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TABLE 2.
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Habitat-specific mass change values (g/h) of virtual migrants used in the simulations.

Habitat type

Parameter setf Hardwood Mixed Pine Non-forest
Estimated 0.18 0.09 0.02 0.00
Doubled 0.36 0.20 0.04 0.00
Halved 0.09 0.05 0.01 0.00
Half difference 0.14 0.10 0.06 0.00
No difference 0.10 0.10 0.10 0.00

T Estimated parameter set was used for most simulations. Remaining parameter sets were used

for the sensitivity analysis.

model in De Soto National Forest, Mississippi, USA
(30°55" N, 89°02" W; Fig. 1), which is over 400 km from
Kisatchie National Forest, Louisiana, but is similar in
latitude and contains the same habitat types character-
istic of the region. We released migrating Red-eyed
Vireos with a range of body masses into two replicates of
pine (n =5) and hardwood (n = 5) habitat (Fig. 1) and
followed them continuously for one day from dawn to
dusk following the same methodology as in Cohen et al.
(2012). We used a mixed-effects model to validate that
migrants tracked in De Soto National forest were
influenced by the hour of the day, release habitat type
(pine vs. hardwood), and release mass as were the
migrants observed in Kisatchie National Forest. We
then compared model simulations, initiated from the
same four map locations as the release locations (n = 89),
to the movements of migrants (n = 10) during the first 10
hours of the first day of stopover. We tested for
differences in hourly linear displacement between
tracked and simulated migrants with a mixed-effects
model including the hour of the day, the release habitat
type, the release body mass, and the interaction between
the release type (observed, simulated) and the release
habitat type as covariates. It is a limitation of this study
that we could not validate our results with respect to
FDR. We attempted to recapture migrants in the field
but were not successful. Also, we did not validate
movement for migrants arriving in mixed habitat.

Analyses were conducted in R 2.12.2 (R Development
Core Team 2010). Means = SD are reported unless
stated otherwise. For all mixed-effects models, we
included the individual as a random effect to account
for repeated hourly measures for individuals and used
Imer function in R package Ime4 (Zuur et al. 2009, R
Development Core Team 2010, Bates 2012). We used a
Markov chain Monte Carlo (MCMC) approach to
compute P values and 95% highest posterior density
credible intervals (HPD) for fixed effects on the basis of
a MCMC sample with 10000 simulations (pvals.fnc
function in R package languageR; Baayen 2011). The
degree of freedom used for the ¢ distribution by the
MCMC simulations is an upper bound: the number of
observations minus the number of mixed-effects param-
eters (Baayen 2011).

Sensitivity analysis

We conducted a sensitivity analysis to better under-
stand the relative influence of the habitat-specific
foraging and movement parameters. Stopover perfor-
mance was measured by FDR (body mass change per
day), and we measured the relative change in FDR when
foraging gain values and movement parameters were
altered. Four sets of foraging gain values were used
(Table 2). Two sets of values were created by doubling
and halving foraging gains relative to original values for
all habitat types as estimated from the field data. Two
additional sets were altered to explore the effect of
habitat-specific differences in foraging gain. The first set
(half difference) reduced the variation in gain rates
among the forested habitat types while keeping the
average across habitats similar to the original values.
The last set (no difference) eliminated habitat specific
differences by using the same gain rate for all habitats.
Three sets of movement parameters were used in the
sensitivity analysis. In addition to the original movement
rates based on body mass, day, time, and habitat (Table
1), two other parameter sets were created. In the first set,
all values were set to the minimum (1 cell/h). In the
second set, all values were set to the mean of the original
(3 cells/h). Simulations in the sensitivity analysis were
conducted using the habitat map for the De Soto
National Forest study area using a full array of arrival
body masses (12.5-23 g, intervals of 0.5 g), random
arrival locations, the gain parameter sets in Table 2, and
the movement parameter sets described in the preceding
sentences. Twenty-five replicate migrants were simulated
for each combination of body masses (22), gain values
(6), and movement parameter sets (3). Therefore, 1650
simulations were compared for each of the three sets.
Mean and variance of FDR for each combination were
calculated and compared graphically.

Using the model to predict FDR under different scenarios
of land cover

We applied the model to explore the effects on FDR
of changing patterns of stopover habitat. A series of
maps were created to alter the abundance of hardwood
forest and spatial aggregation of habitat types (conta-
gion). Contagion is a measure of the extent to which
cells of similar class are aggregated, so a landscape with
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TaBLE 3. Spatial metrics for maps used in the factorial experiment.

Patch area (ha)§

Hardwood Edge density
(%)t Contagion LPI} (m/ha) Mean SD CvV
41 low 17 157 3 56 1619
41 medium 23 68 11 126 1198
41 high 23 35 31 230 751
22 low 16 119 6 69 1239
22 medium 35 62 12 181 1546
22 high 36 43 19 235 1252
12 low 47 85 9 206 2333
12 medium 53 51 15 303 2015
12 high 54 41 22 376 1709

Notes: Maps consisted of three forested cover types: hardwood, mixed, and pine. The maps
varied in the amount of hardwood forest and level of contagion (spatial aggregation of habitat

types).
+ Percentage of area covering map.
1 Largest patch index (LPI) = (area of largest patch)/(area of total landscape).
§ Area of all patches regardless of forest cover type.

high contagion contains large “contagious” distributions landscape contained only the three habitat types: pine
of forest types (McGarigal et al. 2012). We did so by  (30%), mixed (31%), and hardwood habitat (41%) and
altering one raster map, a portion of De Soto National was naturally low in contagion. Starting with the De
Forest, to create nine maps (Table 3, Fig. 2). That Soto map, we reduced the amount of hardwood to
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FiG. 2. Maps with low, medium, and high contagion (level of spatial aggregation of habitat; left to right column) and high
(41%), medium (22%), and low (12%) amount of hardwood forest cover (top to bottom row). The map in the top left corner (low
contagion, high hardwood forest cover) depicts a portion of De Soto National Forest. Further explanation of how these were
generated is given in Methods: Using the model to predict FDR under different scenarios of land cover.
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create three levels of hardwood abundance (41%, 22%,
and 12%). While decreasing hardwood habitat, we
attempted to hold the amount of mixed habitat constant
across the three maps and increase the amount of the
poorest-quality habitat, pine. The three hardwood
abundance maps were each altered to create two
additional maps with increasing spatial aggregation of
habitat, as measured by contagion (low, medium, and
high; Fig. 2). We altered the original landscape using
focal statistics tools in ArcMap (v. 9.3; ESRI 2009) and
calculated landscape metrics in Fragstats (version 4.1;
McGarigal et al. 2012). For each map, we measured the
percentage of the map area that is hardwood, the
contagion (a measure of spatial aggregation based on
the probabilities of finding a cell of each type next to a
cell of each other type), the largest patch index (area of
largest patch/area of total landscape), the edge density
(the sum of the lengths of all edge segments in the
landscape, divided by the total landscape area), and the
mean patch area of all patches regardless of forest cover
type.

We used a factorial experiment to test for effects of
the amount of hardwood forest cover and contagion on
FDR of virtual migrants. We also tested for the effects
of arrival habitat type and arrival energetic condition on
migrant FDR. We simulated 60 migrants landing in
each of the nine maps and stopping over for one 12-h
day. The simulated migrants arrived in each landscape
at random locations with the range of masses observed
for the species (12-23 g). ANOVA and post hoc Tukey’s
HSD were used to test for differences in mass change for
each variable (amount of hardwood, level of contagion,
and arrival habitat type) and an interaction between
contagion and amount of hardwood. We tested the
influence of the same set of variables on movement
patterns (linear displacement distance [m/h]) with an
ANOVA and post hoc Tukey’s HSD.

RESULTS
Model validation

The movement distances were not different between
the simulated and observed migrants. The hourly linear
displacement distances of migrants tracked and released
in Kisatchie National Forest (not used in model
construction) did not differ from the displacement
distances of simulations from the same location (esti-
mate = —1.35, SE =994, t =—-0.14, P =089, n =6
observed and 60 simulated migrants; 103 = 117, 102 =
51 m/h linear displacement during the first five hours of
stopover for observed and simulated migrants, respec-
tively). As observed in Cohen et al. (2012), the majority
of migrants released in hardwood (5/6) remained in
hardwood habitat.

The hour of the day, release habitat type (pine vs.
hardwood), and release mass influenced the movement
of observed migrants in De Soto National Forest,
replicating the pattern of behaviors observed in
Kisatchie National Forest (see Cohen et al. 2012).
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Hourly linear displacement was greater initially, and
then declined throughout the day (estimate = —22.32,
SE = 4.65, t = —4.80, P < 0.0001, n = 10 observed
migrants; 264 = 157,294 = 310, 128 = 105, 97 = 86, 46
+ 27 m/h during the first, second, third, fourth, and
fifth hour of the day, respectively), and migrants
released in pine habitat initially moved farther than
those released in hardwood (390 = 79, 389 *+ 412, 173
+ 132,117 = 112,46 = 25 m/h during the first, second,
third, fourth, and fifth hour of the day for those
released in pine, respectively, and 138 * 96, 200 = 157,
83 = 45,76 £ 55,47 = 31 m/h during the first, second,
third, fourth, and fifth hour of the day for those
released in hardwood, respectively) but did not move
significantly differently throughout the full stopover
day (estimate =—78.66, SE=40.93, t=—1.92, P=0.05,
n = 5 migrants observed in pine and 5 observed in
hardwood; 161 = 201 and 86 = 87 m/h throughout the
day for migrants released in pine and hardwood,
respectively). Arrival energetic condition influenced
linear displacement in similar ways; migrants in poorer
energetic condition initially moved farther from their
release sites than migrants in better condition (206 *
236 and 132 £ 123 m/h during the first five hours of the
day for migrants <15 g and migrants >15 g,
respectively), but did not move significantly differently
for the duration of the stopover day (estimate =—31.48,
SE = 16.57, t = —1.90, P = 0.06, n = 10 observed
migrants; 157 = 190 and 87 = 103 m/h throughout the
day for migrants <15 g and migrants >15 g,
respectively). Further, the majority of observed mi-
grants released in pine habitat in De Soto National
Forest also moved into hardwood habitat by the end of
the day (4/5).

We found correspondence in behavior between
simulations from the model and migrants translocated
and tracked in De Soto National Forest (see example in
Fig. 3). The linear displacement distance of simulated
migrants was not different from the movement pattern
of observed migrants released at the same locations in
De Soto National Forest (estimate =22.31, SE=13.27,
t =1.68, P =0.09, n = 10 observed and 89 simulated
migrants; 109 = 113 m/h, 82 = 46 m/h linear
displacement on the first day of stopover for observed
and simulated migrants, respectively). However, there
was also a significant interaction between the release
type (simulated vs. observed) and release habitat type
(pine vs. hardwood) (estimate =—26.23, SE =6.08, t =
—4.31, P < 0.0001, n = 10 observed and 89 simulated
migrants). There was no difference in movement
between simulated and observed migrants released in
pine (estimate =—9.09, SE=17.58, t =—0.52, P=0.61,
n=>5 observed and 39 simulated migrants). There was a
difference between simulated and observed migrants
released in hardwood (estimate =—283.13, SE=18.24, ¢
=—15.52, P < 0.001, n =5 observed and 44 simulated
migrants) in that the observed moved farther than the
simulated migrants. However, overall we found strong



