Supplementary Materials
Supplementary Figures
Fig. S1. (A) Distribution of 84 study sites within the “Whittaker biomes” defined by mean
annual temperature and precipitation. Shading of each dot indicates the magnitude of
change in peak NDVI from 1986-2020. (B) Distribution of study sites by continent, with
the shading of each dot indicating whether the long-term trend in NDVI was significantly

positive or negative, or non-significant (see also Fig. 1).

10

11

12

13

14

15

16

Whittaker biomes Maximum NDVI slope
Tundra I 0.0075
Boreal forest 0.0050
4000 | -
0.0025
Temperate seasonal forest
. Temperate rain forest 0.0000
. Tropical rain forest -0.0025
I Tropical seasonal forestsavanna
3000 - Subtropical desert
T Temperate grassland/desert
E I Woodland/shrubland
c
2
I
‘@ 2000
5]
14
o
1000 (©) increasing NDVI - 1984-2020
(©) declining NDVI - 1984-2020
. no change
0

Temperature (°C)



17

18

19

20

21

22

23

24

25

26

27

28

Fig. S2. Factors associated with changing peak NDVI by continent. Principle
components for the factors driving changes in peak NDVI, with increasing NDVI most
closely associated with longer growing seasons, increases in temperature and
precipitation and high species richness per site. Sites with declining NDVI were most
pronounced in arid sites of Australia, Asia, and South America. Loading matrices,

significance tests for the component axes, and factor correlations are presented in Fig.

S3.
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Fig. S3. Principle components details for Figure S2, showing alignment of

changing NDVI with major factors identified by model simplification. (A) Only the

1st axis was significant (Bartlett’s test) relating to (B) significant positive (red)

associations among shifts in maximum NDVI, temperature, precipitation, and growing

season and negative (blue) association with aridity. Loadings for axis 1 positively

associated with European sites including Arctic locations, and negatively associated

with arid sites in Asia, Australia, and South America. Loadings for axis 2 are shaped in

large part by the African sites (e.g., Serengeti grasslands) having the largest levels of

species richness.

A Axis Eigenvalue % explained Cumulative%  Chi-square DF p
1 2.018 34 34 56.1 14.8 <0.0001
2 1.097 18 52 11.9 11.9 0.06
3 0.967 16 68 8.0 8.01 0.08
4 0.819 13 81 4.7 4.7 0.10
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Fig. S4. Lack of overall global phenological trend (linear regression; F1,83=0.95, p =

0.33) in the site-specific relationship between changes (slope of the temporal trend

starting from 1986) in start-of-season emergence, and the onset of end-of-season

senescence. Our highest latitude site (Svalbard, Norway) was an extreme outlier and

thus excluded from the analysis.
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Fig. S5. Relationship between the slopes of annual warming and precipitation

change since the mid-1980s. All sites have a positive slope in temperature change

(i.e., all sites are warming), whereas only 49% of sites are getting wetter. The sites that

have become the driest since 1986 (based on reductions in annual precipitation) come

from both the Northern and Southern Hemispheres, occurring in California and Australia

respectively. Although warmer air can sometimes be associated with wetter conditions

(e.g., greater snowfall in a warming Arctic), we do not see this as a global trend given

that many sites are warming but getting drier.
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Fig. S6. Trends in annual warming from 1986-2020 for global grasslands, by (A)
mean annual temperature with the greatest rates of increase in areas with the coldest
baseline MATs (e.g., European Arctic and montane steppe grasslands of Asia; F1,83=
16.2, p <0.0001) and by (B) latitude with the greatest rates of increase in the Northern
Hemisphere (logged fit: F1,83= 38.7, p <0.0001). Fitted lines derived from linear

regression.
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Fig. S7. Relationship between the slope of changing site-level NDVI (decreasing
[yellow] or increasing [green], and two factors relating to potential evapotranspiration
(PET): slope of the change in site level PET from 1986-2020 (left) and the baseline
aridity index by site based on the ratio between annual precipitation to annual PET
(right). Relationships were tested with linear regression, with trend line only shown for
the significant fit (right). Sites with precipitation<PET are classified as “arid grasslands”
and sites with precipitation>PET are classified as “mesic grasslands”. There was no
relationship between changes in PET and changes in site-level NDVI (F1,83 = 0.21, p =
0.64). In contrast, baseline levels of aridity were able to predict changes in NDVI (F1,83 =
7.04, p = 0.0096), with the sites receiving more annual precipitation having the highest
increases in NDVI. In total 59 of our 84 sites were arid, but less than 50% of these
showed negative temporal trend lines in NDVI over time (right panel). That is to say, not

all arid sites had NDVI declines.
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Fig. S8. Trends in spring warming by latitude for global grasslands. There was no

overall trend by latitude based on linear regression (F1,83=0.15; p = 0.69), but the range

of vernal temperature shifts was wider in the Northern Hemisphere including 14 sites

showing cooling.
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Fig. S9. Testing of relative explanatory power of major factors influencing change
in NDVI as shown in Table 1, using “effect leverage plots” that allow the two-
dimensional linear X-Y depiction of multi-factor higher-order statistical interactions.
These leverage plots depict the influence of adding an explanatory factor to the
model, given the other factors already in the model. As shown in Table 1 and Fig. 2,
most of the influence on NDVI change derives from changes in Growing Season
Length (the slope of GSL [“GSL_slope”]) and its interaction with warming since the
1980s (“OverallTemp_slope”). The influence of species richness is significant when
interacting with growing season length and warming, compared to its effect alone
(see also Fig. 2). “Logworth” are -log transformations of each factor’s p-value, which

illustrates the degree of difference in importance between the model factors.

Source Logworth PValue
GSL_slope 8.905 | 0.00000
GSL slope*OverallTemp_slope 3.647 0.00023
OverallTemp_slope 1.773 0.01685
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Fig. S10. Relationship between year of observation and (left) harvested live peak
biomass plot* and (right) estimated peak biomass based on NDVI. Data are pooled
for all sites globally. Live peak biomass derives from sites with three or more years of
harvest, and are the same data used to test the NDVI-based estimates of live
aboveground peak biomass (Fig 4). These data demonstrate a significant increase in
plot-level biomass with time (F1,545=4.1; p=0.04). NDVI data also demonstrate a
significant increase among sites over time (F1,442=15.1; p<0.0001). Shaded areas are
the confidence curves for the fitted trend lines, based on best-fit linear regressions.
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156 Fig. S11. Frequency distribution of major abiotic and biotic factors among the 84
157 sites.
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Fig. S12. Depiction of a Nutnet site viewed from Google Earth, where the locations
of the 5 x 5 m plots can be easily seen. We located our 30 m circular NDVI plot at least
50 m away from the Nutnet plots to ensure that they did not overlap with the Nutnet
treatments or with changes in vegetation such as tree canopy cover. The 30 m circular
plot was used to collect all remotely sensed data starting no earlier than 1986 and
extending to 2020 (depending on the site). The locations of both areas were non-
randomly positioned in grassland that was homogenous in plant cover, topography, and
soil type. The NDVI plot location was determined visually/manually using the satellite
images, with consultation with each site principal investigator. The circular plot was
placed close enough to represent the same grassland community as the Nutnet plots,
but far enough away to avoid any disturbance that might be associated with Nutnet data
collection (e.g., trampling damage). We used plot-specific spatial coordinates measured
with a hand-held GPS (red star) to test potential locational errors (easting and northing)

that can occur with Google Earth coordinates (blue star). Photo source: Google Earth
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Fig S13. Depiction of NDVI data for a typical site (here, from central California) for
1982-2020. Because data were typically unavailable or sparse for 1982-1985, we only
used data starting in 1986 at this site. Trends lines are the individual year-site
combination splines, from which the fitted NDVI values (red, green, and blue dots) were
extracted. The open circles are the actual NDVI readings, and the black line is the fitted
NDVI spline from which phenological dates were extracted. Values below green-up and

senescence are winter ‘trough’ periods.
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199 Supplementary Tables

200
201 Table S1: List of sites used in the study, sorted by latitude (Lat) and including
202 elevation above sea level (Elev), mean annual precipitation (1970-2020) (MAP), mean
203 annual temperature (1970-2020) (MAT), the number of species per site (“species
204 richness”) including the mean percentage (0-100%) of non-native exotic species, and
205 whether the site is arid (PET>annual precipitation) or mesic (PET<precipitation). Two
206 sites** were excluded from the main analysis due to extreme outliers (see
207 Supplemental Methods for details). Additional site information can be found at
208 www.nutnet.org

Site code Continent Lat Elev MAP MAT  Species % Aridity

(m) (mm) (°C) richness exotic

potrok South America  -51.9 150 249 6.6 34 0 arid

spv South America  -42.6 70 216 131 22 30 arid

bari South America  -41.0 786 787 8.7 40 50 arid

derr Australia -37.8 38 565 14.7 19 50 arid

marc South America  -37.7 6 907 14.3 65 26 arid

bogong Australia -36.8 1760 1678 5.9 42 10 arid

nilla Australia -36.8 280 947 13.7 24 65 arid

chilcas South America  -36.2 15 955 15.0 99 24 arid

kiny Australia -36.2 90 408 155 114 51 arid

yarra Australia -33.6 19 844 17.3 31 68 arid

ping Australia -32.4 338 456 16.2 23 77 arid

mtca Australia -31.7 285 324 17.7 67 33 arid

summ Africa -29.8 679 944 18.4 105 0 arid

ukul Africa -29.6 843 832 17.6 176 6 arid

gilb Africa -29.2 1748 943 141 74 0 arid

burrawan Australia -27.7 425 643 18.2 43 23 arid

14
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Table S2: Model output testing factors associated with grazing. List of top factors
detected in association with changing peak NDVI, among 46 grasslands globally with
installed grazing exclosures (see Methods). Factors including the slope of the change in
growing season length (GSL), the slope of the change in temperature (Temperature),
slope of the change in precipitation (Precipitation), and levels of nitrogen deposition (N)
by site 2014-2016 (N). Grazing refers to log response ratios between biomass inside
exclosures versus outside exclosures at each of 46 sites where exclosures were
constructed. Parameter estimates and standard errors refer to standardized input
variables. Model values are weighted regressions using the inverse of the standard
error of the slopes, (i.e. slopes with smaller standard error get a bigger weight, with

lower standard error a smaller weight — e.g. Seabloom et al.”®).

Factor Estimate Standard Z value p
Error
Intercept 0.0016 0.0002 7.34 <0.001
GSL 0.0024 0.0005 4.80 <0.001
GSL*Temperature -0.0007 0.00011 0.65 0.51
N 0.0003 0.0005 0.57 0.57
Elevation -0.0003 0.0006 0.54 0.59
Grazing*Precipitation -0.0005 0.0012 0.42 0.67
% Exotic Plant Richness -0.0002 0.0005 0.42 0.68
Precipitation -0.0002 0.0006 0.41 0.68
Temperature 0.0001 0.0003 0.40 0.69
Aridity*Temperature -0.0003 0.0009 0.38 0.70
Aridity -0.0001 0.0002 0.25 0.82

18




237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

GSL*Species Richness 0.0002 0.0007 0.23 0.82
Temperature*Species Richness | 0.00001 0.0005 0.23 0.82
Species Richness 0.00000 0.0002 0.05 0.96
Grazing 0.00000 0.0002 0.01 0.99
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Table S3: Analysis of community-level trait indices on shifts in maximum NDVI.

None are significantly associated with shifting site-level biomass, despite these traits

being generally associated with the production of aboveground plant biomass (e.g.,

specific leaf area (SLA), Leaf N and P, and plant height. FD = functional diversity and

CWM = community weighted mean, following van der Plas et al. 20203%". These traits

measures are non-temporal composite values, derived from the site-level species lists

at each site. Those lists derived from 30 randomly located 1 m? plots per site.

Term Estimate Std Error T ratio Prob >t
Leaf P (FD) 0.002 0.001 1.8 0.07
Leaf C (CWM) 0.00003 0.00003 1.2 0.25
SLA (CWM) 0.00009 0.00008 1.1 0.3
Height (FD) 0.0006 0.001 0.5 0.6
Leaf P (CWM)  0.0002 0.0008 0.2 0.8
Leaf C (FD) 0.0003 0.002 0.2 0.9
Leaf N (FD) -0.001 0.001 -0.12 0.9
Height (CWM)  -0.0009 0.002 -0.5 0.63
Leaf N (CWM) -0.0001 0.000009 -1.1 0.28
SLA (FD) -0.02 0.001 -1.7 0.1
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272 Table S4. Model output for residual analysis, testing factors associated with

273 estimation bias between remote-sensed NDVI and field-measured live
274 aboveground biomass (Fig. 4). “Latitude” is the cosine of latitude, as this more
275 accurately represents the curvature of Earth’s surface. For this entire model, the multiple
276 R-squared = 0.67 (F453=26.81, p <0.0001). The residual analysis strictly for NDVI with live
277 biomass, with no additional factors had a smaller R? of 0.52. The residual analysis for NDVI
278 with live biomass, with the addition of latitude and elevation (without species richness)
279 increased the R? to 0.63 (an increase in accuracy of 21%). Adding species richness, as
280 shown here, had a smaller increase in precision, increasing the R?from 0.63 to 0.67.
281
Factor Estimate Standard Error t value p
(intercept) 3.31 0.58 5.74 <0.0001
NDVI 3.1 0.38 8.23 <0.0001
Latitude 0.58 0.2 3.02 0.004
Elevation -0.11 0.04 -2.82 0.007
Species richness 0.28 0.11 2.5 0.015
282
283
284
285
286
287
288
289
290
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291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

Table S5: List of 8 sites used in the study, sorted by latitude (Lat) and including

relative accuracy, implemented as root mean square error (RMSE), between the

positions of the plot centers logged from the handheld GPS and from Google Earth Pro

imagery (Fig. S10). RMSE was calculated as the geodesic distance errors between the

latitudes (RMSELat), the longitudes (RMSELon), and the combined horizontal errors at

95% confidence (RMSEgs).

Site code Continent Lat RMSE._at RMSELon RMSEss
mcla North America 38.8 1.25 0.71 2.82
hopl North America 39 0.81 0.37 1.75
bnch North America 44 .2 0.43 0.45 1.23
msum North America 46.8 0.6 2.41 4.87
hero Europe 51.4 0.45 0.17 0.95
nap North America 504 2.58 2.74 7.38
lac North America 50.8 2.01 0.84 4.26
kilp Europe 69 0.74 0.55 1.8

The georeferencing accuracy of Google Earth Pro imagery is variable and not reported

by Google so we used the GPS logs of plot centers as reference points for calculating

agreement between the plot positions from both data sources as follows:

In this equation:

mn
RMSE,

i1

1 e
o Z[yi Ui)*
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307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

RMSE is the root mean square error
n is the number of observations
yi is the GPS Latitude

yi-hat is the Google Earth Pro Latitude

This equation calculates the square of the difference between the observed and
predicted values, sums these squared differences, divides by the number of
observations, and then takes the square root. The result is the RMSE between the

latitude values for plot centers.

In this equation:

RMSE is the root mean square error
n is the number of observations
xi is the GPS Longitude

Xi-hat IS the Google Earth Pro Longitude

The RMSE values for latitude and longitude are combined by calculating the square root

of each squared quantity. The result is multiplied by 1.96 for 95% confidence of the

relative accuracy between the GPS and Google Earth Pro positions of the plot centers.
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328

329

330

331

332

333

334

335

336

337

338

RMSE,, — 1.96 x \/ RMSE,’ + RMSE,’

For the subset of sites we evaluated for relative accuracy, the horizontal displacement is
less than the georeferencing error of Landsat imagery. It is also less than the buffer

between the nutnet plots and the Landsat plots.

All plot positions in Google Earth Pro were logged as placemarks and exported in
keyhole markup format then converted to a geopackage to store all points. The GPS
logs were stored as a comma separated values (csv) file. The geopackage and csv file
were loaded into a Jupyter notebook for analysis and processed according to the code

in GitHub.
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