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Abstract

Tracking phenological change in a regionally explicit context is a key to understanding
ecosystem status and change. The current study investigated long-term trends of satellite-
observed land surface phenology (LSP) in the 17 National Ecological Observatory Network
(NEON) domains across the conterminous United States (CONUS). Characterization of LSP
trends was based on a high temporal resolution (3-day) time series of the two-band enhanced
vegetation index (EVI2) derived from a long-term data record (LTDR) of the Advanced Very
High Resolution Radiometer (AVHRR) and the Moderate Resolution Imaging Spectroradiometer
(MODIS). We identified significant trend patterns in LSP and their seasonal climate and land
use / land cover drivers for each NEON domain. Key findings include: (1) the start of season
(SOS) predominantly shifted later in 13 out of 17 domains (24.3% of CONUS by area) due
potentially to both a lack of spring warming in the eastern U.S. and changes in agronomic
practices over agricultural lands; (2) the end of season (EOS) became predominantly later in 9
domains dominated by natural vegetation (14.1% of CONUS by area) in response to widespread
warming in autumn; (3) the EOS predominantly shifted earlier in 3 domains (10.6% of CONUS
by area) over primarily agricultural lands as potentially affected by changes in crop growth
cycles; and (4) earlier shift in the SOS was mostly found in the Northwest (3.6% of CONUS by
area) and was predominant only in the moist Pacific Northwest (27.7% of the domain by area) in
response to more pronounced spring warming in the region. The overall patterns of SOS and
EOS trends across CONUS appeared constrained by continental-scale temperature trends as
characterized by a west-east dipole and the distribution of the nation’s agricultural lands. In
addition, seasonal trend analysis revealed that most NEON domains (15/17) became

predominantly greener in part of or throughout the growing season, potentially contributed by
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both climate change induced growth increase and improved agricultural productivity. The
domain-wide LSP trends with their underlying drivers identified here provide important
contextual information for NEON science as well as for investigations within CONUS using

other distributed observatories (e.g., LTER, LTAR, FLUXNET, USA-NPN, etc.).

Keywords

CONUS:; seasonal trend analysis; vegetation phenology; climate change; land use / land cover;

Warming Hole

Introduction

Remotely-sensed land surface phenology (LSP) tracks seasonal development in the
vegetated land surface, which can be affected by climate variation, ecological disturbances, land
use / land cover changes, and other natural processes and anthropogenic activities (de Beurs and
Henebry 2004, Henebry and de Beurs 2013, Zhang 2018). Long-term observation of LSP
typically relies on coarser spatial resolution (=1 km) time series of vegetation indices (VI)
derived from reflectance data acquired by satellite sensors such as the Advanced Very High
Resolution Radiometer (AVHRR) onboard NOAA’s Polar Orbiting Environmental Satellites
since 1980s, and the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard
NASA'’s Terra and Aqua satellites since the early 2000s (Justice et al. 1986, Justice et al. 1998).
These multi-decadal observational data have provided an opportunity to examine trends of
phenological change over broad geographic regions. To identify such large-scale phenological
trends clearly is important for tracking the status of vegetated land surface and ecosystems as

influenced by changes both in climate and land use / land cover.
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Phenological change expressed as the timing shift of important phenological events (e.g.,
breaking of leaf buds or coloration of fall foliage) has been recognized as a crucial indicator of
climate change impacts on biospheric processes (Cleland et al. 2007, Morisette et al. 2009,
Chmura et al. 2019, Weltzin et al. 2020). In contrast to the sharp phenological transitions
observable in specific plants, the intrinsically mixed signals available from satellite observations
require LSP to rely on phenometrics extracted from smooth annual trajectories of VIs, such as
start of season (SOS), end of season (EOS), and growing season length (GSL) (Zhang et al.
2003, de Beurs and Henebry 2010). Studies using LSP since the 1980s have shown that a
warming global climate has generally shifted SOS earlier and EOS later, thereby extending GSL
in many regions across the extratropics (Julien and Sobrino 2009, Zhang et al. 2014, Piao et al.
2019). However, specific phenological shifts at a regional scale vary geographically with respect
to direction (earlier vs. later), magnitude (shifts in days per decade), and the statistical
significance of detected changes. Thus, it is fitting to examine regional patterns of both LSP
trends and associated climatic drivers. In addition, it is appropriate to consider non-climatic
factors such as changes in agricultural land use due to socioeconomic transitions (de Beurs and
Henebry 2004) and agricultural practices (Nguyen ef al. 2020), since anthropogenic activity can

alter LSP across large areas (White et al. 2005b, Zhang et al. 2019).

Long-term trends of vegetation phenology over the conterminous United States
(CONUS) have been investigated in previous studies, but with inconsistent findings. Reed
(2006) studied LSP based on time series of AVHRR Normalized Difference Vegetation Index
(NDVI, the difference between NIR and red reflectances divided by the sum of NIR and red
reflectances; Tucker 1979) data over North America from 1982 through 2003, and found highly

mixed trends for SOS (sporadic locations with either significant earlier or later trends), and more
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areas of significantly later EOS. Zhang et al. (2007) analyzed LSP from AVHRR NDVI data
from 1982 to 2005 and highlighted a contrast between earlier SOS in the Northeast, Mid-
Atlantic, and Upper Midwest and later SOS in the Southeast of the U.S., but also showed later
SOS in the Midwestern Corn Belt. In a recent global-scale study using AVHRR NDVI time
series for 1982-2012, Garonna ef al. (2016) showed significantly later SOS and earlier EOS in a
concentrated region in the Midwestern Corn Belt, and sporadic areas with significantly earlier
SOS or later EOS across the study area, especially in southeastern Canada and bordering U.S.
Northeast. Zhang et al. (2019) found later trends in SOS dates across croplands of the U.S.
Midwest and Northern Great Plains at the state scale, attributing two-thirds of this phenological
change between 1982-2014 to land use / land cover change. In particular, Yue ef al. (2015)
summarized previous phenological trend analyses over U.S. deciduous forests that used at least
20 years of data and clearly illustrated a disparity of results among the studies. Such
inconsistency among different studies may arise for multiple reasons, such as different
approaches to deriving phenometrics; different statistical methods used for trend extraction;
varied lengths of study periods; and inherent data uncertainties. The disparity arising from
differences of algorithms used for LSP detection and characterization was highlighted by White
et al. (2009), who showed that up to two months of difference in SOS existed in estimates using
different approaches with the same input data. In addition to cross-comparison of LSP timings
with in situ observations (Liang et al. 2011), an alternative way to constrain such uncertainties is
to establish more clearly the geographic relationships between observed LSP changes and their
underlying drivers. This approach is based on the rationale that the direction and magnitude of
LSP change in each area must be consistent with the nature and degree of changes attributable to

climate and/or land use / land cover in that area. However, we acknowledge that observed
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phenological changes may arise from the interaction of multiple factors co-occurring at different

scales in space and time.

Here we investigated LSP trends across CONUS with an emphasis on regional patterns of
change in relation to specific drivers within the spatial framework of the National Ecological
Observatory Network (NEON) domains (Schimel et al. 2007, Keller et al. 2008). Our
fundamental research question was “What are the regional-scale geographic relationships
between the spatial patterns of LSP trends and the spatial patterns of climatic and land use / land
cover changes?”. We aimed to increase understanding of the geographic coherency and
consistency of the land surface phenological trends across the study area. We utilized a newer
and improved long-term (1982-2016) time series of Enhanced Vegetation Index 2 data (EVI2;
Zhang et al. 2014) derived from both AVHRR and MODIS with reference to the NEON domains
to detect regional patterns of LSP trends. In addition to assessing interannual variations of the
commonly used phenometrics that mark only the transition points (viz., SOS, EOS, and GSL),
we employed seasonal trend analysis (STA; Eastman et al. 2009) to evaluate changes to the
shapes of annual EVI2 curves. STA complements the traditional phenometric-focused approach
and provides additional characterization of the phenological change trends. We linked the
detected phenological trend patterns with seasonal climatic variables and land use / land cover
types for each of 17 NEON domains within CONUS. By focusing on significant changes within
NEON domains, we evaluate and identify coherent geographic relationships between
phenological trends and their underlying drivers and provide important contextual information to
support the macrosystems inference intended for NEON (Keller ez al. 2008, Collinge 2018,

Knapp and Collins 2019).
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Methods and Data

Land surface phenology data

The dataset used to derive land surface phenology (LSP) was based on daily land surface
reflectances at a spatial resolution of 0.05° (~5 km at equator) from the AVHRR long-term data
record (LTDR, AVHO9C1 version 4) from 1982 to 1999 and MODIS Climate Modeling Grid
(CMG, MOD09CMG, Collection 6) from 2000 to 2016 (Zhang 2015). The two-band Enhanced
Vegetation Index (EVI2) derived from red and near-infrared reflectances was used due to its
advantages over the commonly-used NDVI in terms of higher sensitivity to dense vegetation and
lower sensitivities to soil background and non-green land surfaces during the winter (Huete ef al.
2006, Jiang et al. 2008, Rocha and Shaver 2009, Zhang et al. 2018). The three-day EVI2 time
series was constructed by selecting only good quality (based on QA ratings) data and smoothed
using Savitzky-Golay filtering to attenuate irregular EVI2 variations. More details about EVI2
time series processing are available elsewhere (Zhang et al. 2014, Zhang 2015). A hybrid
piecewise logistic model (HPLM; Zhang 2015) was applied to reconstruct the EVI2 temporal
trajectories. The rate of curvature change in the HPLM fit was used to identify the phenological
transition dates (phenometrics) marking the growing season, namely SOS and EOS. Finally,
systematic differences between AVHRR-based and MODIS-based phenological time series were
minimized using linear regression models (Liu et al. 2016). GSL was subsequently calculated as

the difference between SOS and EOS. All LSP data were cropped to the extent of CONUS.

Climate and land use/land cover data

We used the gridded climate data for CONUS from the PRISM Climate Group, Oregon

State University (http://prism.oregonstate.edu). Monthly temperature and precipitation values

from 1982 to 2016 were downloaded and the 4 km grids were resampled to 0.05° using the
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nearest neighbor method to match the resolution of LSP data. Both monthly time series and
seasonal weather variables were used in this study. For seasonal variable derivation, average
temperatures and total precipitations for winter, spring, summer, and autumn seasons were
computed for each year. Monthly data were grouped into respective seasons according to the
following order: winter—November, December, January (NDJ); spring—February, March, April
(FMA); summer—May, June, July (MJJ); and autumn—August, September, October (ASO).
This method of dividing the year into seasons is one month offset from the typical
meteorological seasons (viz., spring—March, April, May (MAM), etc.) because plant phenology
in the extratropics primarily responds to prior weather conditions (Liang 2019). For CONUS,
weather in February is typically more influential on SOS timing than weather in May; likewise,
weather in August is more important to EOS timing than weather in November. The winter and
spring variables are more relevant to SOS, and the summer and autumn variables to EOS. For
land cover information, we used the MODIS/Terra+Aqua Land Cover Type CMG 0.05° product
(MCD12C1, Collection 6) for 2016 and associated the classes of the International Geosphere-

Biosphere Programme (IGBP) land cover scheme with the detected LSP trends.

Trend analysis

We detected trends in SOS, EOS, and GSL time series from 1982-2016 using the non-
parametric Theil-Sen median slope estimator (Hoaglin ez al. 2000). For every pixel, slopes of all
pairwise combinations of phenometric dates from all years were computed, and their median
value was used to estimate a rate of change. The Theil-Sen median trend test has a breakdown
bound and rejects interannual trends shorter than 29% of the time series length; therefore, it is
insensitive to shorter interannual variation but reveals trends over a longer period. This

robustness may help address the effect of an apparent slowing-down (hiatus) of global warming
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between 1998-2012 (Medhaug et al. 2017, Wang et al. 2019). We used the TerrSet Earth Trend
Modeler developed by Clark Labs (Eastman et al. 2009) to perform the analyses and produced
images of median trends along with their p-values (using the contextual Mann-Kendall test) over
the study area for SOS, EOS, and GSL. We used the same approach to detect long-term trends
in seasonal temperature and precipitation variables, producing trend and p-value maps for each
variable. All trends were scaled from annual values to decadal values (i.e., by multiplying by 10)
and reported as means (+ one standard deviation)/decade in the appropriate units. For instance,

SOS trends were expressed in days/decade and temperature trends in °C/decade.

For a complementary analysis of trends, we employed the seasonal trend analysis (STA)
tool within the Earth Trend Modeler. STA is based on detection of the within-year seasonal
cycles; therefore, the three-day EVI2 time series was used instead of the annual time series of
phenometrics. Each year of data was first submitted to a harmonic regression to produce five
shape parameters based on sine functions, which characterize the seasonal cycles of that year at
each specific location/pixel. The five shape parameters are: (1) Amplitude 0, the annual mean
EVI2 value; (2) Amplitude 1, the amplitude of the annual cycle; (3) Amplitude 2, the amplitude
of a semiannual cycle; (4) Phase 1, the location (in phase angle) of the beginning of the series on
the annual cycle; and (5) Phase 2, the location of the beginning of series on a semiannual cycle.
A Theil-Sen median trend analysis was then run on each shape parameter time series over the
study period. The resultant trend images for the five shape parameters along with the

corresponding p-value maps were then evaluated separately.

We also assessed the impact of seasonal temperature and precipitation on the
phenometrics using partial correlation analysis. Partial correlation measured the association

between a phenometric and a seasonal climate variable when the effects of other variables were
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removed. For SOS, prior winter (NDJ) temperature and precipitation, and spring (FMA)
temperature and precipitation were used as predictor variables. For EOS, prior summer (MJJ)
temperature and precipitation, and autumn (ASO) temperature and precipitation were used. A
partial correlation map was produced for each pair of phenometric and climate variable. We
computed the p-values of the partial correlation coefficients for each map following a Clark Labs
support article (https://forums.clarklabs.org/hc/en-us/articles/207103527-Procedures-for-Testing-

the-Significance-of-a-Linear-Model-using-ETM).

Regional analysis of the detected trends

The detected trends were subsequently analyzed and reported by the 17 NEON domains
that partition CONUS (Table 1, Figure 1). To facilitate areal comparisons, all trend images were
projected to an Albers Equal Area Conic coordinate system. We focused on the statistically
significant (p<0.05) trends and evaluated their directions, percentage areas, and magnitudes in
each NEON domain. Specifically, zonal statistics were computed for the significant trends in the
three phenometrics (SOS, EOS, and GSL), the five harmonic-regression-based shape parameters
(Amplitude 0, Amplitude 1, Amplitude 2, Phase 1, and Phase 2), and the seasonal climatic

variables for every NEON domain within CONUS.

To evaluate the predominance of the direction of a trend within a region, we calculated an
asymmetry ratio (AR) of the area of a significant negative trend to the area of the significant
positive trend (Tomaszewska and Henebry 2018, Tomaszewska et al. 2020) for each variable.
We set two thresholds to interpret the AR values: if the AR value was greater than 2.0 (or less
than 0.5), it indicated that there was a predominant significant negative (or positive) trend
associated with a given variable within the domain of interest. An AR value between 0.5 and 2.0

can be interpreted as indicating mixed or neutral trends, including the occurrence of expected

10
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randomly distributed false positives and negatives. Further, to evaluate the degree of variation in
trend magnitudes, we calculated coefficients of variation (CV, calculated as 100xstandard

deviation/mean, in %) for each NEON domain and over the entire CONUS.

In addition, STA allowed for simulation of the annual EVI2 curves at the beginning and
the end of the study period based on the detected trends of the five harmonic regression
parameters. We produced a reconstructed EVI2 curve for the beginning two years (1982-1983)
and another curve for the ending two years (2015-2016) of the study period to show changes for
each NEON domain. We further identified the primary land use / land cover types of the areas
with significant trends in the phenometrics and harmonic regression parameters in reference to
the 2016 MODIS IGBP land cover classes. Finally, we employed the same zonal statistics
approach to assess the different directions and degrees of partial correlations between
phenometrics and seasonal climate variables by NEON domains. The AR analysis was also

applied to evaluate the predominant directionality of the partial correlations.

Results

Overview
Different NEON domains exhibited various directions, magnitudes, and prevalence of

trends in the three phenometrics: SOS (Figure 1a), EOS (Figure 1b), and GSL (Figure 1¢). Areal
percentages of significant (p<0.05) trends with summary statistics of their magnitudes with
respect to NEON domains are provided in Table 1 for SOS, Table 2 for EOS, and Table 3 for
GSL. A pairwise visualization of the directions and areal percentages of predominant (AR<0.5
or AR>2) significant (p<0.05) changes in the phenometrics serves as a summary of the
phenological changes in different NEON domains (Figure 2). Significant (p<0.05) partial
correlations of the seasonal climatic variables with SOS / EOS (Figure S1, in the Appendix S1)

11
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and the significant (p<0.05) trends in the seasonal climatic variables (Figure S2) demonstrated
spatial variations that are coherent with those of the phenological trends (details to follow).
Predominant partial correlations between SOS / EOS and seasonal climatic variables and trends
(directions and areal percentages) in seasonal climatic variables by NEON domains are
summarized in the bivariate charts in Figures 3 and 4, respectively. Detailed statistics of the
partial correlations between SOS/EOS and climatic variables and seasonal climatic trends by
NEON domains are available in supplemental tables (Tables S1-S16, Appendix S1). Land use/
land cover areal percentage contributions to predominant trends in phenometrics by NEON
domains further revealed potential underlying causes of phenological changes, especially in
relation to agriculture (Figure 5). Detailed statistics of the contributions of land use / land cover
to significant trends in the phenometrics by NEON domains are available in supplemental Tables
S17-S19. The areal percentage contributions of respective land use / land cover types to the

predominant changes in phenometrics across CONUS are provided in Table 4.

Trends in harmonic regression parameters showed additional details of the regional
patterns of phenological change (Figure 6, Tables S20-S29). Units for the magnitudes of trends
in the harmonic regression parameters, such as EVI2 ratio/decade for annual mean EVI2
(Amplitude 0), annual amplitude (Amplitude 1) and semiannual amplitude (Amplitude 2)
and °/decade for annual phase (Phase 1) and semiannual phase (Phase 2), do not carry direct
biophysical interpretations, but rather indicate changes in seasonal vegetation indirectly.
Therefore, we focus on reporting the directions of the trends in the harmonic regression
parameters. Increased EVI2 values and amplitudes are generally associated with increases in
land surface greenness and productivity. Changes in the phase parameters reflect shifts in the

sinusoidal curves used to simulate EVI2 annual trajectories over the study period. A positive

12
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trend in phase angles generally indicates an earlier shift of growing season / cycle (annual or
semiannual) and a negative trend a later shift of growing season / cycle. In addition to regional
patterns of the trends in respective parameters, reconstructed annual EVI2 curves at the
beginning and the end of the study period (1982-2016) demonstrated overall trends of the entire

growing seasons averaged across each NEON domain (Figure 7).

Below we emphasize the continental scale trends across the NEON domains and over the
entire CONUS. The specific results with respect to each NEON domain are provided in
Appendix S1, which also contains the supplemental tables and figures. In the appendix, the
results and discussion for the NEON domain 1 (Northeast) is covered in more detail to set up the
template for subsequent domains. However, the remaining domains are described more
concisely, focusing on the significant, predominant, and widespread trends and relationships,
while the full details for each domain are available in the corresponding figures and tables. For
readers who would like to explore detailed domain-specific patterns, please refer to the Appendix
S1 and associated raster layers of analysis results in the Data S1 and Data S2. Unless otherwise
noted, all trends and correlations reported in the main text and the supplemental document are

statistically significant (p<0.05).

Overall domain-level patterns in phenometrics
SOS has become predominantly later by varied areal extents in most NEON domains,

except for Northern Rockies (12), Great Basin (15), and Pacific Southwest (17) where significant
trends did not display a predominant pattern, and for Pacific Northwest (16) where SOS has
become predominantly earlier (Table 1, Figures 1a and 2a). EOS became predominantly later in
nine domains (1-3, 5, 8, 11-14), and earlier in three domains: Prairie Peninsula (6), Central Plains

(10) and Atlantic Neotropical (4), with the remaining five domains showed no predominance in
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significant trends (Table 2, Figures 1b and 2b). Accordingly, for the eleven domains with
predominant significant trends found in both spring and autumn phenometrics, eight (1-3, 5, 8,
11, 13, 14) occurred later in both SOS and EOS, and three (4, 6, 10) occurred later in SOS and
earlier in EOS (Figure 2¢). The remaining six NEON domains (7, 9, 12, 15-17) exhibited a

predominant significant trend in one of the phenometrics or neither.

Consequently, GSL predominantly shortened in eleven domains (2-6, 8-11, 14, 15) in
varied areal percentages (Table 3, Figures Ic, 2a and 2b). In Prairie Peninsula (6), Central Plains
(10) and Atlantic Neotropical (4), this shortening trend clearly corresponded with later SOS and
earlier EOS. Among other domains with predominant trends of shortened GSL, four scenarios
can be identified (Tables 1-3, Figures 2a and 2b). First, a pattern of more later/later, in which
both SOS and EOS occurred predominantly later but the area of later SOS surpassed that of later
EOS, appeared in five domains: Mid Atlantic (2), Southeast (3), Ozarks Complex (8), Southern
Plains (11), and Desert Southwest (14). The second pattern /ot later/little later appeared only in
Great Lakes (5), where both SOS and EOS occurred predominantly later and the area of later
SOS (19.0%) was slightly smaller than that of later EOS (23.4%), but the magnitudes of later
SOS (5+4 days/decade) were greater than that of later EOS (342 days/decade). A third pattern
later/mixed was found in Northern Plains (9), where SOS occurred predominantly later, but EOS
showed mixed opposing trends of earliness (11.9%, -5+6 days/decade) and lateness (12.8%, 5+6
days/decade). A fourth pattern mixed/lot earlier was found in Great Basin (15): SOS trends were
mixed but earlier in more areas (12.1%, -4+3 days/decade vs. 6.2%, 5+4 days/decade) and EOS
occurred both later (16.8%, 5+4 days/decade) and earlier (13.3%, -10+6 days/decade) but the

magnitudes of EOS becoming earlier were double those of other significant trends. Finally, GSL
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became predominantly longer only in two domains on opposite coasts: Northeast (1) and Pacific

Northwest (16).

Climate associations with SOS and EOS and trends in the seasonal climate variables also
varied across NEON domains (Figures 3, 4, S1, and S2). Winter temperatures mostly showed
few or non-predominant partial correlations with SOS at the domain scale (Figure 3a) but
increased predominantly over large extents in most western domains (Figure 4a). Spring
temperatures were predominantly negatively correlated with SOS (warmer spring=»earlier SOS)
in most domains except Pacific Southwest (17) and Desert Southwest (14) (Figure 3a). Spring
temperatures predominantly increased in most western domains (10-17) but only slightly (1%) in
Southeast (3) and it either decreased or was not predominant in other eastern domains (1-2, 4-9)
(Figure 4a). Across all domains, winter precipitation showed few (smaller percentage areas) or
no predominant partial correlations with SOS (Figure 3c), and few or no predominant significant
changes during the study period (Figure 4c). Spring precipitation increased extensively in Great
Lakes (5) and decreased extensively in Southern Rockies (13) and Desert Southwest (14) (Figure
4c). Among these three domains with more extensive changes, spring precipitation was
predominantly positively correlated with SOS (more precipitation=>later SOS) in Great Lakes
(5), but negatively correlated with SOS (more precipitation=»earlier SOS) in Southern Rockies
(13) and Desert Southwest (14, Figure 3c). Predominant negative correlations between summer
temperatures and EOS were more extensive in Northeast (1) and Great Lakes (5); predominant
positive correlations appeared in Southern Rockies (13) and Southeast (3); other domains
showed relatively small areas of partial correlations or no areal predominance (Figure 3b).
Majority of the domains (1-3, 5, 7, 8, 11, 13, 15) showed predominant positive correlations of

autumn temperatures with EOS, whereas Prairie Peninsula (6), Northern Plains (9), and Pacific
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Northwest (16) showed negative correlations. Five other domains (4, 10, 12, 14, 17) showed no
predominant significant correlations of EOS with autumn temperatures. A near dual trend of
increased summer and autumn temperatures is evident across nearly every domain (Figure 4b).
The sole exception is Northern Plains (9) where summer temperatures predominantly decreased
in a small area of the domain. Partial correlations of EOS with summer precipitation exhibited
more complicated patterns; and partial correlations of EOS with autumn precipitation showed
positive correlations in all eastern and plains domains (1-11) and no predominant correlations in
all western domains (12-17) (Figure 3d). Summer precipitation increased in all eastern and
plains domains (1-11), as well as slightly in Desert Southwest (14), but decreased in the other
western domains (12, 13, 15-17) (Figure 4d). Autumn precipitation mostly increased in the
eastern domains along the Atlantic Coast (1-4, 7), Northern and Central Plains (9,10), and Pacific
Northwest (16), but decreased over relatively large areas in Southern Rockies (13) and Desert

Southwest (14).

Predominant trends in phenometrics were associated with either croplands or various
natural vegetation cover types, depending on the domain (Figure 5). The contribution of
croplands to the significant changes in phenometrics was centered around Prairie Peninsula (6)
and extending to neighboring domains. Majority of the predominantly significant trends in all
three phenometrics in Prairie Peninsula (6) occurred in croplands. In addition, croplands
contributed substantially to predominantly significant SOS trends (Figure 5a) in Great Lakes (5),
Appalachians / Cumberland Plateau (7), Ozark Complex (8), Northern Plains (9), and Central
Plains (10), to predominantly significant EOS trends (Figure 5b) in Central Plains (10), and to
predominant significant GSL trends (Figure 5¢) in Great Lakes (5), Mid Atlantic (2), Ozark

Complex (8), Southeast (3), Northern Plains (9), and Central Plains (10).
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CONUS-level patterns in phenometrics
Across CONUS, later trends in SOS (745 days/decade, Table 1) were predominantly

significant (24.3%) over earlier trends (3.6%; -5+4 days/decade). Later occurrences of SOS
were mainly found over croplands (35.9%) and grasslands (33.4%) in central and eastern parts of
CONUS; while earlier occurrences of SOS were more concentrated over natural vegetation
covers (grasslands=45.2% and evergreen needleleaf forests =22.0%) in the northwestern
CONUS (Figures 1a and 2a, Table 4). In both winter and spring, significant temperature
increases occurred (13.0%, 0.60+0.21°C/decade and 7.2%, 0.50+0.14°C/decade, respectively)
primarily in the western CONUS (Figures 4a, S2a, Tables S2 and S6). Spring temperature was
the only climatic variable that showed widespread (24.2%) and significant (negative) correlations
with SOS across most part of CONUS, except the desert southwest (Figures 3 and S1, Tables S1,
S3, S5, and S7). Although mixed in direction and minimal in area at the scale of CONUS,
negative correlations of spring precipitation with SOS (increased spring precipitation=» earlier
SOS) were common in the desert southwest (Figures 3c and S1d, Table S7), where significant
decreases in spring precipitation also occurred more than anywhere else (Figures 4c and S2d,

Table S8).

EOS occurred both earlier (-7+5 days/decade, 10.6%) and later (5+3 days/decade, 14.1%)
in various parts of CONUS (Figure 1b, Table 2). Earlier occurrences of EOS appeared mostly
over croplands (66.8%) and grasslands (23.3%, Table 4) and appeared to be concentrated in the
farmlands of the Midwest and a portion of the Great Basin. In contrast, later EOS occurred
mainly over natural vegetation covers such as grasslands (36.7%) and woody savannas (22.7%).
Summer and autumn temperatures both increased widely (0.39+0.12°C/decade, 24.9%;
0.40+0.12°C/decade, 35.8%, respectively) across CONUS, except a large region centered in the

Midwest (Figures S2e and S2g, Tables S10 and S14). In addition, temperature increases in both
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summer and autumn were greater in magnitudes in the West compared to the East, with more
areas in the West showing increased trends of >0.5°C/decade. Summer precipitation exhibited
predominantly significant increases (33+8 mm/decade, 6.3%) in the northeastern and midwestern
CONUS, but decreased in small patches (1.0%) in the West (Figure S2f, Table S12). Similarly,
autumn precipitation predominantly increased (29412 mm/decade) in central and eastern
CONUS (5.2%, Table S16) but decreased in small clustered areas (1.8%) in the desert southwest
(Figure S2h). Despite the trends in summer variables, no predominant or widespread
correlations were found between summer temperatures and precipitation with EOS at the
CONUS level (Tables S9 and S11). Predominantly significant positive correlations (5.3%) were
found between autumn temperature and EOS, especially in regions away from the farmlands of
the midwestern CONUS (Figure S1g, Table S13). Although restricted to small areas (3.2%),
autumn precipitation was predominantly and positively correlated with EOS (Table S15).
Finally, GSL was predominantly significantly shortened (-144+9 days/decade, 20.5%, Table 3)
over croplands (48.9%) and grasslands (37.9%) across CONUS (Table 4). Whereas, in 6.2% of
CONUS, GSL was significantly lengthened (8+6 days/decade) mainly over natural vegetation

types: grasslands (33.9%) and woody savannas (17.1%).

From an alternative perspective, evergreen needleleaf forest was the only land cover
category in which predominantly earlier significant SOS trends (61,192 km?) occurred; whereas,
in all other land cover categories predominantly later significant SOS trends occurred (Table 4).
Predominantly significant earlier EOS trends occurred most extensively in croplands (548,227
km?) and to a much lesser extent in closed shrublands (1,655 km?). Most other land cover types
exhibited predominantly later EOS trends, most extensively in grasslands (400,519 km?) and

woody savannas (247,961 km?). Predominantly significant shorter GSL trends occurred most
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extensively in croplands (776,295 km?) and grasslands (602,042 km?). In contrast,
predominantly longer GSL occurred most extensively in evergreen needleleaf forests (77,194

km?) and deciduous broadleaf forests (37,755 km?).

Change in STA across NEON domains and CONUS
Trends of significant increases were predominant in annual mean EVI2 (63.7%), annual

amplitude (51.6%), and semiannual amplitude (42.2%) across CONUS (Tables S20, S22, S24).
The increasing trends of these three parameters were particularly attributed to grasslands (45.1%,
35.8%, and 42.3%, respectively) and croplands (19.5%, 28%, and 34.1%, Tables S21, S23, S25,
respectively). Significant increases of annual mean EVI2 predominated in most domains and
particularly in the Plains domains (9-11) and Southeast (3, Figure 6a). Exceptions were clustered
regions of significant decreasing trends in the Northeast (1) and parts of the eastern and
midwestern domains (5-7, Figure 6a). Similarly, significant increases in annual amplitude were
also predominant in most NEON domains and were especially distinctive in Prairie Peninsula (6)
and the Plains domains (9-11, Figure 6¢). Areas with significant increases in semiannual
amplitude particularly mirrored the nation’s agricultural zones in Prairie Peninsula (6), Northern
Plains (9), Central Plains (10), and the Lower Mississippi River Valley within Ozarks Complex
(8) (Figure 6¢). Negative trends in annual phase angle in association with a later shift of growing
season were predominant (21.2%) over positive trends (6.8%) across CONUS (Table S26).

Areas of negative trends (later shifts) in annual phase angle were mainly in eastern CONUS with
relatively small magnitudes of change except a portion in the desert southwest, whereas,
significant positive trends (earlier shifts) were concentrated in western CONUS (Figure 6b).

Both the negative and positive trends in annual phase angles were primarily attributed to
grasslands (30.9% and 54.7%, respectively) and croplands (21.5% and 12.5%, respectively,

Table S27). The trends in semiannual phase angle were mixed at the CONUS level (Table S28),
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with negative (later shift) trends (11%) associated with croplands (34.1%) and grasslands
(22.7%) and positive (earlier shift) trends (12.5%) with grasslands (46.1%) and open shrublands
(13.1%, Table S29). A similar east-west contrast appeared in the geographic distribution of
significant trends in semiannual phase, except that higher magnitudes of negative trends were
found in the Great Plains (Figure 6d). Referencing the domain-specific reconstructed EVI2
curves, every domain exhibited increased EVI2 either within parts or throughout the growing
seasons (Figure 7). A visual comparison of the reconstructed EVI2 curves suggested that the
magnitudes of the EVI2 increases were smaller and focused during the peak of the growing
seasons in the East (1-8), but were greater in magnitude and distributed across the annual cycle

in the West (9-17)

Discussion

Across the NEON domains, specific trends in LSP phenometrics demonstrated
geographic patterns that are coupled with regional ecoclimatic characteristics, climate change
trends, and land use / land cover differences. An apparent climatic and ecological dipole
(Zuckerberg et al. 2020) between western and eastern CONUS was highlighted in our findings.
Besides the stark physiographic differences between the two broad regions, significant warming
also occurred mainly in the West but was absent in a large portion of the East, especially during
winter and spring (Figures 3 and S2). This difference in climatic trends concurs with studies
using weather records over the past century that showed a lack of warming trend in the
southeastern U.S. (e.g., Rogers 2013, Gil-Alana and Sauci 2019). In response to the more
pronounced warming in the western U.S., significantly earlier SOS was found in the humid
Northwest, especially in Pacific Northwest (16)—although the area of significant spring
temperature increase was small—and the northern part of Great Basin (15) (Figures 1a, 4a, S2a
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and S2c¢). In contrast, SOS shifted predominantly later in the drier Southwest, apparently due to
reduced spring precipitation (Figures 3¢, 4c, S1d and S2d). As the primary cover type associated
with earlier SOS in Pacific Northwest was Evergreen Needleleaf Forest, it is likely that the
observed phenological changes were contributed substantially by understory growth. The
understory vegetation may also have become more visible due to tree mortality from mountain
pine beetle and spruce budworm outbreaks in the region (Meigs ef al. 2015). The warming-
induced earlier SOS trends were more fragmented in spatial distribution and complicated by the
diverse topo-climatic landscapes and vegetation community types in Northern Rockies (12) and
Pacific Southwest (17). McCabe ef al. (2012) demonstrated a similar northwest-southeast dipole
in both the trends of modelled first leaf dates during the 1900-2008 period and the corresponding
spatial pattern of spring temperature anomalies during positive phases of El Nifio/Southern
Oscillation (ENSO) and Pacific Decadal Oscillation (PDO). Over most part of the eastern
CONUS, SOS has become predominantly later, especially in domains that overlap with the
agricultural belts of the U.S. as supported by the large portions of croplands that contributed to
the later trends in SOS (Figure 1a, Table 4). The later shift in SOS there may likely be
controlled by changes in agronomic practices, viz., cultivation of different crop varieties, changes
in tillage practices, and shifts to later-emerging crops (corn and soybean) over earlier-emerging

crops (winter wheat and oats) (cf. Zhang et al. 2019).

Similarly, trends in EOS were also influenced by both seasonal climate and land use /
land cover changes. Predominant later trends in EOS occurred primarily over natural vegetation
types with warmer autumn temperatures as the primary driver, across a number of both eastern
and western domains (1-3, 5, 8, 11, and 13, Figures 1b, 2b, 3b and 4b, Tables 2 and 4). While

earlier EOS was mostly found over croplands, especially within the agricultural lands that are
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centered in Prairie Peninsula (6), where significant autumn warming was not apparent. Instead,
the earlier EOS over agricultural lands was likely caused by earlier crop harvesting: Sacks and
Kucharik (2011) showed trends of earlier harvesting dates of both corn and soybean in the
Midwestern Corn Belt from 1981 to 2005 due to shorter dry-down time after maturity.
Therefore, both the absence of significant autumn warming and changes in crop management
practices may have contributed to earlier EOS in the agriculture-intensive domains (6, 10). In
addition, a positive relationship of later EOS with increased autumn precipitation (Figure S1h)
was predominant in every central and eastern domain (1-11), while all other domains in the west
(12-17) showed mixed relationships, albeit all in small areas (Table S15). Therefore, in addition
to warmer autumn temperatures, later EOS in certain non-agricultural domains such as Northeast
(1) and Mid Atlantic (2) may arise, in part, from increased autumn precipitation (Figures S1h and

S2h, Table S16).

Shortened GSL due to later SOS and earlier EOS in agricultural heartland of Prairie
Peninsula (6) and Central Plains (10) (Figure 1¢) matched the distribution of the similar trend
patterns found by Garonna et al. (2016). About 48.9% of the shortened GSL was associated with
croplands as constrained by later SOS and earlier EOS from changing agricultural practices
(Table 4). Only two domains—Northeast (1) and Pacific Northwest (16) exhibited
predominantly significant trends of extended GSL (Table 3). In Northeast, areas with
predominantly later EOS (14.4%, 60,875 km?) exceeded that of later SOS (5.0%, 21,200 km?),
hence the prolonged GSL was primarily caused by strong autumn warming (Figures 3b and 4b,
Tables 1 and 2). In Pacific Northwest, GSL extension corresponded with predominantly earlier
SOS (27.7%, Table 1), along with more area of later EOS (17.5%, Table 2) than earlier EOS

(10.2%), though not predominantly greater. These significant trends of extended GSL in both
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Northeast and Pacific Northwest were both associated with natural vegetation cover types (Table

S19) and were primarily caused by climate driven shifts in SOS and EOS.

The varied climatic effects on SOS and EOS respectively can be further understood in
light of the seasonality and geographic distribution of the region exhibiting no significant
warming trend in eastern CONUS, also known as the U.S. Warming Hole (Mascioli ef al. 2017,
Partridge et al. 2018). Partridge et al. (2018) showed that over the period from 1961 to 2015, the
Warming Hole—characterized by regional cooling—was persistently positioned over the
southeastern U.S. during winter (DJF) and spring (MAM), and over the midwestern U.S. during
summer (JJA) and autumn (SON). Similar regional patterns of seasonal temperature trends were
also demonstrated using monthly accumulated growing degree-days over CONUS (Kukal and
Irmak 2018). This seasonal variation of the location of the Warming Hole agrees, in part, with
the geographic patterns of seasonal temperature trends we detected over a shorter period from
1982 to 2016 (cf. Figure S2). We used a different division of months into seasons (e.g.,
FMA=spring) to account for plant phenological responses to prior weather conditions. In spite
of these differences, both our results and Partridge ef al. (2018) suggested that the winter-to-
spring Warming Hole over much of the eastern U.S. covered by natural vegetation may have
inhibited an earlier trend in spring phenology that would otherwise be anticipated as a
consequence of climatic warming. On the other hand, the summer-to-autumn Warming Hole
overlapped more with the agricultural zones in the midwestern U.S. with the effect of cooler
temperature being largely overridden by changes in agricultural practice, especially in Prairie
Peninsula (6), Central Plains (10) and the Lower Mississippi River Valley within Ozarks

Complex (8). Yet in other eastern CONUS domains covered mostly by natural vegetation (1-3,
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5, and 8), we found predominantly later EOS as expected from the effect of warmer autumn

temperatures.

Additional details of LSP change as revealed by the seasonal trend analysis (STA)
suggested an overall increase of greenness and productivity throughout the vegetated land
surfaces in CONUS over the past three decades. A recent study showed similar greenness
increases over both croplands and natural vegetation covers in Americas based on MODIS
collection 6 NDVI and EVI products (Heck ef al. 2019). The varied spatial patterns of trends
using three different amplitudes of harmonic regression curves revealed that while increases in
annual average EVI2 occurred over both natural vegetation and croplands, the increases in
annual amplitude and semiannual amplitude were more associated with croplands (Figure 6 and
Tables S21, S23, S25). Given that semiannual amplitude is a modifying factor to the annual
curves reconstructed by harmonic regression, its positive trend and geographic pattern revealed
increased growth and productivity of croplands in the domains of the agricultural heartland,
Prairie Peninsula (6), Northern Plains (9) and Central Plains (10) (Figure 6e, Figure 7). While
greening of vegetation can be generally attributed to rising temperature and CO; fertilization in
the context of global climate change (Los 2013, Zhu et al. 2016), significantly increased
productivity in the agricultural lands may be more contributed by technological improvements
and innovations (Lobell and Asner 2003, Fuglie 2007, Wang et al. 2015, Zhang et al. 2019). In
addition, the observed vegetation productivity increases in the Upper Midwest may also arise
from relatively recent land use changes, such as conversion of native grasslands and wetlands to
croplands (Johnston 2013, Wright and Wimberly 2013, Johnston 2014, Lark et al. 2015,
Johnston and MclIntyre 2019, Lark ef al. 2019). Earlier shift of annual growing cycles (increased

annual phase angles) over natural vegetation in Great Basin (15) , Pacific Northwest (16), and
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Pacific Southwest (17) (Figures 6b and 6d) appeared to correspond, in part, with earlier SOS in
those domains influenced by climate warming. Moreover, due to a lack of widespread influence
from changes of both climate and agriculture, the forested domains in the eastern CONUS, such
as Northeast (1), Mid Atlantic (2), Great Lakes (5), and Appalachians / Cumberland Plateau (7)
showed relatively smaller changes in the averaged seasonal EVI2 profiles in comparison to other
domains (Figure 7). The slight increases of greenness during the peaks of growing seasons in
these largely forested domains may be partly explained by increased summer precipitation

(Figure S2f) and/or increased forest aboveground biomass densities (Oswalt et al. 2019).

Using NEON domains as a spatial framework, our study has demonstrated close
relationships between long-term changes in LSP and the underlying drivers in a regionally
explicit context. The sensitivity of phenology to environmental changes and the ecoclimatic
consistency in its variability in time and space offer an important perspective to investigating
vegetation changes and ecoregion differences (Morisette et al. 2009, Weltzin ef al. 2020). This
idea has been embodied in previous studies using satellite-derived information to delineate
phenologically similar regions (Loveland et al. 1995, White et al. 2005a, Bradley and Mustard
2008, Brooks et al. 2020). For instance, our study highlighted the variable LSP responses across
regions that are dominated by either natural or managed vegetation systems. Underlying broad
land use / land cover patterns, land surface phenology is further influenced by finer
environmental gradients and natural disturbances to vegetation and disturbance history at the
regional scales (Norman ef al. 2017). On the other hand, since LSP signals vary from year to
year due to interannual climatic fluctuations and recent weather, phenoregions derived therein
may have limited ability to reveal inherent vegetation changes arising from changes in land use /

land cover, ecological succession, disturbances, and invasive species, as well as slower onset
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aspects of climate change. One approach to solving this problem is by standardizing LSP using
climate-driven phenological models to attenuate the effect of interannual climate fluctuations and
thereby accentuate intrinsic vegetation properties and/or differences in land use / land cover
(Liang et al. 2016). In the current study, we utilized long-term trends in LSP to highlight the
portion of differences in satellite observations that are associated with regional vegetation growth
differences by linking explicitly the observed trends to regional changes in land use / land cover

and seasonal climate.

Identifying regional trends in phenology within different NEON domains in relation to
their corresponding drivers should facilitate annual and seasonal planning in anticipatory natural
resource management according to domain-specific climate change and land change patterns
(Bradford et al. 2018). Given potential large changes in both composition and structure of
terrestrial ecosystems under climate change (Nolan ef al. 2018), consistent monitoring of the
coupled changes of ecosystems and climate are essential for successful implementation of
climate adaptation plans. NEON is equipped with a network of Terrestrial Observation Systems
(Thorpe et al. 2016) complete with consistent protocols for ground-level observation of
phenological variables (Elmendorf et al. 2016) and complemented by periodic airborne remote
sensing designed to reveal disturbances and short-term changes (Kampe 2010). Yet, inference
from a sparse set of observations to domain understanding requires knowledge of recent
significant changes, viz., trends properly understood, that have occurred within the domain.
Therefore, ongoing efforts are needed to keep track of the changes, anomalies, trends, and trend
changes in land surface phenology within regionally specific context of the NEON domains.
Furthermore, we would argue that it is an opportune time to evaluate the representativeness of

the NEON core sites in providing reference conditions for phenological and ecological changes
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that have occurred within the domain. A first step is to compare the distribution of detected LSP
trends at each domain with local observations at the respective core sites. The NEON relocatable
intensive measurement capabilities could play a role in addressing discrepancies between core

sites and domain predominant phenological trends.

Finally, using LSP and NEON domains as an underlying spatial framework, results from
this study and further research along this line can provide a means through which to collaborate
with other distributed observatory networks, such as Long Term Ecological Research Network
(LTER), Long-Term Agroecosystem Research Network (LTAR), FLUXNET, and the citizen
science based USA-National Phenology Network (USA-NPN). Given that these networks aim to
collect relevant environmental information from discrete field sites, the LSP observations
derived from wall-to-wall spatial coverage could serve as the foundation from which to
interpolate and integrate site-level information to broader scale generalizations. Since ground
level phenological observations require no specialized or costly equipment, just some training
and a modicum of repeated observational effort (Leopard and Jones 1947; Crimmins et al. 2017),
these networks can leverage ecological monitoring to support continental scale forecasting tasks.
The site level observations and measurements within these networks will, in turn, contribute to
elucidating the underlying processes and drivers of satellite detected changes and, when
compared across sites and domains, help achieve multi-scale understanding of the status and

trends of ecosystems and landscapes across CONUS.

Conclusion

In this study, we found that the regional patterns of long-term (1982-2016) trends in land

surface phenology across National Ecological Observatory Network (NEON) domains in the
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conterminous United States (CONUS) closely followed the underlying geographies of seasonal
climate change, land use / land cover dynamics, and regional vegetation differences. Warming-
induced earlier SOS mainly occurred in the northwestern domains such as Pacific Northwest
(16); whereas, in the midwestern domains, such as Prairie Peninsula (6), later SOS timing was
predominant due both to a lack of warming in spring and recent changes in agricultural practices.
In contrast, EOS timing has become later in most NEON domains covered with natural
vegetation in response to a more widespread autumn warming. However, earlier EOS was
predominant in the domains with extensive agricultural lands likely due to earlier crop
harvesting. Accordingly, while trends of prolonged GSL were mostly found over natural
vegetation in domains that were more affected by climate change, such as Pacific Northwest (16)
and Northeast (1), shortening trends in GSL were more commonly related to land management
changes in domains that are covered by extensive agriculture. During the study period, natural
vegetation has become “greener” in most NEON domains due potentially to factors such as
warmer temperatures, increased precipitation, conversion of grasslands and wetlands to
croplands, including agroforestry plantations, as well as ecological succession and/or invasive
species, with variable relative importance in these factors across the domains. The crop
productivity in agriculture-intensive domains has also increased due to improved farming
technologies, crop varieties, and agronomic practices. Spatial details of the domain-specific LSP
trends and their associated climatic drivers provide a useful domain-wide reference to the
ongoing phenological, ecological, climatological, and cross-scale observations at the NEON
terrestrial field sites and other distributed observatory networks. The supplemental online

materials (https://doi.org/10.13023/kjn2-p817) provide detailed results by NEON domain as well as

the raster data documenting the phenological trends.
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839 Tables

840 Table 1.

841  Summary statistics of significant (p<0.05) changes in start of season (SOS) by NEON domains. Areas are
842  inkm?. Areal percentages (%) were calculated based on the total actual area of each domain (including
843  pixels with invalid values). Medians (), means (), standardized deviations (o), and coefficients of

844  variation (CV in %) of the magnitudes of phenological shift (in days/decade) are provided. The

845  asymmetry ratio (AR) was calculated by dividing the areal percentage of earlier trend by the areal

846  percentage of later trend. Areal percentages of predominant trends (AR< 0.5/later or AR>2.0/earlier) are
847  highlighted in bold with their corresponding AR values italicized.

D Domain Name Earlief SOS Later S?S AR
Area % X u o CV Area % X u o Cr
1  Northeast 280 07 -2 -3 2 -73 21,200 50 3 3 2 55 013
2 Mid Atlantic 2975 08 -1 -2 3 -153 98,875 282 4 4 3 67 0.03
3  Southeast 8275 21 -1 -3 4 -139 166,050 413 4 5 4 77 0.05
4  Atl. Neotropical 350 1.3 -15 -12 5 -43 3,750 140 10 10 5 50 0.09
5  Great Lakes 1,400 03 -1 -2 3 -138 78,850 19.5 4 5 4 74 0.02
6  Prairie Peninsula 9350 14 -1 -2 2 -106 291,825 450 7 8 5 61 003
7  Appalachians® 6,875 22 2 2 2 -63 37,150 121 5 7 5 75 0.19
8  Ozarks Complex 4025 06 -2 -3 3 -126 137,900 202 5 6 4 77 0.03
9  Northern Plains 8075 09 -3 -3 3 -80 251,350 290 5 5 3 61 003
10 Central Plains 2,750 06 -2 -3 3 -100 222650 491 9 9 5 51 00!
11 Southern Plains 2,750 05 -1 -2 2 -124 258,125 482 6 7 4 57 00!
12 Northern Rockies 27250 83 -4 -4 3 -77 45,750 140 5 5 3 65 0.60
13 Southern Rockies® 31,525 49 -5 6 4 -73 145275 226 8 9 5 58 022
14 Desert Southwest 2250 05 4 -5 5 -8 54,300 124 12 12 5 41 0.04
15 Great Basin 101,900 12.1 -4 -4 3 -66 52400 62 4 S5 4 77 194
16 Pacific Northwest 51,475 27.7 -6 -7 5 -64 7,800 42 4 5 4 80 6.60
17 Pacific Southwest 15,775 66 -7 -7 5 -67 14900 62 6 7 5 71 1.06
18 CONUS 279,850 36 -4 -5 4 81 1,888,150 243 6 7 5 67 0.15
848  *Appalachians / Cumberland Plateau; *Southern Rockies / Colorado Plateau
849
850
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851 Table 2.

852  Summary statistics of significant (p<0.05) changes in end of season (EOS) by NEON domains. Areas are
853  inkm?. Areal percentages (%) were calculated based on the total actual area of each domain (including
854  pixels with invalid values). Medians (), means (), standardized deviations (o), and coefficients of

855  wvariation (CV in %) of the magnitudes of phenological shift (in days/decade) are provided. The

856  asymmetry ratio (AR) was calculated by dividing the areal percentage of earlier trend by the areal

857  percentage of later trend. Areal percentages of predominant trends (AR< 0.5/later or AR>2.0/earlier) are
858  highlighted in bold with their corresponding AR values italicized.

Earlier EOS Later EOS

ID Domain Name AR
Area % X u o CrV Area % X u o Cr
1  Northeast 750 02 -1 -1 1 -123 60,875 144 2 3 2 82 0.01
2 Mid Atlantic 12,625 36 -4 -5 3 -72 62,625 179 4 4 3 65 0.20
3 Southeast 7,800 19 -5 -5 4 -75 52,550 131 5 6 4 66 015
4  Atl. Neotropical 825 31 -11 -12 5 41 375 14 10 11 6 60 220
5  Great Lakes 30,775 76 -3 -3 2 -59 94,400 234 2 3 2 85 033
6  Prairie Peninsula 284225 438 -5 -5 3 -533 32,175 50 3 4 3 70 883
7  Appalachians® 38,025 124 -6 -7 4 -54 21,225 69 3 3 2 62 1.79
8  Ozarks Complex 57375 84 -7 -7 4 -55 123,025 180 4 4 3 61 047
9 Northern Plains 102,800 119 -5 -6 4 -69 111,075 128 5 6 4 65 0.93
10 Central Plains 74,000 163 -8 -9 S5 -53 7900 1.7 4 4 3 72 937
11  Southern Plains 11,275 21 -8 -9 5 -63 31950 6.0 4 5 4 78 0.35
12 Northern Rockies 21350 65 -4 -6 5 91 64,650 19.8 4 4 3 70 0.33
13  Southern Rockies® 8775 14 -1 -3 4 -154 220,525 343 4 5 3 67 0.04
14 Desert Southwest 4,775 1.1 -11 -11 6 -53 13,000 3.0 o6 7 5 64 037
15 Great Basin 112,075 133 -10 -10 6 -59 141,200 168 S5 5 4 71 0.79
16 Pacific Northwest 18875 102 -4 -6 5 -87 32425 175 5 6 4 63 0.58
17 Pacific Southwest 34350 143 -10 -10 6 -58 24300 101 6 7 5 73 141
18 CONUS 820,675 106 -5 -7 5 70 1,094275 141 4 5 3 74 0.75

859  ?Appalachians / Cumberland Plateau; *Southern Rockies / Colorado Plateau
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860

861
862
863
864
865
866
867

868
869

Table 3.

Summary statistics of significant (p<0.05) changes in growing season length (GSL) by NEON domains.
Areas are in km?. Areal percentages (%) were calculated based on the total actual area of each domain
(including pixels with invalid values). Medians (), means (), standardized deviations (o), and
coefficients of variation (CV in %) of the magnitudes of phenological shift (in days/decade) are provided.
The asymmetry ratio (AR) was calculated by dividing the areal percentage of earlier trend by the areal
percentage of later trend. Areal percentages of predominant trends (AR< 0.5/longer or AR>2.0/shorter)
are highlighted in bold with their corresponding AR values italicized.

Shorter GSL Longer GSL

ID Domain Name N . AR
Area % X u o CV  Area % X u o CrV

1  Northeast 7,725 1.8 -3 -3 2 -54 20,050 47 4 6 6 108 039
2 Mid Atlantic 33550 96 -7 -8 6 -74 6,775 19 5 7 7 105 495
3 Southeast 36,400 9.1 -10 -13 10 -79 18,150 45 6 7 7 94 201
4  Atl. Neotropical 2,625 98 -20 -21 11 -53 100 04 10 12 8 67 26.25
5  Great Lakes 65325 162 -6 -8 6 -74 13900 34 5 7 6 90 470
6  Prairie Peninsula 348,275 537 -11 -12 7 -61 20300 31 3 4 4 99 1716
7  Appalachians® 40,800 133 -10 -13 9 -69 23275 76 4 4 2 48 1.75
8  Ozarks Complex 84,100 123 -15 -17 12 -71 32400 47 4 5 5 90 260
9 Northern Plains 194,375 224 -10 -10 6 -61 35225 41 8 9 6 66 552
10 Central Plains 280,625 619 -14 -16 8 -54 7225 16 S5 6 5 85 3884
11  Southern Plains 96,750 18.0 -14 -16 10 -62 9875 1.8 5 9 9 106 980
12 Northern Rockies 29,175 89 -7 -8 7 -78 44250 135 6 7 5 75 0.66
13 Southern Rockies® 108,775 169 -14 -15 9 -61 87625 136 7 8 6 70 124
14 Desert Southwest 32,550 74 -20 -21 10 -49 3000 07 8 12 10 87 1085
15 Great Basin 200,150 23.7 -17 -18 11 -59 74250 88 6 7 6 78 2.70
16 Pacific Northwest 10,750 58 -9 -11 9 -83 63,500 342 9 11 &8 71 0.17
17 Pacific Southwest 19,225 80 -20 -20 12 -63 19,900 83 10 11 8 70 0.97
18 CONUS 1,591,175 205 -12 -14 9 -67 47980 62 6 8 6 8 332

aAppalachians / Cumberland Plateau; *Southern Rockies / Colorado Plateau
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870 Table 4.

871  Summary of significant (p<<0.05) changes in start of season (SOS), end of season (EOS), and growing
872  season length (GSL) over the entire CONUS relative to IGBP land cover types. Areas are in km?. Areal
873  percentages (%) were calculated based on the total area of each type of significant change across CONUS
874  (as opposed to the total area of each land cover class). Areal percentages of the top two land cover types
875  that contributed to each type of significant change are highlighted with underscores. The asymmetry ratio
876  (AR) was calculated by dividing the area of earlier/shorter trend by the area of later/longer trend for each
877  land cover class. Areas of predominant trends (AR< 0.5/later/longer or AR>2.0/earlier/shorter) are

878  highlighted in bold with their corresponding AR values italicized.

Land Cover Earlier SOS  Later SOS AR Earlier EOS Later EOS AR Shorter GSL Longer GSL AR
Area % Area % Area % Area % Area % Area %
ENF" 611,92 22.0 15,683 0.83.90 17,019 2.1 39,991 3.7 043 9,584 0.6 77,194 162 0.12
EBF 2,991 1.1 9,410 0.50.32 668 0.1 8,277 080.08 1,307 0.1 4,995 1.1 0.26
DBF 8,684 3.1 66,623 3.50.13 4,792 0.6 85,355 7.80.06 17,309 1.1 37,755 7.9 0.46
MF 1,220 0.4 39,468 2.10.03 1,772 0.2 30,988 2.8 0.06 10,078 0.6 5925 1.2 1.70
CS 174 0.1 523 0.00.33 1,655 0.2 755 0.12.19 639 0.04 290 0.1 2.20
oS 1,655 0.6 58,984 3.10.03 4,502 0.5 25,906 2.40.17 44,667 2.8 4,618 1.0 9.67

WS 33,950 12.2 238,784 12.6 0.14 31,424 3.8 247,961 22.7 0.13 74,173 4.7 81,173 17.1 091
SA 11,239 4.0104,871 5.60.11 9,119 1.1 87,794 8.00.10 34,821 2.2 29,420 6.2 1.18
GR 126,014 45.2 631,462 33.4 0.20 191,416 23.3 400,519 36.7 0.48 602,042 37.9 161,125 33.9 3.74

PW 813 0.3 3,630 0.20.22 726 0.1 2,614 02028 1,597 0.1 1,481 0.3 1.08
CR 26,806 9.6 678,423 35.9 0.04 548,227 66.8 85,994 7.9 6.38 776,295 48.9 51,317 10.8 15.13
UBL 1,394 0.5 26,051 14005 1,830 0.2 56,284 520.03 1,743 0.1 13,679 2.9 0.13
CNM 145 0.1 4,211 020.03 6331 0.8 4240 04149 7,115 04 1,394 03 5.10

879  * Collection 6 MODIS land cover, MCD12C1 International Geosphere-Biosphere Programme (IGBP)
880  classes: Evergreen Needleleaf Forests, ENF; Evergreen Broadleaf Forests, EBF; Deciduous Broadleaf
881 Forests, DBF; Mixed Forests, MF; Closed Shrublands, CS; Open Shrublands, OS; Woody Savannas, WS;
882 Savannas, SA; Grasslands, GR; Permanent Wetlands, PW; Croplands, CR; Urban and Built-up Lands,
883  UBL; Cropland/Natural Vegetation Mosaics, CNM. (Water Bodies, WB; Deciduous Needleleaf Forests,
884  DNF; Permanent Snow and Ice, PSI; and Barren, BA are omitted due to lack of vegetation changes.)

885
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889  Figure 1.

890  Significant (p <0.05) Theil-Sen median slopes of start of season (SOS), end of season (EOS), and

891  growing season length (GSL) over the conterminous United States (a, b, ¢), 1982-2016. The trend maps
892  are overlaid with boundaries of the NEON domains (d).
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Figure 2.

Bivariate charts showing directions and percentage areas (rounded to integers) of predominant trends
(1982-2016) in start of season (SOS), end of season (EOS), and growing season length (GSL) in
respective NEON domains and across the conterminous United States.
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Figure 3.

Bivariate charts showing directions and percentage areas (rounded to integers except for values <1) of
predominant partial correlations of start of season (SOS) respectively with winter temperature (Twin),
spring temperature (Tspr), winter precipitation (Pwin), spring precipitation (Pspr), and of end of season
(EOS) respectively with summer temperature (Tsum), autumn temperature (Taut), summer precipitation

(Psum), and autumn precipitation (Paut) in respective NEON domains and across the conterminous

United States.
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911  Bivariate charts showing directions and percentage areas (rounded to integers except for values <1) of
912  predominant trends (1982-2016) in winter temperature (Twin), spring temperature (Tspr), summer

913  temperature (Tsum), autumn temperature (Taut), winter precipitation (Pwin), spring precipitation (Pspr),
914  summer precipitation (Psum), and autumn precipitation (Paut) in respective NEON domains and across
915  the conterminous United States.
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918  Figure 5.

919  Pie charts showing percentage areas of land cover contribution to the predominant trends (1982-2016) in
920  start of season (SOS), end of season (EOS), and growing season length (GSL) in respective NEON

921  domains and across the conterminous United States (cf- Tables S17-S19). Land cover types are according
922  to collection 6 MODIS land cover, MCD12C1 International Geosphere-Biosphere Programme (IGBP)
923  classes: Evergreen Needleleaf Forests, ENF; Evergreen Broadleaf Forests, EBF; Deciduous Broadleaf
924  Forests, DBF; Mixed Forests, MF; Closed Shrublands, CS; Open Shrublands, OS; Woody Savannas, WS;
925 Savannas, SA; Grasslands, GR; Permanent Wetlands, PW; Croplands, CR; Urban and Built-up Lands,
926  UBL; Cropland/Natural Vegetation Mosaics, CNM. Only the classes ranked as the top two and

927  with >10% area contribution are specified. Other classes with <10% area contributions are represented in
928  the Others class.
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Figure 6.

Significant (p<0.05) Theil-Sen median slopes of the harmonic regression parameters (a-¢) from 1982 to

2016. NEON domain boundaries are overlaid on

Amplitude 1 is the amplitude of the annual cycle;

each map. Amplitude 0 is the annual mean EVI2 value;
Amplitude 2 is the amplitude of a semiannual cycle;

Phase 1 is the location (in phase angle) of the beginning of the series on the annual cycle; and Phase 2 is
the location of the beginning of series on a semiannual cycle. Amplitude changes indicate changes in
greenness, while phase angle changes reflect seasonal changes (phenological changes), such as earlier
shift of growing season (positive change) and later shift of growing season (negative change).
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Harmonic-regression-reconstructed annual EVI2 curves at the beginning (blue, solid line) and the end
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