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Fig. 4. Grazing effects on broad-scale patterns of the green wave. (A) Bison created massive grazing lawns, which are larger than most fenced bison
preserves in North America, as they migrated across the (B) extensive Yellowstone grasslands. Greenness of 25- to 30-ha grasslands encompassing grazing
experiment sites changed with decadal shifts in bison grazing intensity. (C) When bison grazing was more intense, vegetation greened up earlier, more
intensely, and for a longer duration, as measured by NDVI and IRG. (D) More intense grazing also elevated net aboveground production. In C and D, blue and
yellow lines show model predicted NDVI for the same grassland under high and low bison grazing. Gray lines show spline-fitted NDVI curves for grazing
experiment sites during 2005 to 2015. (E) At small scale, vegetation conditions outside exclosures were kept in an early phenological stage even late in the
growing season.
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temporal resolution) from the MOD09Q1 data product from the MODIS
terra satellite (S/ Appendix, Text S1). Global positioning (GPS) data were
collected from radio-collared adult female bison during 2005 to 2015. For
each GPS location collected in each year (n = 209 animal-years from 64 in-
dividuals), we extracted the Julian date of peak IRG (S/ Appendix, Text S2).
Following similar methods of Bischof et al. (10), we broke each spring period
into 4 equal periods (~3-4 wk each) and used piecewise regression to test for
surfing. For each period, we identified surfing when the piecewise linear
model coefficient term relating Julian day of peak IRG and the Julian day
of occupation was positive and the 95% confidence interval did not
overlap zero.

Diet Quality of Migrating Bison. We collected fecal (n = 189) and plant (n =
161) samples from radio-collared bison (n = 21) as they migrated from winter
to summer ranges during March 18 to August 4, 2014. We homogenized
15 g of wet material from 5 separate, fresh dung piles deposited by any
individual in groups associated with radio-collared animals. Homogenates
were analyzed for crude protein and digestible organic matter using near-
infrared spectroscopy (34, 35) at the Texas A&M Grazing Animal Nutrition
Lab. We collected plant tissue by locating the center of foraging areas,
randomly selecting four 300 cm? circular areas that were 10 m from the
center and collecting all aboveground plant matter rooted within each area.
Plant material was rinsed with deionized water, dried, and ground to a
powder using a Wiley Mill. We determined shoot nitrogen and carbon
concentrations using a Costech NA 2100 elemental analyzer.

Paired Design Grazing Experiment. During 2012 to 2017 we established 30 1-ha
sites to measure net aboveground production, standing crop, consumption,
and shoot nutrient concentration. We did not monitor each site every year
(2012 to 2014, n = 2; 2015 to 2016, n = 22; and 2017, n = 15). Sites were
located in areas where bison concentrated their use during spring migra-
tions, based on clusters of GPS locations.

At each site, we used a paired design of naturally grazed grassland
(treatment) and exclosed grassland (control) to measure net aboveground
production, grazing intensity, standing crop, and plant nutrients. We made
measurements using established methods (29, 36-38). For controls, we
placed 3 semipermanent 9-m? fenced exclosures at each site. We set up
semipermanent exclosures as snow receded during the first year each site
was monitored. Semipermanent exclosures were in place for between 1 and
3y. Each semipermanent exclosure included two 0.5-m? plots that were used
to measure vegetation conditions. For treatments, we set up 6 temporary
exclosures paired with one or two 0.5-m? plots as snow melted. We ran-
domly relocated these exclosures and plots monthly through the growing
season. Temporary exclosures were 2.25 m? and protected a 0.5-m? plot.
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Shoot biomass was measured in all plots (semipermanent exclosure, tem-
porary exclosure, and unprotected) at the beginning and end of each
monthly monitoring period using the canopy intercept method (39). We
collected plant tissue samples from all plots throughout the year by ran-
domly selecting a 300-cm? circular area and collecting all aboveground plant
matter rooted within the area. Plant material was rinsed with deionized
water, dried, and ground to a powder using a Wiley Mill. Shoot nitrogen and
carbon concentrations were determined using a Costech NA 2100 elemental
analyzer. We calculated net aboveground production, consumption, and
grazing intensity from monthly shoot biomass measurements (S/ Appendix,
Text S3). We compared standing crop and shoot nutrients across 3 levels of
grazing intensity: low (e.g., lower quartile: grazing intensity <11%), mod-
erate (inner quartile: grazing intensity 12-40%), and high (upper quartile:
grazing intensity >41%); and 6 equally spaced Julian date intervals: 108-139,
140-169, 170-199, 200-229, 230-259, and 260-289. We used pairwise,
2-sided t tests to identify significant differences between grazed and
ungrazed conditions at the 0.05 significance level. Across sites and years, we
compared n = 63 (low), n = 130 (moderate), and n = 78 (high) paired plots.

Functional Regression Analysis of NDVI. We used functional data analysis (30,
40) to test if bison grazing was capable of modifying broad-scale patterns of
the green wave. Functional analysis is a multivariate statistical approach that
allows one to describe how the NDVI curve varies across the entire growing
season rather than evaluating single growing-season parameters that are
often highly correlated. We generated NDVI curves for 25- to 30-ha areas
encompassing each 1-ha grazing experiment site (grazing exclosures occu-
pied <0.01% of total analysis area) each year, which served as our functional
response variable (S/ Appendix, Text S4). We related variation in the topol-
ogy of NDVI curves to bison grazing intensity (S Appendix, Text S5) and
other factors known to be important climatic and landscape (S/ Appendix,
Text S6) controls of plant phenology.

All analyses were natively programmed in Program R. We complied with all
relevant ethical regulations, including animal capture and handling protocols
reviewed by the National Park Service IACUC Committee.

Data Availability Statement. The data reported in this article have been de-
posited in Dryad Digital Repository (DOI: 10.5061/dryad.prrdxgxgz) (41).
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