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The conservation of bison (Bison bison) in Yellowstone National Park from near extinction to a high of 5000
animals has led to societal conflict regarding overabundance and potential transmission of brucellosis to cattle
with widespread economic consequences. As abundance increased during 1971-1996, more bison migrated
from the Hayden and Pelican valleys to the lower-elevation Madison headwaters area and, eventually, outside the
park (Meagher 1998, Fuller et al. 2007). Meagher (1998) and others (Taper et al 2000, Gates et al. 2005)
concluded these migratory movements were stress-related responses to decreased food availability as bison
fully occupied habitat in the Pelican and Hayden valleys and, subsequently, the Firehole and Madison river
drainages. This hypothesis implies that these areas have a relatively fixed capacity for wintering bison and, as a
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218 Bruggeman et al.

result, a larger proportion of bison migrate to the Madison headwaters and elsewhere as bison numbers increase
heyond this capacity. However, density-independent factors such as genetic predisposition, individual asymme-
tries (e.g., age, sex), and stochastic variations in climate that influence food availability may also affect migration
(Lundberg 1987). We used data collected during 1970-1971 through 2005~2006 to quantify annual variations in
the magnitude and timing of migration by centra! herd bison, identify potential factors driving this variation, and
evaluate if the proportion of migrants increased with abundance.

I. INTRODUCTION

On large spatial scales, migration serves to reduce the environmental heterogeneity experienced by an
organism and place it under favorable conditions for survival (Dingle 1996). Migratory movements are
often predicated on the need for resources, especially food, which may be affected by biotic and abiotic
factors (e.g., Whitehead 1996, Knight et al. 1999). A density-related reduction in per capita resources
may lead to the establishment of migratory behavior for a population or affect the magnitude and
timing of migration (Mahoney and Schaefer 2002, Whalen and Watts 2002, Marra et al. 2005). The
effects of seasonality and climate on migratory patterns have also been documented in various studies
(Kaniu$éak et al. 2004), including effects of air temperature on birds (Gordo et al. 2005) and precipita-
tion on insects (Dingle et al. 2000). These factors may modify the availability and quality of suitable
habitat and forage. They can interact to influence an animal’s choice of migratory decisions and
destinations, as well as the rate of movement during migration (Ahola et al. 2004, Hulbert et al. 2005).
Thus, quantifying the effects of density-dependent and independent mechanisms on migratory
behavior is essential for comprehending population processes, evaluating habitat requirements, and
designing management strategies for migratory species.

Variability in individual migratory behavior has been documented in various ungulate populations
(Talbot and Talbot 1963, Morgantini and Hudson 1988, Bergerud et al. 1990, Nelson et al. 2004). White
et al. (2007) suggested pronghorn (Antilocapra americana) assessed individual asymmetries, behaviors,
and environmental conditions when deciding whether to migrate. Also, Ball et al. (2001) suggested
differences in snow attributes between ranges of migrant and resident moose (Alces alces) may be a
factor that influences behavior. Migrations in response to density and climate, which may ultimately
affect population dynamics (Langvatn ef al. 1996, Forchhammer et al. 1998, Post and Stenseth 1998,
Jacobson et al. 2004), have been documented for assorted ungulates (Bergerud 1988, Fryxell and
Sinclair 1988, Pettorelli et al. 2005), While wildebeest (Connochaetes taurinus) migration in response
to rainfall (Maddock 1979) is a classic example, many other large herbivores follow forage productivity
gradients and migrate in response to climate variation (Leimgruber et al. 2001, Mysterud et al. 2001).
Mule deer { Odocoileus hemionus) migration between summer and winter ranges in response to snow
has been detailed (Gilbert et al. 1970, D’Eon and Serrouya 2005). Further, sika deer (Cervus nippon)
and elk (Cervus elaphus) have been found to migrate to areas of lesser snow pack in winter (Igota et al.
2004, White and Garrott 2005). Therefore, migratory movements may be influenced by weather
conditions that affect vegetation quality and quantity, as well as forage availability.

After near extirpation in the early twentieth century, bison in the Lamar and Pelican valleys of
Yellowstone National Park were subject to intense animal husbandry during 19021938 and reintro-
duced into the Hayden and Firehole Valleys of Yellowstone in 1936 (Meagher 1973). As numbers
increased, movements between the Hayden and Firehole valleys were observed during all seasons and
bison began using areas beyond the Firehole Valley and throughout the Madison headwaters area
(Meagher 1973, Gates et al. 2005, Figure 12.1). Seasonal migrations are now the norm, with migration
into the Madison headwaters area from the higher-elevation summer range in the Hayden and Pelican
Valleys beginning in autumn and continuing through winter along the Mary Mountain trail until bison
return to the summer range in June (Bjornlie and Garrott 2001, Chapter 27 by Bruggeman et al., this

1 .1 d f b d the Madison headwat has b ring since th
volume). Increased use of areas beyond the Madison headwaters area has been occurring FWS_f_ T 020324
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FIGURE 12.1 After near extirpation a century ago Yellowstone’s bison population has been fully restored and has
reestablished migratory movements throughout the park and across its boundaries. These animals are crossing the
Yellowstone River in the Hayden Valley where they summer, with many of the central herd animals migrating westward
into the Madison headwater drainages to winter (Photo by Jeff Henry).

1990s. Meagher (1993, 1998) attributed these changes in distribution to stress-related dispersal in
response to food limitations as bison fully occupied wintering areas and compensated for decreasing
per capita resources by moving to additional areas. She concluded that movements by bison in the
Pelican Valley westward had a domino effect on bison wintering in the Hayden Valley, resulting in
larger movements of more bison earlier to the Madison headwaters area (Meagher 1998). This
“domino effect” hypothesis, whereby increased abundance was coupled with cascading increases in
distribution, was adopted by other scientists as a mechanism by which bison could maintain a relatively
stable winter density. For example, Gates et al. (2005:115) referred to this hypothesized gradual and
linear range expansion as “the density-equalization effect,” whereby the area occupied by bison during
winter expanded within available grassland and meadow habitats as the central and northern herds
increased in abundance. Also, Taper et al. (2000) proposed range expansion as a mechanism explaining
stable population growth in Yellowstone bison.

Our goals were to (1) test the predictions that significant migration by the central herd did not occur
until bison had fully occupied the Hayden and Pelican valleys, and more animals migrated earlier as
numbers increasingly exceeded this limit, and (2) assess the influence of biotic and abiotic mechanisms
on the magnitude and timing of the annual migration to winter range in the Madison headwaters area.
We analyzed one recent (1996-1997 through 2005-2006) data set from winter ground surveys and one
historic (1970-1971 through 2005-2006) data set from winter aerial surveys using an information-
theoretic approach to evaluate competing hypotheses regarding the relative influence of snow pack,
forage productivity, and population size on the timing and magnitude of bison migration patterns.

l. METHODS

A. Development of Migration Response Variables

The number and distribution of bison wintering in the Madison headwaters area were determined by
conducting comprehensive ground-based surveys every 10-14 days during November—May, 1996-1997

through 2005-2006 (Bjornlie and Garrott 2001, Bruggeman et al. 2006). Seventy-four sampling units
S LIT_020325



220 Bruggeman et al.

were surveyed over two days using six distinct routes (Ferrari 1999, Bjornlie 2000) that afforded a
nearly complete enumeration of bison in this area as determined from an aerial-ground double-
sampling study (Hess 2002). A small portion of migratory bison remained uncounted because we
did not survey winter range areas along the Mary Mountain trail and western park boundary.
Observers using snowmobiles, trucks, or snowshoes started each route simultaneously to minimize
missing or double counting bison (Bjornlie and Garrott 2001). We defined 2-week time intervals, i (1 <
i < 14), from November—May for each winter, j (1 < j < 10), centered on the bimonthly ground
surveys. To investigate the magnitude of migration, we defined a response variable, MAXIMUM, as the
highest number of bison counted in the Madison headwaters area each winter during ground surveys.
To investigate the timing of migration, we defined a response variable, TIMING, as the number of
bison in the Madison headwaters area for the ijth period as determined from ground surveys.

We also obtained aerial estimates of abundance and distribution for central herd bison during
winters 1970-1971 through 2005-2006, as well as removal data from the western boundary of the park,
to investigate “historic” patterns in the magnitude of migration (Dobson and Meagher 1996, Hess
2002). We defined a response variable, HISTORIC,., as the highest number of bison counted on the
west-side winter range (Firehole, Gibbon, and Madison river drainages) during flights conducted
between January and mid-April each year, plus removals that occurred before the flights. This
definition of “west-side” winter range differs from Meagher (1993) who considered the west-side to
be from Madison Junction along the Madison River to Hebgen Lake, excluding the Firehole drainage.

B. Development of Covariates

We anticipated snow would affect migration behavior by bison because it affects their foraging,
movements, and distributions (Bruggeman 2006, Figure 12.2). We used a validated snow pack
simulation model (Watson et al. 2006, Chapter 6 by Watson et al., this volume) to compute daily
estimates of average snow water equivalent (SWE; i.e., amount of water in the snow) on the bison

FIGURE 12.2 Bison travelling and feeding at the mouth of Trout Creek in the Hayden Valley. As snow pack increases
on the summer range of the central bison herd foraging and movement becomes difficult and provides an impetus for
animals to migrate to the lower elevation winter range in the Madison headwater drainages (Photo by Jeff HeMS LIT 020326
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summer range, encompassing all 28.5 x 28.5 m pixels within the Hayden and Pelican valleys. We
defined a covariate, SWES;; as the average SWE on the bison summer range for each #jth period
between November—May for each year to be used in the timing of migration analysis. We added
daily SWE values from October 1-April 30 to calculate a covariate, SWE, ., and obtain a measure of
annual winter severity (Garrott et al. 2003) for use in both the recent and historic magnitude of
migration analyses. We also calculated a covariate, SWE,.. ;» as the sum of daily SWE estimates from
October 1 through the ijth period for a temporal measure of winter severity for the timing of
migration analysis,

Warm season climate variation, particularly with regard to precipitation, temperature, and the rate
of evapotranspiration, influences plant growing conditions and, in turn, the quantity and quality of
grasses available for bison (McNaughton 1985, Sala et al. 1988, Stephenson 1990). As a result,
vegetation productivity may affect ungulate distribution, breeding phenology, and reproductive
success (McNaughton 1985, Pettorelli et al. 2006, Wittemyer et al. 2007). Recent analyses of bison
demographic rates and migration patterns in Yellowstone (e.g., Bruggeman 2006, Fuller et al. 2007)
have reported significant relationships with the Palmer Drought Severity Index (Palmer 1965), which
was used as a single integrator of annual variability in regional warm season climate. Northwestern
Wyoming experienced severe, sustained drought conditions during 1995-2006, with the mean Palmer
Drought Severity Index during May-July decreasing from 0.9 to —9.0 compared to a mean index
of —1.0 during 1969-1994 (range = —6.4 to 2.9). This index is cumulative, so the intensity of drought
during a given month is derived from the current weather patterns plus the cumulative patterns
of previous months. Certainly, food limitations during periods of drought are known to affect
population dynamics (Sinclair et al. 1985, Mduma et al. 1999) and provide additional stimuli for
animals to migrate (Polovina et al. 2001, Burtenshaw et al. 2004, Varpe et al. 2005). However, we did
not use the Palmer Drought Severity Index in our current analyses because it was significantly and
negatively correlated with summer counts of bison in the central herd during 1998-2006 (R* = 0.80,
F,; = 27.5, P = 0.001). Also, we were unable to detect any correlation between this drought index
and growing season precipitation in the Madison headwaters area during 1989-2005 (R* = 0.03,
Fiis = 0.5, P = 0.51).

Instead, we used remotely sensed, normalized differential vegetation index (NDVI) data from %
summers 1989-2005 for the Hayden and Pelican valleys as a measure of forage production. The
NDVI is correlated with green biomass and serves as a measure of temporal and spatial variability
in vegetation growth (Wittemyer et al. 2007). Specifically, we used the L-integral, which is the
integral of the seasonal NDVI curve over the growing season (Garel et al. 2006), to calculate a
covariate, NDVI,,,, to index summer range forage productivity prior to winter. We also calculated a
covariate, NDVI,.,, as the length of the growing season as determined from NDVI data. Because
NDVI data were available only from 1989-2005, we did not have complete data for the historic
migration analysis. Therefore, we developed an index for the L-integral from 1971-1988 using
L-integral data from 1989-2005 and assorted precipitation, temperature, and snow data obtained
from the Canyon SNOTEL site (National Resource Conservation Service 2007). We conducted an
all-subsets regression using PROC REG in SAS version 9.1.3 (SAS 2004) using the L-integral
response variable and 78 climate covariates, and selected the model with the highest adjusted R*
value (Neter et al. 1996). We then used data from the Yellowstone Lake CLIM site from 1970-1980
and Canyon SNOTEL site from 1981-1988 to estimate the NDVI,,, covariate for 1970-1988 for use
in the historic migration analysis.

Aerial population estimates for the central herd were obtained during late July or August each year,
prior to the migration (Dobson and Meagher 1996, Hess 2002). We used these annual estimates to
define a covariate, BISON, which provided a measure of the effect of bison density on migration. We
also defined a covariate, DATE, as the Julian date of the January—April winter survey used to calculate
HISTORIC,,,,, because, in general, more migratory bison should be counted as winter progresses

(i.e, later survey dates; Bjornlie and Garrott 2001, Bruggeman et al. 2006).
FWS_LIT_020327
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C. 1996-1997 Through 2005-2006 Migration Patterns: Model Development
and Statistical Analyses

We developed and compared a priori hypotheses, expressed as multiple regression models, in two
modeling exercises to estimate the relative contributions of snow pack, forage productivity, and density
on variations in the magnitude and timing of migration from 1996-1997 through 2005-2006
(Appendix 12A.1). We calculated variance inflation factors (VIFs; Neter et al. 1996) while forming
our model list to quantify multicollinearity between model predictors, including interactions. Models
containing predictors having a VIF > 5 were removed from our a priori list. Hypotheses for the timing
of migration analysis were expressed as 11 regression equations consisting of additive main effects
(SWES, BISON, NDVI;,,) and interactions (SWES*BISON, BISON*NDVI,,) of covariates, while
those for the magnitude of migration analysis were expressed as 11 equations of main effects (SWE,,
BISON, NDVI;,,) and interactions (SWE, .. *BISON, BISON*NDVI;,). In exploratory analyses, we
systematically substituted covariates SWE,;; for SWES and NDVI,,, for NDVTj,,.

For each covariate and interaction, we made a hypothesis about the sign of the effect on each response
variable. We predicted the magnitude of migration (MAXIMUM) would be positively correlated with
BISON because increasing population size would lead to a decrease in per capita resources on the
summer range and result in more bison migrating to the winter range to find forage. Second, we hypo-
thesized that MAXIMUM would be negatively correlated with NDVI,,, (or NDVI,.,) since decreased
primary productivity would decrease the quality and quantity of forage and bison would need to migrate
to obtain adequate food resources. Third, we predicted increasing SWE, . would result in increased
bison migration (MAXIMUM) because greater snow pack on the summer range would provide more
impetus for bison to migrate to lower elevations to find more accessible forage during winter. Fourth,
we anticipated the influence of bison density would vary with snow pack in the form of a positive
BISON*SWE,, interaction effect because high population sizes at high SWE,. would result in further
increases in bison migration (MAXIMUM). Finally, we hypothesized that density would interact with
primary productivity (BISON*NDVI;,,) because the influence of population size would be accentuated
during years of reduced productivity (negative sign), leading to increased bison migration (MAXIMUM).

We used similar rationale for the timing of migration analysis to hypothesize that TIMING would be
positively correlated with BISON and negatively correlated with NDVI;; (or NDVI,,). Second, we
predicted that TIMING would be positively correlated with SWES (or SWE, . ;;) because increasing snow
pack on the summer range would provide an impetus for more bison to migrate to the lower-elevation,
geothermally influenced winter range with easier access to forage. We anticipated the effect of population
size would vary with climate and plant productivity in the form of BISON*SWES and BISON*NDVI,,,
interactions because combinations of high population sizes and high snow levels, or high population
sizes and reduced plant productivity, could further accelerate the timing of migration (TIMING).

We used regression techniques in R version 2.3.1 (R Development Core Team 2006) to fit models
and estimate parameter coefficients. To facilitate comparisons of parameter coefficients, each continu-
ous predictor was centered and scaled prior to analysis by subtracting the midpoint and dividing by
half of the range, resulting in values between —1 and 1. We calculated a corrected Akaike’s Information
Criterion (AIC,) value for each model, ranked and selected the best approximating models for the
timing and magnitude analyses using AAIC, values, and calculated Akaike weights (w;) to obtain a
measure of model selection uncertainty (Burnham and Anderson 2002).

D. 1970-1971 Through 2005-2006 Migration Patterns: Model Development
and Statistical Analyses

Examination of central herd summer and winter count data from 1970-1971 through 2005-2006
revealed an unexpected relationship between the total number of bison enumerated from the July—

A flicht and the total t during th id-April winter flight (Fi 12.3).
ugust summer flight and the total count during the January to mid-April winter flig ( 1guremlelT_020328
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FIGURE 12.3 Relationships between the number of west-side migratory bison from the winter flight and central
herd population size from the summer flight, and the ceniral herd population size from the winter flight and
central herd population size from the summer flight (1970-1971 through 2005-2006). The line depicting a 1-1
relationship is dencted for reference. Note the break point around 2350 bison for the central herd population size
count comparisons.

We noted a change from an approximately 1-1 correlation, with fewer bison counted during winter
compared to summer surveys as population size exceeded 2000 bison. We used piecewise regression
methods (Neter et al. 1996) using PROC NLIN in SAS version 9.1.3 (SAS 2004) to determine this break
point occurred at a count of approximately 2350 bison. Fuller ef al. (2007) suggested a change in bison
spatial dynamics, with increased emigration from the central herd and immigration into the northern
herd, resulted in changes in herd dynamics beginning in 1981-1982. We suspected these movements
onto the northern range caused this break point, but the data did not exist to further investigate the
timing and magnitude of these movements. Thus, we censored summer counts when the central herd
population was >2350 from the data set (1993-1997, 2002-2006) before beginning the analysis, and
only examined migration to the west-side winter range.

We developed and compared a priori hypotheses to estimate the relative contributions of snow
pack, forage productivity, density, and winter survey date on variations in the magnitude of migration
for years when the central herd population size was <2350 bison during summer (i.e, 1971-1992,
1998-2001; Appendix 12A.1}. During 1982, 1983, and 1988, there was either no July—August flight or
the count was deemed poor, Thus, no population size data were available to apply for the subsequent
winters. We had 22 observations for the analysis after removing these years and a data point from 1987
owing to a high leverage NDVI;,, value. We calculated VIFs (Neter et al. 1996) while forming the
model list and removed any predictors with VIF > 5. Hypotheses were expressed as 20 regression
equations consisting of additive main effects (SWE,., BISON, NDVI,, DATE) and interactions
(SWE,..*BISON, BISON*NDVI,) of covariates. Our predictions were similar to the extent of
migration analyses during 1996—1997 through 2005-2006. We used regression techniques in R version
2.3.1 (R Development Core Team 2006) to fit models and estimate parameter coefficients using
centered and scaled continuous covariates as described above. We calculated AIC. for each model,
ranked and selected the best approximating models using AIC,, and calculated w; (Burnham and

Anderson 2002). FWS LIT 020329
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E. Estimates of Nutritional Intake

To explore differences in nutrition of bison, which we hypothesize may be a primary driver of
migration, we estimated metabolizable energy intake (nutrition) by bison in the Hayden Valley and
Madison headwaters area during the winter of 2005-2006 using molar ratios of allantoin:creatinine
(A:C) obtained from fresh urine deposited in snow. We opportunistically collected samples from mixed
groups of adult and calf bison using the collection, storage, and assay procedures described by Pils et al.
(1999) during eight 14-day intervals between December 18 and April 8. Frozen snow-urine samples
were then thawed at room temperature and extraneous debris was eliminated by filtration from the
snow-urine mixture. The filtrate was refrozen at 20°C until assayed. Creatinine concentrations in
filtered samples were assayed at the Department of Animal and Range Sciences, Montana State
University, Bozeman, using a modification of the kinetic Jaffé reaction (Larsen 1972). Creatinine is a
compound produced and excreted in relatively constant proportion to muscle mass, allowing compar-
isons to be made among animals of different body size and hydration and among samples of different
snow dilution (Coles 1980). Allantoin concentrations were determined using a microplate modifica-
tion of the colorimetric procedures described by Young and Conway (1942). Allantoin is a metabolite
that reliably indexes rumen microbial flow in domestic ruminants and free-ranging elk during a
several-day period prior to the time urine was voided (Chen et al. 1992a,b; Vagnoni et al. 1996,
Garrott et al. 1997). Allantoin and creatinine were assayed from the same sample at the same time to
avoid additional freeze-thaw cycles that tend to degrade allantoin. Sensitivities of allantoin and
creatinine assays were 0.027 and 0.079 pmol, respectively. Coefficients of variation for high and low
snow-urine pools of allantoin and creatinine were less than 15%. The relationship between digestible
dry matter intake and urinary A:C ratios has not been tested for bison during captive feeding trials.

Pils et al. (1999) reported that mean A:C ratios of samples collected from mixed groups of adult
_ female and calf elk were highly variable and consistently overestimated the true mean A:C ratio of adult
females. These problems were alleviated by trimming 15% off the right tail of the ordered sample
distribution and 20% off the left tail and calculating the mean of the remaining samples. Trimmed
estimates of mean A:C ratios were consistently less biased, with lower variability of sample means and
smaller confidence intervals than untrimmed means (Pils et al. 1999). We calculated trimmed A:C
ratios for bison in the Hayden Valley and Madison headwaters area during each collection period and
used a one-tailed t-test to compare paired sample means. We predicted nutritional estimates for
bison wintering in the Hayden Valley would be significantly lower than those of bison wintering in
the lower-elevation and more heterogeneous Madison headwaters area.

lIl. RESULTS
A. Temporal Variation in Migratory Behavior (1996-1997 Through 2005-2006)

The number of bison observed in the Madison headwaters area (TIMING) increased with time each
winter, usually peaking in late March or early April (see Figure 27.1a in Chapter 27 by Bruggeman et al.,
this volume). During 109 ground distribution surveys, the number of bison counted in the Madison
headwaters area ranged from 205-1538 bison (mean % SE; 775 = 30). The highest number of bison
counted in the Madison headwaters area each year (MAXIMUM) varied between 888-1538 bison
(1174 + 64). The central herd population grew from 1473-3441 bison (2556 + 250) during 1997-1998
through 20052006, after decreasing from 2928 bison in 1996-1997 owing to management-based
removals at the park boundary and mortality during a severe winter. Snow accumulation in the Hayden
and Pelican valleys began in October and built through the winter before generally peaking in early

April, with annual peak SWES, SWE,.. ;5 and SWE, ranging from 18.0—44.1 cm (26.1 £ 0.2), 66-5236
FWS LIT_020330



Chapter 12 - Partial Migration in Central Yellowstone Bison 225

cm days (1367 = 102), and 1750-5236 cm days (2843 + 309), respectively. Covariates NDVI;,, and
NDVI,,, ranged between 2071-2688 (2376 + 56) and 12.7-17.1 weeks (14.6 £ 0.4), respectively.

One best approximating model structure was supported by the data for the magnitude of bison
migration (Tables 12.1 and 12.2). This model (AIC, = 135.1, K = 2, w; = 0.593, adjusted R? = 0.40)
contained a significant BISON effect (estimate: 190.5; 95% CI: 29.7, 351.3) and had a relative likelihood
of 3.9 compared to the second best model (AAIC. = 2.74, K= 3, w; = 0.150, adjusted R?=10.41), which
included BISON (estimate: 194.7; 95% CI: 35.3, 354.0) and SWE,_. (estimate: —100.6; 95% CI: —307.9,
106.8). There was no improvement in the top model when NDVI,,,, was substituted for NDVI;, in the
exploratory analysis.

Three best approximating models were supported by the data for the timing of bison migration
(Tables 12.1 and 12.3). The top model (AIC, = 1,518.2, K = 4, w; = 0.426, adjusted R* = 0.35)
consisted of BISON (estimate: 208.0; 95% CI: 129.1, 286.9), SWES (estimate: 367.4; 95% CI: 243.3,
491.6; Figure 12.4), and NDVI;,, (estimate: 142.5; 95% CIL: 27.6, 257.3) covariates. The second best
model (AAIC, = 0.94, K = 5, w; = 0.266, adjusted R? = 0.35) included a SWES*BISON interaction
(estimate: —101.4; 95% CI: —284.3, 81.5) with the confidence interval overlapping zero, in addition to

4l AIC model selection results for the best supported épfiori models in the magnitude and ﬁming 3
4 of migration analyses

Model structure k AAIC, w;

Magnitude of migration, 19961997 through 2005-2006

Bo + B1(BISON) 2 0 0.59
Bo + P1(SWE,co) + B,(BISON) 3 2.74 0.15
Bo + B1(BISON) + f,(NDVI,,) 3 2.77 0.15
Bo + BL(SWE,c.) 2 5.68 0.03
Bo + BL(NDVIi,,) 2 6.19 0.03
Bo + PL(BISON) + B5(NDVI,) + B3(BISON*NDVI,,) 4 6.79 0.02
Bo + B1(SWE,cc) + Bo(BISON) + B5(SWE, *BISON) 4 7.87 0.01
Bo + B1(SWE,co) + Bo(BISON) + f3(NDVI;,.) 4 8.41 0.01
Bo + B1(SWE,.) + f2(NDVIi,,) 3 9.03 0.01
Timing of migration, 1996-1997 through 2005-2006

Bo + B1(SWES) + f,(BISON) + B3(NDVIy,,) 4 0 0.43
Bo + B1(SWES) + B,(BISON) + f3(NDVI;,) + B, (SWES*BISON) 5 0.94 0.27
Bo + B1(SWES) + B,(BISON) + f3(NDVIiy,) + B4(BISON*NDVIL;,) 5 1.61 0.19
Bo + P1(SWES) + f,(BISON} 3 3.93 0.06
Bo + B1(SWES) + B,(BISON) + B3(SWES*BISON) 4 4.00 0.06
Historic magnitude of migration, 1970-1971 through 2005-2006

Bo + B1{BISON) 2 0 0.33
ﬁO + ﬁl(BISON) "l" ﬁZ(SWEacc) 3 049 026
Bo + BL(BISON) + Br(NDVIi,,) 3 2.69 0.08
Bo + P1(SWE.co) + B5(BISON) + f5(NDVIipn) 4 3.04 0.07
Bo + BI(SWE.o) + Bo(BISON) + B3(SWE,.*BISON) 4 3.34 0.06
Bo + B1(DATE) + B5(SWE,.) + B3(BISON) 4 3.46 0.06
Bo + B1(BISON) + B,(NDVI,) + B5(BISON*NDVIL,,) 4 3.78 0.05
Bo + P1(SWE.) + B>(BISON) 4 B3(NDVI,) + B4(BISON*NDVIy,) 5 5.28 0.02
Bo + B1(DATE) + B,(BISON) + B3 (NDVI;y,) 4 5.71 0.02
Bo + B1(SWE,..) + B2(BISON) + S3(NDVI;,) + B4(SWE,*BISON) 5 6.07 0.02
Bo + B1(DATE) + B(SWE,.) + B3(BISON) + S4(NDVI;,,) 5 6.43 0.01
Bo + PL(DATE) + f,(SWE,.) + B3(BISON) + B,(SWE,. *BISON) 5 6.72 0.01
fo + B1(DATE) + B,(BISON) + B3(NDVIp,) + S4(BISON*NDVI,,) 5 7.10 0.01

All models are ranked according to AIC, and presented along with the number of parameters (k), the AAIC, value (i.e., change in
AIC, relative to the best model), and the Akaike weight (wi). The AIC, values for the top models for the magnitude and timing of
migration analyses during 1997-2006 were 135.1 and 1518.17, respectively. The AIC. value for the top model for the historic
magnitude of migration analyses during 1971-2006 was 289.18.
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§=11273 Coefficient values (8;) and 95% confidence limits for covariates from the best approximating
{ models for the magnitude of migration analyses during 1996-1997 through 2005-2006
(recent) and 1970-1971 through 2005—-2006 (historic)

Covariate BO + ﬂ](BISON) ﬁo -+ ﬁl(SWEaCC) + Bz(BISON) Bo + ﬁ](BISON) —+ ﬁz(NDVImt)
1996-1997 through 2005-2006 (Recent)

BISON 190.5 (29.7, 351.3) 194.7 (35.3, 354.0) 232.4 (50.8, 414.0)

SWE,_. ~100.6 (~307.9, 106.8)

NDVI,, 111.2 (—120.1, 342.5)
1970-1971 through 2005-2006 (Historic)

BISON 536.4 (417.1, 655.6) 554,3 (434.9, 673.8) 537.7 (410.5, 664.9)

SWE, 95.0 (—48.0, 238.0)

NDVI,, 5.07 (—130.3, 140.5)

Values in bold denotes significant coefficients at o = 0.05.

%§ Coefficient values (ﬁ,—) and 95% confidence limits for covariates from the best apprdximafihg
models for the timing of migration analyses during 1996—1997 through 2005-2006

Bo + Bi1(SWES) + Bo + B1(SWES) +

Bo + B1(SWES) + B2(BISON) + B3(NDVI,,) B(BISON) + B5(NDVI,,) +
Covariate  B,(BISON) + B5(NDVL,,,)  + B«(SWES*BISON) B4(BISON* NDVI;,,)
SWES 367.4 (243.3, 491.5) 371.2 (247.0, 495.3) 366.2 (241.7, 490.6)
BISON 208.0 (129.1, 286.9) 169.7 (64.9, 274.5) 208.8 (129.8, 287.9)
NDVL,, 142.5 (27.6, 257.3) 132.8 (16.8, 248.8) 125.8 (2.6, 249.0)
SWES* —101.4 (—284.3, 81.5)
BISON
BISON* 119.6 (—196.3, 435.5)
NDVI,p,

Values in bold denotes significant coefficients at & = 0.05.
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FIGURE 12.4 Data depicting the positive correlation between the number of bison in the Madison headwaters area
for each two-week period (1996-1997 through 2005~2006) and the average summer range snow water equivalent

covariate (SWES; in meters) for the timing of migration analysis in Yellowstone National Park, Wyoming, USA.
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BISON (estimate; 169.7; 95% CI: 64.9, 274.5), SWES (estimate: 371.2; 95% CI: 247.0, 495.3), and
NDVI,,, (estimate: 132.8; 95% CI: 16.8, 248.8). The third best model (AAIC. = 1.61, K= 5, w; = 0.190,
adjusted R? = 0.35) included a BISON* NDVT;,, interaction (estimate: 119.6; 95% CI: —196.3, 435.5),
along with BISON (estimate: 208.8; 95% CI: 129.8, 287.9), SWES (estimate: 366.2; 95% CI: 241.3,
490.6), and NDVIL.,, (estimate: 125.8; 95% CI: 2.6, 249.0). There was no improvement in the top
models when substituting either SWE, . ;; for SWES or NDVI,., for NDVI;, in the exploratory analysis.

B. Historic Migration Patterns (1970-1971 Through 2005-2006)

Summer counts of the central herd increased from 261 to 3531 bison (1801 £ 161) during 1970-
2005 with the maximum number of bison migrating westward to the Madison headwaters area
(HISTORIC,,,,) ranging from 47 bison in winter 1971-1972 to 1877 in winter 1995-1996 (843 &
75). There were no presurvey winter removals at the west boundary during 1970-1971 through 1984—
1985 and removals thereafter were negligible (<2% of migrating bison), except during winters
1992-1993 (78 bison removed), 1994-1995 (48 bison), and 1996-1997 (293 bison).

Summer and winter counts of the entire central herd were highly and positively correlated when
counts were <2350 bison (slope of line = 0.81; 95% CI = 0.66, 0.95; R? = 0.87, df = 22). However, this
relationship completely disappeared at higher counts (slope of line = —0.05; 95% CI = —0.72, 0.62;
R? = 0.003, df = 9), with fewer bison counted during winter compared to summer surveys
(Figure 12.3). Though the number of bison migrating west to the Madison headwaters area consistently
increased with population size across the entire range of summer counts (slope of line = 0.44; 95%
CI = 0.35, 0.53; R? = 0.76, df = 32; Figure 12.3), the proportion of migrants remained approximately
constant though highly variable (slope of line = 0.002; 95% CI = —0.004, 0.008; R* = 0.02, df = 32).
The maximum proportion of bison on the Madison headwaters range (i.e., HISTORIC,,,,/BISON)
varied between 0.12 in winter 1970-1971 and 0.75 in winter 1975-1976 (0.46 £ 0.03), but was relatively
consistent after winter 1977-1978 with variation between 0.31-0.65 (0.49 =+ 0.02; Figure 12.5).
When summer population counts exceeded 2350, the total number of bison counted in the
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FIGURE 12.5 The proportion of bison migrating to the west-side winter range versus the total central herd population
size as determined from the July—-August summer count during 1970-1971 through 2005-2006 in Yellowstone National
Park, Wyoming, USA.
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west-central portion of the park (i.e., Hayden and Pelican valleys, Madison headwaters area) during
winter remained approximately constant (slope of line = —0.049; 95% CI = —0.721, 0.662; R*> = 0,004,
df = 9; Figure 12.3), even though summer counts of central bison continued to increase to >3500 bison
by 2006.

During winters 1970-1971 through 2005-2006, SWE,. in the Hayden and Pelican valleys ranged
from 849-5236 cm days (2651 + 155). The L-integral NDVI index developed for the NDVI,, covariate
had an R* = 0.79 and consisted of an intercept of 6116.6 and four covariates and their interactions:
(1) average daily precipitation (inches) for April-August (coefficient = —59363.5), (2) average
daily maximum temperature (°C) for April-May (coefficient = —4.53), (3) mean daily average
temperature (°C) for May (coefficient = 113.64), (4) average daily maximum temperature (°C) for
July (coefficient = —149.83), (5) interaction between average daily precipitation for April-August and
the average daily maximum temperature for July (coefficient = 2265.97), (6) interaction between the
average daily maximum temperature for April-May and the mean daily average temperature for May
(coefficient = 24.45), and (7) interaction between the mean daily average temperature for May and the
average daily maximum temperature for July (coefficient = 12.40). Predicted NDVI,, for summers
during 1970-1988 from this model varied between 2184.9 and 3610.2 (2486.0 & 73.7), while NDVI,
for 19892005 (obtained from actual NDVI data) varied between 2070.5 and 2687.5 (2341.6 + 40.9).

Two top approximating models were supported by the data for the historic migration analysis when
counts of the central herd were <2350 (Tables 12.1 and 12.2). The top model (AIC. = 289.2, K = 2,
w; = 0.325, adjusted R* = 0.81) contained BISON (estimate: 536.4; 95% CI: 417.1, 655.6) and had a
relative likelihood of 1.3 compared to the second best model (AAIC, = 0.48, K = 3, w; = 0.255,
adjusted R? = 0.82) that included BISON (estimate: 554.3; 95% CI: 434.9, 673.8) and SWE, . (estimate:
95.0; 959% CI: —48.0, 238.0).

C. Estimates of Nutritional Intake

We collected 426 samples of urine-soaked snow from bison in the Hayden Valley (# = 170) and
Madison headwaters area (n = 256; Table 12.4). Mean A:C ratios during five 14-day collection periods
between January 1 and March 11 for which we had sufficient samples (n > 20) in each wintering area
were consistently and significantly lower (¢ = 5.12, df = 4, P = 0.003) for bison in the Hayden Valley
than bison in the Madison headwaters area (Figure 12.6).

Allantoin:creatinine ratids from urine-soaked snow samples deposited by groi;ps of adult and
calf bison during 2005-2006 in the Madison headwaters area and the Hayden Valley of
Yellowstone National Park, Wyoming, USA

Madison headwaters Hayden Valley

Period Start End n Mean Trimmed mean n Mean Trimmed mean
1 18-Dec 31-Dec 17 0.623 0.641 0

2 1-Jan 14-Jan 49 0.629 0.629 54 0.512 0.523

3 15-Jan 28-Jan 35 0.710 0.697 25 0.477 0.498

4 29-Tan 11-Feb 39 0.533 0.508 35 0.447 0.451

5 12-Feb 25-Feb 41 0.557 0.571 29 0.343 0.371

6 26-Feb 11-Mar 22 0.898 0.599 26 0.408 0.404

7 12-Mar 25-Mar 28 0.445 0.484 0

8 26-Mar 8-Apr 25 0.530 0.524 1
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FIGURE 12.6 Allantoin:creatinine ratios from urine-soaked snow samples depasited by groups of adult and calf bison
during 2005-2006 in the Madison headwaters area and Hayden Valley of Yellowstone National Park, Wyoming, USA.

IV. DISCUSSION

This study provided unequivocal evidence that bison from the central herd in Yellowstone National Park
were partially migratory at least two decades before their abundance approached the estimated food-
limiting carrying capacity of their range (Coughenour 2005). We detected substantial migration by
central bison to the Madison headwaters area before the Hayden and Pelican valleys were fully occupied,
as evidenced by 12-75% of the herd migrating each winter before counts reached 2000 bison. This
partial migration was initially detected when bison abundance was low (<300 bison) and the Hayden
and Pelican valleys should have provided ample resources for bison year-round. The number of bison
migrating to, and remaining in, the Madison headwaters area increased consistently with abundance,
but there was no evidence the proportion of migrants increased with population size—though there was
substantial variability among years. As a result, the number of animals wintering in the Hayden and
Pelican valleys (i.e., nonmigrants) also increased with abundance. Thus, these findings do not support
the “domino effect” hypothesis {Meagher 1993, 1998; Gates et al. 2005), whereby bison should have
fully occupied the Pelican and Hayden valley wintering areas before compensating for decreasing per
capita resources by moving westward over the Mary Mountain trail to the Madison headwaters area.
However, after the central herd exceeded 2350 animals the number of bison wintering in the Hayden
and Pelican valleys appeared to stabilize, while bison continued to migrate to the Madison headwaters area
along the west side of the park (Figure 12.3). These findings provide support for the “density-equalization
effect,” whereby the area occupied by bison during winter expanded as the central herd increased in
abundance (Meagher 1998, Taper et al. 2000, Coughenour 2005, Gates et al. 2005). Also, the total number
of wintering bison counted in the west-central portion of the park (ie, Hayden and Pelican valleys,
Madison headwaters area) remained approximately constant, even though summer counts of central
bison continued to increase. Given the high sightability of bison during aerial surveys in this system (Hess
2002), these results suggest some bison migrated outside the west-central portion of the park between the
summer and winter counts, perhaps relocating to northern range as hypothesized by Meagher (1998) and
Fuller et al. (2007). Thus, there may have been an increase in the proportion of migrants as habitat in
the central and west-side ranges was occupied during winter and bison began migrating elsewhere.
This speculation is supported by ground survey data dating back to winter 1996-1997 that indicate a
relatively consistent maximum number of bison occupying the Madison headwaters area each winter,
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despite an increase in the central herd size by nearly 1000 bison during 1997-2006. Central herd bison
have been detected making pre- or early-winter movements to the northern range through the Washburn
Range, across the Solfatara Plateau, over the Mirror Plateau, and along the Norris to Mammoth road
corridor before significant snow accumulates on the landscape (Meagher 1973, 1993; Bruggeman et al.
2007; Olexa and Gogan 2007; R. Wallen, National Park Service, unpublished data).

Population size had a significant, positive effect on the magnitude and timing of migration, with
more bison migrating earlier to winter in the Madison headwaters area as density increased (as
hypothesized by Meagher 1998). Decreased per capita resources due to increased abundance likely
provided an impetus for bison to migrate. Coughenour (2005) reasoned that as the central bison herd
‘grew following the cessation of management removals, they eventually reached a density where nutri-
tional stress was high enough to elicit increased competition for key resources and subsequent behav-
ioral responses to search for additional range. In turn, once new ranges were found, carrying capacity
was increased in a positive feedback cycle. Estimates of metabolizable energy intake during the winter of
2005-2006 suggested bison in the Hayden Valley had counsistently lower nutrition than bison in the
Madison headwaters area, thereby providing an impetus for migration. Density-related movement
responses, spurred by limitations in high quality resources, have been documented for bison in other
regions (Gates and Larter 1990, Larter et al. 2000) and other ungulate populations (Heard and Calef
1986, Messier et al. 1988, Reynolds 1998, Ferguson and Messier 2000, Mahoney and Schaefer 2002).

Some of the annual variability in the proportion of bison migrating each winter was explained by
density-independent climate covariates. Snow accumulation in the Hayden and Pelican valleys had a
positive effect on the timing of migration with more bison moving to the lower-elevation Madison
headwaters area as winter progressed and snow pack deepened. Also, the second best model in the
historic magnitude of migration analysis included a positive annual winter severity (SWE,..) effect,
though its coefficient had confidence intervals slightly spanning zero. Ungulate migrations are
affected by snow in many ecosystems owing to the need for easier access to forage (Sweeney and
Sweeney 1984, Sabine et al. 2002, Doerr et al. 2005). Limitations on access to forage by deep or wet
snow is the major factor influencing bison foraging behavior across the central winter range in
Yellowstone (Bruggeman 2006), and migrations to lower elevations are likely a landscape-scale behav-
ioral response to reduced forage availability caused by increasing snow pack. Also, during winter bison
spend the majority of their time foraging, and displacing snow to access forage is a prominent energetic
cost (Bjornlie and Garrott 2001, Bruggeman et al. 2006, Chapter 27 by Bruggeman et al., this volume).
The Madison headwaters area affords easier access to vegetation in winter because geothermally-
warmed basins reduce snow accumulation, thereby providing a refuge for bison from nearby areas of
deep snow (Figure 12.7). The influence of snow on the number of migrants suggests bison may employ
a conditional migration strategy based on climate variability (Hazel et al. 2004).

Our findings are certainly not conclusive because analyses were performed on “snap-shots” of
distributional patterns for the central bison herd obtained a few times per year. Only recently has
intensive monitoring of movements by individual animals been initiated and, to date, sample sizes have
been limited (Bruggeman et al. 2007, Olexa and Gogan 2007). There is much to be learned about the
spatial dynamics of Yellowstone bison from continuing this work, including whether the central and
northern herds are becoming more integrated, the differential effects of management removals on each
herd given their respective movement dynamics, if individuals have strong fidelity to particular
seasonal movement strategies and destinations, and factors influencing specific bison movement
patterns and distributions. Also, limited assessments of the central herd from radio-collared animals
suggest that the vast majority of bison have vacated the Hayden and Pelican valleys by the end of
the winter in recent years—something not evident in the aerial survey data used in our analyses.
In addition, we detected a significant influence of forage biomass (i.e, NDVI,,) on the timing of
migration, but the effect was the opposite (i.e., earlier migration with higher forage) of what we
predicted. Thus, monitoring and research of montane grasslands to link measurements of forage

biomass and phenology with remote sensing indices is needed. The management of bison in and near
FWS_LIT_020336



Chapter 12 - Partial Migration in Central Yellowstone Bison 231

FIGURE 12.7 Adult bull bison foraging in reduced snow pack amidst steam in a geothermal area near Midway
Geyser Basin in Yellowstone National Park, Wyoming, USA (Photo by Jason Bruggeman).

Yellowstone National Park is one of the most contentious and high-profile issues facing park managers.

Thus, we encourage the continuation of research and monitoring efforts to gain insights into these
key uncertainties and improve the knowledge base for making effective management decisions.

V. SUMMARY

I. We used aerial and ground data collected during 1970-1971 through 2005-2006 to quantify annual
variations in the magnitude and timing of migration by central herd bison, identify potential
factors driving this variation, and evaluate the “domino effect” hypothesis (Meagher 1998) that
(a) significant migration to the Madison headwaters area did not occur until bison had fully
occupied the Hayden and Pelican valleys, and (b) more animals migrated earlier as numbers
increasingly exceeded this limit.

2. Bison from the central herd in Yellowstone National Park were partially migratory, with a portion

of the animals migrating to the lower-elevation Madison headwaters area during winter while

some remained year-round in or near the Hayden and Pelican valleys.

Contrary to the “domino effect” hypothesis, there was significant bison migration to the Madison

headwaters area before the Hayden and Pelican valleys were fully occupied and abundance

approached the food-limiting carrying capacity of these valleys.

4. However, after the central herd exceeded 2350 animals the number of bison wintering in the

Hayden and Pelican valleys appeared to stabilize, while bison continued to migrate to the Madison

headwaters area. Also, more bison migrated earlier as density increased (as hypothesized by

Meagher 1998).

Our results suggest some bison migrated outside the west-central portion of the park between the

summer and winter counts each year when the central herd exceeded 2350 bison, perhaps

relocating to northern range as hypothesized by Meagher (1998) and Fuller et al. (2007).

6. Some of the annual variability in the proportion of bison migrating each winter was explained by
density-independent climate covariates. The timing and magnitude of bison migration were
accentuated during years of severe snow pack that limited access to food. FWS LIT 020337
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APPENDIX

B AIC model selection resulis for the a priori models in the magnitudes and timing of
{ migration analyses. All models are ranked according to AIC, and presented along with the
1 number of parameters (k), the AAIC, value (i.e., the change in AAIC, value relative to
1 the best model), and the Akaike weight (w;)

Model structure k' AAIC. w;

Magnitude of migration, 1996-1997 through 2005~2006

Bo + B1(BISON) 2 0 0.59
Bo + B1(SWE,o) + B,(BISON) 3 274 0.15
Bo + B1{BISON) + B,(NDVI,) 3 277 0.15
Bo + B1(SWE,.) 2 568 0.03
fo + B1(NDVI;,,) 2 6.19 0.03
fo + B1(BISON) + B,(NDVIiy) + f5(BISON*NDVI,,,) 4 679 0.02
Ba + B1{SWE,o) + B2(BISON) + f5(SWE, *BISON) 4 787 0.01
Bo + B1(SWE,) + B2(BISON) + S5(NDVI,,) 4 8.4l 0.01
Bo + B1(SWE,) + f2(NDVI;y,) 3 9.03 0.01
Bo + B1(SWE,..) + B2(BISON) -+ B3(NDVILy,) + S4(BISON*NDVI;,,) 5 1530 0.00
ﬁO + ﬁl(SWEacc) + ﬁ2(BISON) + ﬂ?:(NDVIint) + ﬁ4(SWEacc*BISON) 5 1637 000
Timing of migration, 1996—1997 through 2005-2006

Bo + B1(SWES) + B,(BISON) + f3(NDVI,) 4 0 0.43
Po + [1(SWES) + §,(BISON) + B3(NDVI,) + S.(SWES*BISON) 5 094 0.27
Po + B1(SWES) + S,(BISON) + B3(NDVI,) + B4(BISON*NDVI,,) 5 161 0.19
Bo + B1(SWES) + B,(BISON) 3 393 0.06
Po + P1{SWES) + B,(BISON) + S5(SWES*BISON) 4  4.00 0.06
o + B1(SWES) 2 2089 0.00
Bo + B1(SWES) + B,(NDVI,) 3 22.99 0.00
Bo + B1{BISON) 2 2705 0.00
Bo + B1(BISON)} + S,(NDVIy,) 3 28.69 0.00
Bo + B1(BISON) + f5(NDVIiy,) + B5(BISON*NDVI,) 4 30.21 0.00
Bo + B1(NDVI;,,) 2 3931 0.00
Historic magnitude of migration, 1970-1971 through 2005-2006

Bo + B1(BISON) 2 0 0.33
Bo + B1(SWE,) + [2(BISON) 3 049 0.26
fo + B1(BISON) + B2(NDVIi,) 3 2.69 0.08
Bo + B1(SWE,) + B2(BISON) + f3(NDVI,) 4 3.04 0.07
Bo + B1(SWE,.) + B2(BISON) + B3(SWE, . *BISON) 4 334 0.06
ﬁO + ﬁl(DATE) + 52(SWEECC) + ﬁ3(BISON) 4 346 006
Bo + B1(BISON) + f:(NDVLy,) + B3(BISON*NDVI;,,.) 4 378 0.05
Bo + B1(SWE,.) + 2(BISON) + f5(NDVILy,) + Bo(BISON*NDVI;,,) 5 528 0.02
Bo + B1(DATE) + B5(BISON) + 5 (NDVI;,,) 4 571 0.02
fo + BL(SWE, ) + B2(BISON) + B3(NDVIL,) + B4(SWE,..*BISON) 5  6.07 0.02
Bo + B1(DATE) + f5(SWE.c) + B3(BISON) + f4(NDVIiy,) 5 643 0.01
Bo + B1{DATE) + B2(SWE..o) + f5(BISON) + B(SWE, *BISON) 5 672 0.01
Bo + Bi(DATE) + fof BISON) + B3(NDVI,) + S.(BISON*NDVI;,,) 5 7.10 0.01
Bo + B1(DATE) + Bo(SWE,.) + B3(BISON) 4 B4(NDVI,,) + S5(BISON*NDVI,,,) 6  9.05 0.00
Bo + B1(DATE) 4+ Bo(SWE,) + B3(BISON) + B4(NDVIL,) + Bs(SWE, *BISON) 6 990 0.00
Bo + B1(DATE) 2 3661 0.00
Bo + B1(NDVIiy,) 2 36.65 0.00
fo + F1(SWE,o) 2 37.83 0.00
Bo + BL(SWE,) + B2(NDVI;e) 3 38.83 0.00
Bo + B1(DATE) + B(SWE,.0) + B3 (NDVI,) 4 41.14 0.00

The AIC, values for the top models of the magnitude and timing of migration analyses during 1996-1997 through 2005-2006
were 135.1 and 1518.17, respectively. The AIC, value for the top model of the historic magnitude of migration analyses during
1970-1971 through 2005-2006 was 289.18.
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