patterns in the landscape. The finding that total eggs laid did not significantly vary
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may be related to the observation that random walk models approximate a diffusion process at some
scales and with large sample sizes (Turchin, 1998; Codling et al., 2008). While diffusion models can play
an important role in quantitative movement analysis (Turchin, 1998), in our case a diffusion
approximation would obscure movement and egg distribution patterns that have implications in predicting
population responses. For example, higher rates of parasitism and predation likely occur in patches with
high monarch and/or milkweed densities (Zalucki and Kitching, 1982c; Bartel et al., 2011; Stenoien et al.,
2016). Thus, it is critical to predict where eggs will be laid in the landscape as well as how many eggs

will be laid to fully inform conservation benefits and risks of different habitat restoration scenarios.

Directionality had the greatest effect on the mean proportion of eggs laid, the total eggs laid in the study
area, and total eggs laid in grass/pasture. Less directionality in good habitat resulted in more eggs laid
overall, likely because monarch agents executed more steps in grass/pasture patches and therefore laid
more eggs. Field observations indicate that directionality is higher for monarchs in poor habitat
(straighter flight patterns) and lower (more tortuous patterns) in good habitat (Zalucki and Kitching,

1982b; Zalucki, 1983).

Step length is a discrete representation of a continuous process (Turchin, 1998) and thus has an effect on
model results. We found that step length affected the total eggs laid in grass/pastures, road ROWs, and
the county because the egg-laying rate (number of eggs laid per m) was different with different step
lengths. The sensitivity of the model to step length will be an important issue to address when attempting
to estimate absolute numbers of eggs laid. Egg-laying rate can easily be fixed as a constant rate per m
independent of step length, similar to the model of Parry et al. (2017), but empirical data is needed to
determine monarch egg-laying rates in different land cover types. Nail et al. (2015) reported an average
0f 0.043 eggs per milkweed, or 1 egg per ~23 milkweed, in the sites they surveyed, but such data is not
easily converted to an egg-laying rate. Additional empirical data is needed to reasonably estimate egg-

laying rate in a variety of land cover types with different milkweed densities.
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Regardless of egg-laying rate, step length also affected the utilization distribution. To control for the
effect of step length on utilization distribution, future versions of the model could refine the movement
algorithm. Movement decisions could be based on habitat evaluations that occur at a constant rate that is
independent of the step length (currently decisions are made at the end of each step length).

Alternatively, a variable step length could be drawn from a distribution derived from empirical
observations of distances traveled in set time-periods. Zalucki and Kitching (1982b) found natural
monarch step lengths to be auto-correlated, another consideration for precise modeling of step lengths.
Systematic observational data of wild monarchs flight steps in a variety of lowa and Midwestern
landscapes would provide the information needed to ascertain the extent to which future model calibration

or refinement is needed.

The landscape we evaluated has patches of vastly different sizes, which has implications for model
behavior. For example, modeling monarch movement in the narrow but abundant road ROW habitat is
critical. A correlated random walk would not capture monarch movement well in such a long, narrow
habitat. Further, the road ROWs are quite heterogeneous in milkweed density, with patches of various
sizes scattered throughout (Hartzler, 2010; Kasten et al., 2016). Because of the long, narrow nature of the
road ROW habitat, it was necessary to model this heterogeneity as a grid. Corn and soybean fields, on the
other hand, are highly homogeneous habitat and a correlated random walk is likely adequate for modeling
movement in these patches. Grassland and pastures have more heterogeneity than corn fields, but
because they are typically in larger blocks a correlated random walk appears adequate to model
movement. As discussed previously, empirical data is needed to better quantify and model heterogeneity

within grass/pasture habitat.

Coordinating experimental studies with the development of mathematical models can provide an efficient
means to advance knowledge (Restif et al., 2012). In this case, development of the model and evaluation
of its outputs identified areas of additional research that would help reduce uncertainty in assigning

attributes to monarch agents (i.e., perceptual range, spatial memory, step length), land cover patches (e.g.,
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milkweed density in different land cover classes) and model outputs (e.g., egg densities in multiple habitat
patches in adjoining land cover classes). For example, while Kasten et al. (2016) found increasing
monarch egg density with increasing milkweed density in ROWs, consistent with model predictions, to
more fully evaluate the model’s predictions requires egg density data sets in adjoining land cover classes
and at a spatial scale similar to that used in in the model. Large scale monitoring programs for monarchs
and milkweed, which are being designed and piloted (e.g., MJV 2016), may provide the needed
information, in particular milkweed density and egg density estimates from a statistically rigorous
sampling scheme for the land cover types in our model. Comparing experimental or field survey data to
model outputs is, however, not the only approach to evaluate uncertainty in physical and mathematical
models (Wallentin, 2017; Batty and Torrens, 2005). As noted previously, additional experimental
research can advance fundamental understanding of monarch behavior and, in turn, advance the
mechanistic basis of the model’s movement algorithm. Our uncertainty analysis establishes high priority

areas of additional research that include improved understanding of perceptual range and spatial memory.

The effect of landscape configuration on egg density in individual patches also needs to be evaluated in
future modeling and empirical studies. Model results indicated some patches that have identical size,
shape, and milkweed density have varying egg densities. This varying egg density is likely a function of
the landscape configuration of surrounding patches. Various measures of landscape configuration and
composition have been developed. Comprehensive modeling and field surveys are needed to identify
factors that render some habitat patches better egg-laying sites than others. Model results to date inform
several hypotheses about how landscape configuration factors might affect egg density. For example, the
distance of a habitat patch to a road ROW seems likely to affect the ability of monarchs to find the patch.
Employing a proximity index, i.e., the amount of habitat within a certain distance of a patch, may provide
some insights (Gustafson and Parker, 1992). Because of the extensive pattern of corridors and isolation
of individual patches that are not road ROWs, an analysis of connectivity may provide insights

(Kindlmann and Burel, 2008). A sound understanding of the effect of landscape configuration will

36



maximize habitat restoration effectiveness by providing the information necessary to create habitat

patches that will attract high egg density.

Conservation planning is typically made in the face of uncertainty (Polasky et al., 2011). Formulation of
habitat restoration options to support monarch butterfly conservation is no exception. Based on
correlations of trends in estimated milkweed stems in the North Central U.S. to estimated annual
overwintering monarch populations, habitat conservation goals expressed as the number of new milkweed
stems have been proposed at the county level assuming a uniform distribution of stems in different land
cover classes (Thogmartin et al., 2017; Rohweder and Thogmartin, 2015). Translating these goals into
explicit landscapes with habitat patches of varying quality and in different spatial patterns is needed to
predict realized fecundity based on current and future conservation management practices. Our simulation
of female monarch movement, which assumes spatial memory, and subsequent egg laying in a spatially-
explicit agricultural landscape in the North Central U.S, suggests establishment of a relatively large
number of small habitat patches dispersed at distances within the monarch’s perceptual range will result
in greater realized fecundity, and subsequent adult recruitment, rather than establishment of a smaller
number of large habitat patches that are dispersed at distances beyond the perceptual range. The model
presented here provides context to prioritize experimental studies to reduce uncertainty in monarch
movement behavior and to formulate landscape-scale survey designs to assess monarch habitat utilization.
The modeling framework can also contribute to decision-support tools needed by county, state or regional
planning groups exploring the relative benefits of different conservation strategies for enhancing habitat
in different land cover classes. Our model provides the foundation to help address challenging monarch
butterfly conservation management issues by linking broad scale goals to fine scale spatial configuration

of milkweed patches.
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Supplemental Material A. The source code and files necessary for running the model are available at

https://github.com/tgrant7/monarch-ABM.
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Supplemental Material B. Linear regression meta-model coefficients (f’s) with 95% confidence

intervals. The intercept corresponds to a directionality of 0.5-0.75. Predictor variables (parameters) were

added to the model using stepwise AIC variable selection. Parameters are abbreviated as SL = Step

Length, PR = Perceptual Range, DR = Directionality, and SM = Spatial Memory. Response variables are

abbreviated as UD = Area of the Utilization Distribution, MPEL = Mean Proportion of Eggs Laid,

DROW = Egg Density in Road ROWs, DGP = Egg Density in Grass/Pasture, TSA = Total Eggs in Study

Area, TROW = Total Eggs in road ROWs, and TGP = Total Eggs in Grass/Pasture.

Table B.1. UD ~ SL + PR + DR + SM.

B 95% LCL  95% UCL
Intercept (Dir 0.5-0.75) 17.58 -18.02 53.17
Step Length 1.48 0.58 2.38
Perception -0.15 -0.21 -0.09
Dir 0.1-0.2 14.11 0.86 27.35
Dir 0.1-0.9 -15.00 -27.14 -2.86
Dir 0.8-0.9 -10.42 -26.46 5.63
Remembered 0.24 0.03 0.45
Table B.2. MPEL ~ SL + DR + SM + PR.
B 95% LCL 95% UCL
Intercept (0.5-0.75)  1.15E+00  1.04E+00 1.27E+00
Step Length -1.54E-02  -1.83E-02 -1.24E-02
Dir 0.1-0.2 -5.81E-02  -1.01E-01 -1.49E-02
Dir 0.1-0.9 3.15E-02 -8.11E-03 7.12E-02
Dir 0.8-0.9 7.15E-02 1.91E-02 1.24E-01
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Remembered -421E-04  -1.09E-03 2.52E-04

Perception 1.16E-04 -8.53E-05 3.17E-04

Table B.3. DROW ~ PR +SM + DR + SL.

B 95% LCL 95% UCL
Intercept (0.5-0.75) 195.91 148.48 243.34
Perception -0.31 -0.39 -0.23
Remembered -0.45 -0.72 -0.18
Dir 0.1-0.2 5.08 -12.57 22.74
Dir 0.1-0.9 -20.50 -36.68 -4.33
Dir 0.8-0.9 -9.90 -31.28 11.48
Step Length -1.08 -2.28 0.13

Table B.4. DGP ~ PR + SL + DR + SM.

B 95% LCL 95% UCL
Intercept (0.5-0.75) 138.75 103.16 174.34
Perception -0.16 -0.22 -0.10
Step Length -1.24 -2.14 -0.34
Dir 0.1-0.2 -16.35 -29.60 -3.11
Dir 0.1-0.9 -0.47 -12.61 11.66
Dir 0.8-0.9 11.09 -4.95 27.14
Remembered -0.19 -0.39 0.02

Table B.5. TSA ~SL + DR + SM + PR.
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Table B.6. TROW ~ SL + SM + DR + PR.

Table B.7. TGP ~SL + DR + PR + SM.

B 95% LCL 95% UCL
Intercept (0.5-0.75)  4,624,534.0 4,160,397.1  5,088,670.8
Step Length -61,672.8 -73,456.1 -49,889.5
Remembered -247,632.1 -420,393.1 -74,871.1
Perception 93,729.6 -64,575.4 252,034.6
Dir 0.1-0.2 322,532.4 113,314.0 531,750.9
Dir 0.1-0.9 -1,943.8 -4,630.7 743.1
Dir 0.8-0.9 528.5 -273.7 1,330.8

B 95% LCL 95% UCL

Intercept (0.5-0.75)  684,945.0  517,130.6 852,759.3
Step Length -8,936.2 -13,196.6 -4,675.8
Remembered -1,039.3 -2,010.8 -67.8
Dir 0.1-0.2 -15,919.0  -78,382.8 46,544.9
Dir 0.1-0.9 -29,660.6  -86,897.7 27,576.5
Dir 0.8-0.9 -9,232.5 -84,878.0 66,413.0
Perception 13.1 -277.0 303.1

§ 95% LCL 95% UCL
Intercept (0.5-0.75)  1,545,246.7 1,225,3159  1,865,177.5
Step Length -21,927.1 -30,049.4 -13,804.8
Dir 0.1-0.2 -130,460.3  -249,544.9 -11,375.7

50



Dir 0.1-0.9 109,210.7 90.6 218,330.8

Dir 0.8-0.9 122,325.0 -21,889.9 266,539.8
Perception 161.5 -391.4 714.5
Remembered 156.9 -1,695.2 2,009.0
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Supplemental Material C. Predicted response variables when a predictor variable (parameter) is varied,

while other predictor variables are held constant.

Model Responses to Variation in Perceptual Range
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Fig. C.1. Predicted response variable from a linear regression meta-model when perceptual range is varied from 50
m to 400 m, with 95% CI (shaded area). Utilization distribution is the area of the landscape used by the monarch

agents. Proportion of eggs laid is the proportion of potential eggs laid on day 5. Median egg density and total

cumulative eggs laid is presented for high-density milkweed road ROW habitat and grass/pasture habitat. For each
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graph, other variables are held at their midpoint: step length = 35, perceptual range = 225, remembered = 50, and

directionality was held at 0.5-0.75.

Model Responses to Variation in Spatial Memory
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Fig. C.2. Predicted response variables from a linear regression meta-model when the spatial memory parameter is
varied from 0 to 100, with 95% CI (shaded area). Model outputs when the spatial memory parameter is varied.

Proportion of eggs laid is the proportion of potential eggs laid on day 5. Median egg density and total cumulative

eggs laid is presented for high-density milkweed road ROW habitat and grass/pasture habitat. For each graph, other

53



variables are held at their midpoint: step length = 35, perceptual range = 225, remembered = 50, and directionality

was held at 0.5-0.75.

Model Responses to Variation in Directionality
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Fig. C.3. Estimated response variable magnitude from a linear regression meta-model when directionality is varied,
with 95% CI. Ultilization distribution is the area of the landscape used by the monarch agents. Proportion of eggs

laid is the proportion of potential eggs laid on day 5. Median egg density and total cumulative eggs laid is presented
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for high-density milkweed road ROW habitat and grass/pasture habitat. For each graph, other variables are held at

their midpoint: step length = 35, perceptual range = 225, remembered = 50, and directionality was held at 0.5-0.75.

Model Responses to Variation in Step Length
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Fig. C.4. Predicted area of the utilization distribution from a linear regression meta-model when step length is
varied, with 95% CI (shaded area). Other variables are held at their midpoint: step length = 35, perceptual range =

225, remembered = 50, and directionality was held at 0.5-0.75.
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