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Utilizing heat maps to monitor vegetation phenology shows the variability from year to year of peak greenness
and when seasonal changes begin, like with Quaking Aspen (Populus tremuloides) trees. Wildlife, such as the
pronghorn (Antilocapra americana), rufous hummingbirds (Selasphorus rufus), and common collared lizards
(Crotaphytus collaris) depends on the timing and abundance of vegetation for survival.
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Abstract

Purpose: The Southern Colorado Plateau Network (SCPN) used satellite-derived normalized
difference vegetation index (NDVI) data over a 20-year period (2003—-2022) to examine trends and
patterns of variability in 12 grassland and shrubland study areas within SCPN park units.

Methods: SCPN developed daily NDVI records for each study area, from which analyses and
visualizations were derived. Raster graphs were created to facilitate data interpretation. Trends were
calculated for each ranked day of the spring and monsoon seasons: For each study area, season, and
year, each day was ranked from the highest NDVI value to the lowest. Total NDVI change was then
estimated for the spring and monsoon season NDVI peaks (day-rank = 1) as well as all other non-
peak day ranks for each season. The same analyses were also applied to subsets of pixels
corresponding to more productive and less productive pixels within each study area.

Results: The study areas had many “likely” trends in NDVI for ranked-daily values, with a smaller
number of “very likely” and “highly likely” trends. Monsoon season trends were consistently
negative or neutral for more northerly parks—Aztec Ruins National Monument (NM), Chaco Culture
National Historical Park (NHP), and Glen Canyon National Recreation Area (NRA); and consistently
positive or neutral for more southerly parks—Petrified Forest National Park (NP), Petroglyph NM,
and Wupatki NM. Spring season trends varied spatially and included both positive and negative
trends. Aztec Ruins NM and Glen Canyon NRA exhibited consistently negative or neutral trends for
both seasons.

Raster graphs revealed patterns including the variability in timing and intensity of seasonal greenness
peaks and multi-year patterns. The raster graphs and associated data release can be used to evaluate
the potential for the phenological patterns to correlate with on-the-ground conditions for wildlife
resources that depend on vegetation. These data may also be used to parameterize models that relate
climate to vegetation condition.

Multi-year consecutive seasons of below-average NDVI were found in some records: At Wupatki
NM, low NDVI from spring 2017 to spring 2021 corresponded in time with a widespread juniper
dieback in 2021 in the adjacent pinyon-juniper woodlands of the area. Consecutive seasons of low
NDVI also occurred in Petroglyph NM from 2008 to 2013 and at Aztec Ruins NM from 2020 to
2022. These records show the potential to link plant community stress to disturbance response
thresholds, which is a subject of ongoing SCPN research.
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Introduction and Background

The Southern Colorado Plateau Network (SCPN) of the National Park Service (NPS) Inventory and
Monitoring Program is composed of 19 separate park units covering over 1.2 million hectares.
Grassland and shrubland plant communities cover large areas of the SCPN (Thomas et al. 2006).
Like most dryland plant communities, SCPN communities are vulnerable to changing climate,
invasive species, and local stressors (Miller 2005). Monitoring the phenology and condition of
grasslands and shrublands using satellite data is one of the goals of the SCPN Inventory and
Monitoring Program. Satellite-derived phenology (also called “land surface phenology”) refers to
annual seasonal timing and intensity of vegetation greenness, as measured by satellites. Land surface
phenology data provide useful information about plant communities’ condition through time and
their responses to climate variability and change (White et al. 2005, White et al. 2009).

This study summarizes and analyzes satellite-derived phenology data in order to provide status and
trend information for twelve grassland and shrubland study areas within eight ecosystems of six
SCPN park units. These study areas correspond to ecosystems selected for SCPN ground-based
upland vegetation monitoring (DeCoster 2009, DeCoster and Swan 2009a and b, Swan 2024).

Drivers of Dryland Phenology

In the southwestern United States, measuring phenology in drylands can be particularly challenging
because plant growth is not only controlled by seasonal temperatures but also by moisture
availability, which is often variable in both amount and timing (Jolly et al. 2005, White et al. 2009,
Hereford and Webb 1992, Leung et al. 2023), as depicted in Figure 1.
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Figure 1. Typical Colorado Plateau grassland and shrubland phenological cycles showing average
patterns, patterns of interannual variability, and projected future patterns of greenness. a) example of the
average annual greenness cycle on the Southern Colorado Plateau, b) common forms of interannual
variability on the Southern Colorado Plateau, and c) projected effects of climate change on land surface
phenology. Figure modified from Thoma et al. (2017).
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Average Phenological Pattern

On the Southern Colorado Plateau, precipitation is commonly bimodal, occurring mostly in winter
and late summer (Garfin et al. 2010, Leung et al. 2023). In winter, nights often have subfreezing
temperatures, and soil moisture is typically at its highest. In both summer and winter, air moisture
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(humidity) varies on a daily-to-weekly scale with diurnal variations and passing weather fronts
(winter) or monsoon moisture incursions (summer). This pattern of temperature and moisture
availability leads to a generally bimodal pattern of vegetation growth (Figure 1, Thoma et al. (2017)).
The first growth period occurs in spring as temperatures increase enough to allow plant growth, and
before the winter soil moisture has been depleted. The second period of growth occurs during the late
summer and early autumn, due to the precipitation and humidity provided by the North American
Monsoon.

Interannual Variability

Highly variable precipitation from year to year leads to high variability in vegetation response
(Thoma et al. 2017). Because of this variability, both the spring and monsoon vegetation peaks can
range from very strong to completely absent (Figure 1b).

Projected Shifts with Climate Change and Current Megadrought

Figure 1c shows the projected effects of climate change on Colorado Plateau grasslands and
shrublands. Climate and soil moisture projections exist for each of the ecosystems associated with the
study areas (Andrews et al. 2019a, b, ¢, d, ¢, f, g, h, 1). All the study areas are projected to have
warmer temperatures, while precipitation projections are inconsistent among different climate
models, with both positive and negative projections for both the winter and monsoon seasons. In
springtime, soils are consistently predicted to dry earlier, limiting plant growth.

Although warming temperatures and drier springs are consistently predicted, interpretation of recent
changes through time is complicated because the analysis period of this study began during a drought
that was severe enough to cause a regional die-off of Pinus edulis in 2003 (Breshears et al. 2005).
Overlapping with that drought, much of the southwestern U.S. has experienced a 22-year
megadrought that encompasses this study’s 20-year analysis period of record (Williams et al. 2022).
This megadrought is estimated to be the driest 22-year period of record since at least 800 CE.

Plant species distributions can be expected to shift with climate change, and even within the range of
individual species, there are typically populations genetically adapted to local climate conditions
(Bothwell et al. 2021, Rehfeldt et al. 2006, Richardson et al. 2014). Examples can be found in the
wide range of seedling survival rates when, in common garden studies, seeds from one location are
planted in a climatically different location (Neale and Wheeler 2019). Thus, there is no assurance that
a population will survive in a future climate, even if the future climate is within the overall climate
niche of the species as a whole. To better identify climate similarities, St. Clair et al. (2022)
developed the “Seedlot Selection Tool” to visualize how the climate conditions associated with local
plant communities might shift with climate change. Their visualization tool lets users identify a
reference site, and map locations whose existing climate conditions match predicted future conditions
at the reference site. The output from this tool is shown for each study area in the Appendix (See
example, Figure 2). The Seedlot Selection Tool results suggest that it may be necessary to look
dozens to hundreds of miles away for plant populations that are genetically adapted to the expected
future climate conditions.



A common feature among the projections derived from the Seedlot Selection Tool is that our study
areas are predicted to become more climatically similar to Mojave Desert areas in southern Nevada
and Northwestern Arizona, as well as some areas in south central New Mexico (Appendix). The
Seedlot Selection Tool projections for the study areas are consistent with models and analyses made
by Tercek at al. (2023), which examine areas where growing season dryness is severe enough that
plant growth is expected to cease entirely for a portion of the growing season. Tercek et al. (2023)
map these areas as occurring today largely in the Sonoran and Mojave deserts of the United States,
with smaller areas present around Glen Canyon NRA and adjacent portions the lower Little Colorado
drainage. However, they project the areas to expand by the end of the century, with most of their
model analyses suggesting that areas with an episode of severe growing season dryness could expand
across much of the Southern Colorado Plateau. When paired with the Seedlot Selection Tool
visualizations, this suggests that SCPN park resource managers at the six NPS parks in our study may
encounter conditions similar to those of the Mojave Desert or south-central New Mexico in the
coming decades.
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Figure 2. Map of locations whose current climate is similar to the projected climate (2071-2100) at the

reference location in Petrified Forest National Park. Data are derived from Seedlot Selection Tool scores
(St. Clair et al. 2022). Current climate was based on 1981-2010 normals. Projected climate was based on
the years 2071-2100 using the Representative Concentration Pathways (RCP) 8.5 scenario. Settings
used allowed liberal definitions of matches, requiring similarity in only three variables: Mean Coldest
Month Temperature, Summer Heat Moisture Index, and Frost-Free Period. More conservative matches
(using additional climate variables) resulted in little or no area with similar projected climate for most study

areas. Settings and additional maps are provided in Appendix.
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Study Areas

Target Ecosystems

A total of twelve study areas across eight ecosystems in six NPS park units were selected for analysis
(Table 1, Figure 3). Ten of the twelve study areas were chosen to correspond with the extent of
ecosystems and subareas monitored by SCPN using ground-based plots (DeCoster et al. 2012). The
original ecosystem boundaries selected for ground-based monitoring were derived from the Natural
Resources Conservation Service (NRCS) Ecological Site concept. An ecological site is a class of
land with similar potential vegetation, soil, geomorphology, topographic position, and microclimate
(Salley et al. 2016). Specific ecological sites chosen for monitoring were based on prioritization
made by resource managers at each park (DeCoster et al. 2012). In two parks, ecosystem sub-areas
were identified based on geography or park history. At Glen Canyon National Recreation Area
(NRA), SCPN divided analysis of the Desert Sand Shrubland into three geographic areas because of
its wide extent (Table 1, Figure 3). Petrified Forest National Park (NP) underwent significant
expansion in 2004. Ownership of land within the expansion area was not conferred to the NPS by the
boundary change, and ownership of these lands has changed gradually. Much of the expansion land
area was grazed prior to the ownership change. To account for possible differences in response, both
of the target ecosystems within Petrified Forest NP were divided for analysis into areas within the
pre-2004 park boundary (“Pre-expansion Lands”), and areas acquired as a result of the 2004
expansion legislation (“Expansion Lands”).



Table 1. SCPN Phenology study area names and identifiers, including park name, ecosystem name, subarea name, and study area identifiers.

Study area identifier

Study area identifier correlating with ground-
based integrated upland ecosystem

Park Ecosystem name Subarea name (for some figures) monitoring
Aztec Ruins NM Limy Upland Shrubland - AZRU A X AZRU_A
Chaco Culture NHP | Sandy Loam Upland Grassland |- CHCU_S_X CHCU_S
Glen Canyon NRA Desert Sand Shrubland Bullfrog Area GLCA_D_B GLCA_B
Glen Canyon NRA Desert Sand Shrubland Hole-in-the-Rock Area | GLCA_D_H GLCA_H
Glen Canyon NRA Desert Sand Shrubland Page Area GLCA_D_P GLCA_P
Petrified Forest NP Sandy Loam Upland Grassland | Pre-expansion Lands |PEFO_S_O PEFO_S
Petrified Forest NP Sandy Loam Upland Grassland | Expansion Lands PEFO_S N not monitored
Petrified Forest NP Clayey Fan Grassland Pre-expansion Lands |PEFO_C O PEFO_C
Petrified Forest NP Clayey Fan Grassland Expansion Lands PEFO _C N not monitored
Petroglyph NM Malpais Grassland - PETR_P_X PETR_P
Wupatki NM Volcanic Upland Grassland - WUPA_L_X WUPA_LA
Wupatki NM Loamy Upland Shrubland - WUPA_S_X WUPA_SB

A The designation WUPA_L corresponds to the WUPA_V designation in some SCPN reports.

B The designation WUPA_S corresponds to the WUPA_L designation in some SCPN reports.
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Figure 3. Map of park units and study areas included in this report. MODIS pixel centers are shown for
each study area. Key includes park, ecosystem name, and subarea (if present). Base map sources
include Esri, TomTom, Garmin, FAO, NOAA, USGS, EPA, USFWS.
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Study Area Delineation

Study areas were delineated using the target soil (SSURGO) map units identified with the NRCS
ecological sites chosen for ground-based monitoring (DeCoster et al. 2012, Norris 2020). Individual
250-m Moderate Resolution Imaging Spectroradiometer (MODIS) pixels were included in the
analysis if at least 80% of an individual pixel’s area was covered by the target SSURGO soil map
unit(s) within the corresponding park (Norris 2020). A complete table of the MODIS pixel centers
for each study area is included in the data release for this report (Norris and Ploughe 2025).

Climate

Climate across the study area varies seasonally and between years. Increases in temperature have
consistently been observed across the region over the last century (Garfin et al. 2013), although for
shorter, decadal scale periods the amount and direction of trend vary considerably (Figures 4 and 5,
Parker et al. 2007, Johnson et al. 2020).



Record of Total Precipitation During Winter/Spring and Monsoon Seasons

i Glen Canyon NRA
Aztec Ruins NM Chaco Culture NHP Desert Sand Shrubland

Limy Upland Shrubland Sandy Loam Upland Grassland

Bullfrog Area

Glen Canyon NRA Glen Canyon NRA Petrified Forest NP
Desert Sand Shrubland Desert Sand Shrubland Clayey Fan Grassland
Hole in the Rock Area Page Area Expansion Lands

£
o
g.
= Petrified Forest NP Petrified Forest NP Petrified Forest NP
E Clayey Fan Grassland Sandy Loam Upland Grassland Sandy Loam Upland Grassland
a Pre-expansion Area Expansion Lands Pre-expansion Area
‘G 301
E 25

20

15

10+

5
Petroglyph NM Wupatki NM Wupatki NM
Malpais Grassland Loamy Upland Shrubland Volcanic Upland Grassland

& Winter/Spring = Monsoon Start of study period

Figure 4. Historical record of winter/spring- and monsoon-season precipitation for each study area. Data
derived from nClimGrid (~5 km gridded data, Vose et al., 2014). The nClimGrid dataset is suitable for
viewing trends because it is adjusted to correct for non-climate-related shifts through time, such as shifts
caused by instrument changes. Precipitation units are sums across the season in cm. “Winter/Spring”
season refers to January, February, March, April, May, and June; “monsoon” season refers to July,
August, September, October. Data are available in associated data release (Norris and Ploughe 2024).
Early years of record (~1900-1939) were not included in the graphs because of the poor overall weather
station data record in the region at that time.
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Record of Average Daily Temperature During Spring and Monsoon Seasons
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Figure 5. Historical record of spring- and monsoon-season temperature for each study area. Data derived
from nClimGrid (~5 km gridded data, Vose et al., 2014). The nClimGrid dataset is suitable for viewing
trends because it is adjusted to correct for non-climate-related shifts through time, such as shifts caused
by instrument changes. Temperature units are in degrees C. “Spring” season refers to March, April, May,
and June; “monsoon” season refers to July, August, September, and October. Data are available in
associated data release (Norris and Ploughe 2025). Early years of record (~1900—1939) were not
included in the graphs because of the poor overall weather station data record in the region at that time.
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Climate Averages and Historical Record

All of the study areas show an increasing pattern of temperature through time, which is consistent
with regional climate patterns (Garfin et al. 2013) (Figure 5). Precipitation patterns through time
have high interannual variability in precipitation (Figure 4).

Minimum and maximum temperature patterns (Figure 6) show a correlation between spring and
monsoon temperature between individual study areas. Precipitation and dewpoint are much less
correlated between the spring and monsoon seasons, and the relative pattern (higher vs. lower) of
study areas does not match the pattern of study areas seen in the temperature conditions. Vapor
pressure deficit provides a way to integrate the effects of both precipitation and temperature and may
provide a better way to estimate what moisture availability the vegetation is experiencing and could
thereby limit vegetation growth. Vapor pressure deficit measures the deficit in how much moisture
the air could hold vs. how much moisture is present in the air, with higher vapor pressure deficit
values representing drier conditions. The relative positions of the study areas on the minimum and
maximum daily vapor pressure axes closely match the relative positions of the study areas on the
minimum and maximum daily temperature axes. This suggests that in these ecosystems, temperature
is providing a stronger control than precipitation on patterns of vapor pressure deficit among the
study areas.
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Figure 6. Spring and monsoon season climate patterns across the study areas. Study area IDs
correspond to designations in Table 1. Data derived from Parameter-elevation Regressions on
Independent Slopes Model (PRISM) climate normals, 1991-2020. (PRISM Climate Group at Oregon
State University 2022). Temperature units are in degrees C. Precipitation units are sums across the
season in mm. Vapor pressure deficit units are in hPa, with higher vapor pressure deficits corresponding
to drier conditions for plants. “Spring” season refers to March, April, May, and June; “monsoon” season

refers to July, August, September, and October.
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Vegetation

Vegetation varied by study area and was a mix of grasses, shrubs, and a lesser proportion of forbs
(Figure 7). Predominant plant taxa at each site are shown in Table 2. Data collected at the ground-

based plots include species-specific plant cover estimates collected on an annual or biennial basis

(DeCoster et al. 2012). Taxa included in this table are those with > 10% relative cover in at least one

of the study areas. Relative cover estimates are based on plot averages across varying years of data

collection (data from Swan and Ploughe 2022). Taxa present across all six park units include the
species Salsola tragus, Hilaria jamesii, Gutierrezia sarothrae, and two taxa identified to the genus

level: Sporobolus spp. and Euphorbia spp.
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Figure 7. Average relative percent cover of grasses, shrubs, and forbs for the study areas. The two
Petrified Forest NP expansion land study areas are not included in this diagram because SCPN has no

ground plots in those areas. Study area IDs correspond to designations in Table 1. Data are summarized
from Swan and Ploughe (2022).
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Table 2. Predominant plant taxa found in corresponding upland plots within the study areas. Cover estimates are based on plot averages across varying numbers of years of data collection. The
two Petrified Forest NP “Expansion Lands” study areas are not included in this table because they are not a part of the ground-based long-term monitoring program. Color coding is used to
highlight higher relative percents of taxa, with more intense colors indicating higher relative percent cover. Taxa included are those with = 10% relative cover in at least one of the study areas.
Thus, the relative percent covers for individual study areas do not sum to 100 for each study area, because many additional taxa occur that are not shown here. Study area IDs correspond to
designations in Table 1. Data summarized from Swan and Ploughe (2022).

Life-form Species AZRU_A_X CHCU_S X GLCA_ D B GLCA_D_H GLCA_ D P PEFO_C_O PEFO_S_O PETR_P_X WUPA_L_X WUPA_S X
Euphorbia spp. 41 0.2 <01 <01 <01 2.0 0.7 0.2 1.1 11.0
Forb Salsola tragus 8.3 0.3 1.3 0.1 0.6 3.1 1.1 20.3 13.4 0.2
Bouteloua eriopoda 0 0 0 0 0.1 0.1 3.8 16.3 19.9 3.8
Bouteloua gracilis <01 32.0 0 0 0 12.1 28.1 0 <01 0
Hilaria jamesii 22.6 24.8 1.5 0.3 0.4 10.7 13.7 12.3 53.8 28.9
Schismus barbatus 0 0 10.4 0.2 0.7 0 0 0 0 0
Sporobolus spp. 3.7 7.0 14.3 5.6 6.2 41.5 16.6 20.9 0.6 1.2
Grass Artemisia filifolia 0 0.9 5.1 9.6 8.9 0.4 3.8 <0.1 0 10.7
Artemisia tridentata 23.9 0.2 0 0 0 0 0 0 0 0
Coleogyne ramosissima 0 0 4.0 5.7 16.5 0 0 0 0 0
Ephedra cutleri 0 0.1 4.8 9.8 13.2 0.3 0.4 0 0 0
Ephedra torreyana 1.1 1.1 7.0 0 0 0.2 1.2 0.1 0 14.6
Ephedra viridis 5.3 0.1 44 21.0 13.1 0.1 0.2 0 0 1.1
Shrub Fallugia paradoxa 0 0 0 0 0 0 0 0 0 11.0
Gutierrezia sarothrae 14.7 29 24 6.0 4.9 0.8 3.8 6.9 0 <0.1
Psorothamnus fremontii 0 0 11.3 13.3 0.5 0 0 0 0 0
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Methods

Season Definitions

Some of the analyses summarize data by season to better delineate when changes are occurring. To
encompass most of the inter-year and across-ecosystem variability, we are using broad spring and
monsoon season definitions, with the spring period including the months of March through June, and
the monsoon period including the months of July through October. Green-up in spring vegetation
occurs when moisture that has built up over the previous winter is combined with warming growing-
season temperatures. A second period of growth in the monsoon season occurs in response to
precipitation and humidity increases due to the North American Monsoon. The inclusion of October
allows for non-monsoon season moisture events that may contribute to longer late summer and
autumn plant growth that is common in these ecosystems.

MODIS Satellite Data Processing and Trend Analysis

Satellite phenology records can be obtained by calculating vegetation index values from sensor
reflectance data. Vegetation indices are designed to be a measure of increases or decreases in
vegetation greenness. The MODIS sensor provides red and near infrared reflectance data, from which
the Normalized Difference Vegetation Index (NDVI) can be calculated. NDVI (Tucker 1979) is a
commonly used vegetation index and can be calculated from satellite sensors that measure
reflectance in the red and near infrared bands (Equation 1).

NDVI = (pNIR — pred)/(pNIR + pred) (1)

where pNIR is reflectance in the near infrared band, and pred is reflectance in the red band. NDVI
data were obtained from products created from the MODIS sensors on the Aqua and Terra satellites.
Both satellites provide daily overpasses across the globe, with Terra passing over the United States in
multiple orbits that provide overlapping coverage each morning, and Aqua passing over the U.S. in
multiple orbits that provide overlapping coverage each afternoon. For most MODIS products,
including the products used by SCPN, a single value per pixel is provided daily for each satellite’s
data series (one for Aqua and one for Terra), even if multiple values are available due to the
overlapping nature of the overpasses.

Overview
NDVI data processing, trend analysis and visualization consisted of four major steps, which will be
discussed in detail.

1. Compile a daily NDVI data record for each 250-m MODIS pixel within each study area.
2. Calculate a daily NDVI record for each of three productivity levels within each study area:
a. median across all ecosystem pixels
b. less productive pixels as measured by average NDVI value

c. more productive pixels as measured by average NDVI value
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3. Perform trend analyses of the study area median values for each ranked day within an
individual season/year. Days were ranked based on NDVI value, with rank 1 being the
seasonal NDVI peak.

4. Create raster graph visualizations of the phenological patterns.

Compilation of Daily NDVI Record for Each 250 m Pixel

Study area phenological statistics and visualizations were calculated from statistical summaries of the
daily data. SCPN uses the MOD09GQ and MODO09GA satellite reflectance products (Vermote
2020). The MODO09GQ data were used to calculate the NDVI values and further phenology metrics
derived from the NDVI, such as the timing and intensity of annual or seasonal peaks for each pixel.
The MODO09GQ product provides adjusted reflectance values for each 250-m pixel. The MOD09GA
product provides linked quality information that was used to screen out values that are affected by
snow, clouds, and high levels of aerosols.

Data were downloaded for the period of record for each satellite for each 250-m pixel that was at
least 80% occupied by one of the 12 study areas. Data were median smoothed using a 15-day moving
window. Median smooth values were retained if at least three high-quality source values contributed
to the median, and a linear interpolation was made for those days without at least three contributing
values. The 15-day median smooth window is used by SCPN for all MODIS data processing (Norris,
2020). The 15-day window length was chosen because of its balance in detecting changes relatively
quickly (desirable for fast-responding, moisture-limited ecosystems) and the need to have some data
smoothing to protect against the effects of sometimes large outliers present in satellite data. These
outliers can be caused by data misregistration (spatial shifts) or by incomplete screening of data
affected by poor atmospheric or unusual ground conditions (snow, clouds, dust, aerosols). Further
details of the satellite data processing steps can be found in standard operating procedure #1 of the
SCPN Land Surface Phenology protocol (Norris 2020).

Calculation of Daily NDVI for Three Productivity Levels

To represent the overall study area, the study area median NDVI value was calculated from all the
selected pixels in the study area for each day across the period of record. However, it can be expected
that trends through time might be different for median than for the most and least productive parts of
the study area. Therefore, daily NDVI estimates were also calculated for two subsets of pixels
representing the more and less productive parts of each study area, using the 20™ and 80™ percentiles
of productivity as estimated by average NDVI of the pixels within each study area. To avoid possible
problems with mis-mapped pixels, we did not use pixels representing extremes in study area NDVI.
Instead, percentiles were limited to the 5% around the target upper and lower percentiles: 17.5 —22.5
percentile and 77.5-82.5 percentile for the 20™ and 80™ percentiles respectively. All daily statistical
analyses were run on these three groupings and are referred to as study area median, less productive
pixels and more productive pixels.

Trend Analyses
Trends and estimations of total change in NDVI were calculated across the 20-year period for each
study area. Inputs for this analysis were the daily NDVI values calculated for the study area medians,
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as well as for the pixels selected for the more and less productive areas. To measure trends in NDVI,
we could have calculated just the trend in the peak seasonal NDVI values (day rank = 1); however,
this could have missed important trends in non-peak days and in measuring the duration of
greenness. To account for the variety of possible trends, we tested for and measured trend in NDVI
for each ranked day within the spring and monsoon seasons, where the day ranks ranged from the
NDVI peak for that year (rank = 1) and minimum NDVI rank for that year. The minimum rank value
is based on the number of days in the season (spring = 122, monsoon = 123). Calculations and data
preparation were done following the methods described for quantile Kendall exploratory analysis by
Choquette et al. (2019).

Steps
For 10 of the 12 study areas, we created 3 daily datasets, one set each for the study area median,

more productive pixels, and less productive pixels. Daily datasets were then divided into seasons, and
ranked by NDVI value within that season, with 122 days in the spring season and the 123 days in the
monsoon season. Each of the derived rank-day datasets consists of 20 NDVI values (one value for
each year). This results in a total of 735 datasets for each study area, except for the two study areas
which did not have enough pixels to designate more and less productive pixels: the Aztec Ruins NM
Limy Upland Shrubland and the Glen Canyon NRA Desert Sand Shrubland Bullfrog Area. Thus, a
total of 7,840 trend analyses were performed. The large number of trend analyses comes from the
multiple possible combinations: day rank, season, study area, and productivity level.

The following steps were performed to calculate strength and significance of trends. See Figure 8 for
a conceptual example. We used scripts modified from Hirsch (2023) and from supplementary
material in Choquette et al. (2019). Tables of results are presented in the data release for this report
(Norris and Ploughe 2025).
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Year 1 2 3
2003 0.24 0.24 0.24
2004 0.31 0.30 0.30
2005 0.27 0.27 0.26
2006 0.22 0.22 0.22
2007 0.22 0.21 0.21
2008 0.24 0.24 0.24
2009 0.22 0.21 0.21
2010 0.24 0.24 0.24
2011 0.23 0.23 0.22
2012 0.20 0.19 0.19
2013 0.26 0.26 0.26
2014 0.20
2015 0.28
2016 0.23
2017 0.25
2018 0.18
2019 0.26
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Figure 8. Conceptual diagram of the steps used in ranked-day trend analysis. Step 1 shows individual
day ranks as columns, where Day Rank 1 is the seasonal peak NDVI value for the year; Day Rank 2 is
the second-highest NDVI value, etc. proceeding down to the seasonal minimum NDVI value for the year.
Step 2 shows a graphical example of the regression analysis of NDVI against year, the calculation of the
slope of the regression, and conversion of slope to the total estimated NDVI change through time. Step 3
shows how the total estimated change through time is represented as a value on a graph, which shows
corresponding trend values for each ranked day of the season. A lowering and flattening of the overall
phenological curve in the monsoon season is suggested by the large decreases around the peak dates
and smaller decreases on the higher-rank days. Color coding used on the plot in Step 3 reflects statistical
significance and is described further in the methods.
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Steps:

For each study area, 6 matrices were created of daily NDVI values (2 seasons x 3
productivity levels). Each matrix was ordered by day-rank for each year (see example
Figure 8, step 1), such that a list of NDVI values for a particular rank (e.g., rank #1 = the
seasonal peaks) could be extracted and analyzed across the period of record.

For each ranked day, the Thiel-Sen slope was calculated for that ranked day’s NDVI against
year (Figure 8, step 2). This slope value estimates the amount of change in NDVI through
time using a method that is minimally affected by outliers. This resulted in 122 slope
calculations for each of the 122 spring season days and 123 slope values for each of the 123
monsoon season days.

For each ranked day, the slope was converted from NDVI change-per-year to total estimated
NDVI change over the 20-year period of record (Figure 8, step 2); this provides the size and
direction of the trend. The conversion is made by multiplying the slope by 20.

For each ranked day, the significance of the trend was determined by calculating an adjusted
p-value using a Mann-Kendall test, modified for use in potentially autocorrelated data by
using the Zhang method of data pre-whitening using the Zyp R package (Zhang et al. 2000,
Bronaugh and Schoeneberg 2023). Time series data are often autocorrelated because adjacent
days typically have more similar values than days further apart in time.

For each ranked day, the adjusted p-values were converted to likelihood values. Likelihood
values estimate the likelihood that the trend direction is correct. Likelihood was calculated
following Choquette et al. (2019) using the equation Lk = 1 — (px/2), where the subscript k
represents the daily rank (e.g., for the spring season, k values range from 1 to 122). Lk is the
likelihood for the kth ranked day, and px is the adjusted p-value for the kth ranked day
calculated from the Zhang method within the Zyp package.

Graphs were created showing the magnitude of the total estimated change in NDVI.

(Figure 8, step 3). These graphs have symbols color-coded by their likelihood of being in the
correct direction, following the likelihood boundaries used by Choquette et al. (2019) and
described in their supplementary information.

How Methods Were Modified

The methods described above were modified from the methods described by Choquette et al. (2019)
in these ways:

NDVI data were not log-transformed because NDVI data typically do not have a distribution needing
log transformation. This assumption was tested against distribution diagrams for a sample of data
from each study area. The best distribution match varied from normal to reciprocal. We chose the
normal distribution (i.e., untransformed data) because the resulting cumulative change through time
could be more intuitively expressed and because the Thiel-Sen slope estimation does not depend on
an assumption of a particular distribution.
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Similarly, instead of calculating slope as percent change per year (appropriate for log-transformed
data), slope was instead converted to the total estimated change in NDVI value over the 20-year
period of record.

To provide more conservative estimates, the larger of the two p-values (unadjusted and adjusted) was
chosen for use in likelihood calculations. In most cases this was the adjusted p-value.

Calculation of Likelihood for Ranked-Day Trend Direction
To aid in results interpretation, we estimated the likelihood of correct trend direction (increasing or
decreasing) using terminology and thresholds explained by Mastrandrea et al. (2010) and applied

previously to ranked-day Mann-Kendall analyses by Choquette et al. (2019). Four categories of
likelithood were used:

e “Uncertain”: < 67% likely that the trend direction is correct.

o “Likely”: 67% to < 90% likely that the trend direction is correct.

o  “Very likely”: 90% to < 95% likely that the trend direction is correct.
e “Highly likely”: > 95% likely that the trend direction is correct.

This terminology is designed to give an earlier indication for trends that do not meet the more
conservative significance thresholds (e.g., p-value < 0.05). This is because by the time a trend meets
the strict threshold, it is likely to be well underway; consequences may already be experienced; and
the window for effective management action may have already passed. Caution must be used in
ascribing trends to long term climate change rather than other sources, such as multidecadal climate
variability. However, studies on the relative contributions of climate change provide evidence that
anthropogenic climate change has already intensified recent droughts in the southwestern United
States (Williams et al. 2022, Leung et al. 2023). In this report, the categories “very likely” and
“highly likely” are combined into “very or highly likely” in the results, discussion, and conclusion
text to improve readability. The four categories of likelihood are portrayed with distinct color
shading and symbols in the figures.

Raster Graph Visualizations

Raster graphs (also known as heatmaps) were created to facilitate data visualization. Methods and
color boundary selections are based on percentile statistics calculated from the 20-year period of
record of NDVI for each study area. Spring peak timing and intensity values are calculated from
daily spring (March—June) study area values. Monsoon peak timing and intensity values are
calculated from daily monsoon (July—October) study area values. Further details about statistical
calculations and plotting methods can be found in Norris (2020). Daily data and annual statistics are
available in the data release associated with this report (Norris and Ploughe 2025).

21



Results and Discussion

Daily and Peak Seasonal NDVI Values

An overview of the daily and peak seasonal NDVI values is provided here. Due to space constraints,
not all data are visible in the multi-park figures. For more detailed park-specific graphs, see the
Appendix.

Phenological raster graphs of NDVI over time (Figures 9 and 10) provide a visualization tool to
interpret seasonal and interannual changes in NDVI. Daily raster graphs provide a way for viewers to
examine several patterns through time, including timing and intensity of seasonal peaks, duration of
greenness, extent and amount of winter senescence, interannual variability, and short- or long-term
disturbance events. Visualizing data in this way has proven important for resource managers and
scientists in other fields to better understand patterns, identify important parameters for models, and
to promote scientific hypothesis generation (Koehler 2004, Yanai and Lercher 2021, Zhu et al. 2021).
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Figure 9. Raster graphs showing phenological patterns of smoothed NDVI for the 20-year analysis period
for 6 of the 12 study areas including the park units AZRU, CHCU, GLCA, and PETR. Color ramps of
greenness are adjusted to individual study areas’ range of NDVI values. Therefore, the color ramps can
be compared within a study area for both the timing and intensity of events. Timing of events can also be
compared across study areas using the raster graphs. However, to compare intensity (e.g., seasonal
peak size) among the study areas, the quantitative peak NDVI values shown in the marginal graphs must
be used.
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Figure 10. Raster graph showing phenological patterns of smoothed NDVI for the 20-year period of
record for 6 of the 12 study areas including the park units PEFO and WUPA. Color ramps of greenness
are adjusted to individual study areas’ range of NDVI values. Therefore, the color ramps can be
compared within a study area for both the timing and intensity of events. Timing of events can also be
compared across study areas using the raster graphs. However, to compare intensity (e.g., seasonal
peak size) across the study areas, the quantitative peak NDVI values shown in the marginal graphs must
be used.
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Although the study areas show different patterns through time, all study areas showed a large
variability in the timing, intensity, and duration of spring and monsoon season green-ups. The more
northerly parks (Aztec Ruins NM and Glen Canyon NRA) have fewer years with high monsoon
peaks. Park-specific consideration of phenology patterns can be used to inform park management and
help to interpret past patterns of vegetation and wildlife abundance. As a result, park managers can
consider early or preventative management responses for resources of special concern. For example,
increased vegetation stress could cause a die-off of a threatened or endangered species. On a larger
scale, a trend towards earlier timing of green-up could signal the expansion of an invasive annual
species like cheat grass (Singh and Glenn 2009).

Die-Off and Disturbance Indicators

Several parks show multiple consecutive seasons of low NDVI values, suggesting periods of
vegetation stress or die-off that may be associated with drought. For example, multiple consecutive
seasons of low NDVI values extending from spring 2017 to spring 2021 at the two Wupatki NM
study areas (Figure 10) correspond with a widespread juniper die-off/die-back in adjacent pinyon-
juniper woodlands that was observed by resource managers in early spring of 2021 (Noel et al.
2023). Similar extended low NDVI periods occur in other parks, including from 2008-2013 at the
Petroglyph NM Malpais Grassland study area, and from 2020-2022 at the Aztec Ruins NM Limy
Upland Shrubland study area (Figures 9 and 10).

Recording these multi-season events is important in three ways:

1. The events provide context to explain past patterns of abundance of other resources such as
wildlife populations.

2. The events provide quantitative information that can be used to parameterize models to link
climate and vegetation disturbance. Models that link climate and disturbance thresholds form
a foundation for providing accurate predictions of how ecosystems will respond to ongoing
and future climate change.

3. If'the events can be identified in near real-time, they will provide information about current
conditions that can be used to inform anticipatory efforts or to better time already-planned
restoration efforts.

Anticipatory efforts could include scenario planning for the case of disturbance and its effect on
resources of special concern. It could also include mitigation efforts such as thinning or maintenance
of fire breaks that could be immediately prioritized to the most impacted locations or to high-value
resource areas.

Improving the timing of already planned restoration efforts (e.g., reseeding after construction projects
or reintroducing wildlife) can result in less money wasted on an effort that is unlikely to succeed
given current conditions if those conditions are particularly dry and poor. Under these conditions,
managers should consider monitoring climate projections or waiting for improvements in humidity or
soil moisture conditions before reseeding/replanting. They may also consider other mitigating
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arrangements, such as supplemental watering of plants or feeding of reintroduced wildlife, to
improve the likelihood of success.

Relative Size of Spring and Monsoon NDVI Peaks

For most study areas, the monsoon peak was larger than the spring peak in most years (Figure 11).
The Aztec Ruins NM and Glen Canyon NRA study areas were exceptions. For most years at the
Glen Canyon NRA study areas, the spring NDVI peak was higher than that year’s monsoon NDVI
peak, with only 25-35% of years having higher monsoon peaks than spring peaks. For Aztec Ruins
NM, the years were evenly split between years with higher spring peaks and years with higher
monsoon peaks. The study areas with the highest proportion of monsoon-peak dominated years were
at Petroglyph NM and Wupatki NM, with 70-80% of the years having monsoon peaks that were
larger than spring peaks.
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Figure 11. Size and frequency of spring-season vs. monsoon-season NDVI peaks. Study area IDs
correspond to designations in Table 1. All study areas had a mix of years with monsoon and spring
dominated peaks. Most parks have more years of monsoon-dominated NDVI peaks. Exceptions are Glen
Canyon NRA, which has more years of spring-dominated peaks and Aztec Ruins NM, which has evenly
divided years of spring- and monsoon- dominated peaks.
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Ranked-Day NDVI Trends
Overviews of the ranked-daily NDVI trends are provided here. Due to space constraints, not all data
are visible on the multi-park figures. For more detailed park-specific graphs, see the Appendix.

Overview

Multiple aspects of the ranked-day trend analyses (Figures 12—15) will be discussed individually.
Broadly, the results indicate that there were regionally consistent trends in monsoon season
greenness over the last 20 years, with southern parks (Petrified Forest NP, Petroglyph NM, and
Wupatki NM) experiencing positive or neutral trends, and northern parks (Aztec Ruins NM, Chaco
Culture NHP, and Glen Canyon NRA) experiencing negative or neutral trends (Figures 14-15).
Spring ranked-day trend patterns were more spatially variable. All parks had variability in the timing
and intensity of trends and variability in trends among the more and less productive parts of the study
areas. Two parks had negative trends for both spring and monsoon seasons: Glen Canyon NRA and
Aztec Ruins NM. Among the 12 study areas, the Aztec Ruins NM study area had the greatest number
of days with “very or highly likely” trends, all of which were negative (Figures 12—13).

27



Aztec Ruins NM Chaco Culture NHP Glen Canyon NRA

Limy Upland Shrubland Sandy Loam Upland Grassland Desert Sand Shrubland

0.10 0.10 0.10 Bullfrog Area
~N
g 0.08 0.08 0.08
o 0.06 0.06 0.06

1
[a0)
o 0.04 0.04 0.04
8 0.02] g Positive trend 0.02 0.02
~ s B
- 0.00 0.00 = 0.00
o . 4 o QP
'sq:) -0.02{ 4l Negative trend -0.02 -0.02
Q. 004 M -0.04 -0.04
—
8 -0.06 -0.06 -0.06
|>‘ Peak 30 60 90 Min Peak 30 60 90 Min Peak 30 60 90 Min
o
[@\] Glen Canyon NRA Glen Canyon NRA Petrified Forest NP
Q Desert Sand Shrubland Desert Sand Shrubland Clayey Fan Grassland
Hole in the Rock Area Page Area Expansion Lands

_'-S 0.10 0.10 0.10
O 008 0.08 0.08
>
O 0.06 0.06 0.06
Q
o) 0.04 0.04 0.04
c
O 0.02 0.02 0.02
= .
S 0.00 0.00f—— —=— 0.00 - =
2 002 —— 002| -0.02
< 004 -0.04 -0.04

-0.06 -0.06 -0.06

Peak 30 60 90 Min Peak 30 60_ 90 Min Peak 30 60 90 Min
Ranked day of spring season

Confidence in direction of change
.\4@ \).\4@
N
Do &
ARG @Q -
NS Likelihood
Uncertain  0.50 to < 0.67
B Likely 0.67to < 0.90
A © H Very Likely 0.90to < 0.95
A @ H Highly Likely 0.95 to 1.00

Figure 12. Ranked-day NDVI trend estimates for the spring season for 6 of the 12 study areas including
the park units AZRU, CHCU, GLCA and PEFO. For conceptual example, see Figure 8. These graphs
show estimates of total change through time (2003-2022) for each ranked day of the spring season
(March—June), with the “Peak” being the annual peak values for the season and the “Min” being the
annual minimum value for the season. The points between the “Peak” and “Min” represent days of the
season, ranked by NDVI value, where the peak value is rank 1 and the minimum value for the spring
season is rank 122 (number of days in the spring season). Colors indicate the three sets of pixels that
were analyzed in most study areas: the entire set of pixels was used to calculate the study area median,
and two subsets of pixels that had lower and higher average NDVI values were used to calculate values
for the “Less productive” and “More productive” parts of the study area. Estimate of total change over the
20-year period was made using Thiel-Sen slope estimation. Color intensity is used to indicate likelihood
that the direction of trend is correct.
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Figure 13. Ranked-day NDVI trend estimates for the spring season for 6 of the 12 study areas including
the park units PEFO, PETR, and WUPA. For conceptual example, see Figure 8. These graphs show
estimates of total change through time (2003-2022) for each ranked day of the spring season (March—
June), with the “Peak” being the annual peak values for the season and the “Min” being the annual
minimum value for the season. The points between the “Peak” and “Min” represent days of the season,
ranked by NDVI value, where the peak value is rank 1 and the minimum value for the spring season is
rank 122 (number of days in the spring season). Colors indicate the three sets of pixels that were
analyzed in most study areas: the entire set of pixels was used to calculate the study area median, and
two subsets of pixels that had lower and higher average NDVI values were used to calculate values for
the “Less productive” and “More productive” parts of the study area. Estimate of total change over the 20-
year period was made using Thiel-Sen slope estimation. Color intensity is used to indicate likelihood that
the direction of trend is correct.
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Figure 14. Ranked-day trend estimation results for the monsoon season for 6 of the 12 study areas
including the park units AZRU, CHCU, GLCA and PEFO. For conceptual example, see Figure 8. Graph
shows estimates of total change through time (2003—-2022) for each ranked day of the monsoon season
(July—October), with the “Peak” being the annual peak values for the season and the “Min” being the
annual minimum value for the season. The points between the “Peak” and “Min” represent days of the
season, ranked by NDVI value, where the peak value is rank 1 and the minimum value for the monsoon
season is rank 123 (number of days in the monsoon season). Colors indicate the three sets of pixels that
were analyzed in most study areas: the entire set of pixels was used to calculate the study area median,
and two subsets of pixels that had lower and higher average NDVI values were used to calculate values
for the “Less productive” and “More productive” parts of the study area. Estimate of total change over the
20-year period was made using Thiel-Sen slope estimation. Color intensity is used to indicate likelihood
that the direction of trend is correct.
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Figure 15. Ranked-day trend estimation results for the monsoon season for 6 of the 12 study areas
including the park units PEFO, PETR and WUPA. For conceptual example, see Figure 8. Graph shows
estimates of total change through time (2003-2022) for each ranked day of the monsoon season (July—
October), with the “Peak” being the annual peak values for the season and the “Min” being the annual
minimum value for the season. The points between the “Peak” and “Min” represent days of the season,
ranked by NDVI value, where the peak value is rank 1 and the minimum value for the monsoon season is
rank 123 (number of days in the monsoon season). Colors indicate the three sets of pixels that were
analyzed in most study areas: the entire set of pixels was used to calculate the study area median, and
two subsets of pixels that had lower and higher average NDVI values were used to calculate values for
the “Less productive” and “More productive” parts of the study area. Estimate of total change over the 20-
year period was made using Thiel-Sen slope estimation. Color intensity is used to indicate likelihood that
the direction of trend is correct.
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Ranked-Day Trend Analysis

Ranked-day analysis provided more detailed trend information than simple seasonal peak analysis
would have. For the spring season, ranked-day analysis had “very or highly likely” trends for 10
study areas, while peak days had only two study areas with “very or highly likely” trends.
(Figures 12 and 13).

Likelihood vs. Threshold p-values

Using likelihood categories instead of a strict p-value threshold provided more information about
trends that may be in the earlier stages of detectability. For the spring season analysis, all 12 study
areas had trends whose directions were identified to the “likely” level or higher, as compared to 2
study areas which had trends whose directions were identified to the “highly likely” level (Figures 12
and 13). For the monsoon season analysis, all 12 study areas had trends whose directions were
identified to the “likely” level or higher, compared to 2 study areas which had trends whose
directions were identified to the “highly likely” level (Figures 14 and 15).

Seasonal Differences in Ranked-Day Trends

Spring and monsoon season NDVI trends differed in direction and location (Figures 12—15). Neither
seasons’ trend directions were consistently associated with shrubland or grassland vegetation types:
Although the grasslands generally had more positive spring trends, this may have been due to the
over-representation of the Petrified Forest NP grasslands (4 study areas).

Spring (March through June) trends had a locally variable pattern: there was no obvious geographic
pattern, and two of the three parks with multiple study areas had both positive and negative trends
within the same park (Petrified Forest NP and Wupatki NM, Figures 12 and 13). Spring season
NDVI trends were generally negative: 7 out of 12 study areas had negative trends that were “very or
highly likely”, compared to 4 out of 12 study areas with positive “very or highly likely” trends. The
number of rank-days with negative “very or highly likely” trends was also much larger than the few
rank-days with positive “very or highly likely” trends.

Monsoon season (July through October) trends had a more regional pattern: the northern park units
(Aztec Ruins NM, Chaco Culture NHP, and Glen Canyon NRA) had generally negative trends, while
the southern park units (Petrified Forest NP, Petroglyph NM, and Wupatki NM) had generally
positive trends (Figures 14 and 15). The monsoon season had both fewer study areas and fewer days
with “very or highly likely” NDVI trends: Three study areas each for negative and positive “very or
highly likely” trends, all of these occurrences being for only a few rank-days.

More and Less Productive Study Area Pixels

Measuring NDVI trends for the more and less productive pixels of the study area provided trend
information beyond that of the study area median values. In most cases, trends were of similar
direction and magnitude for all three study area productivity levels; however, in a few cases they
behaved differently: for the monsoon season in the Page area of the Glen Canyon NRA Desert Sand
Shrubland, the more and less productive pixels had negative (though “uncertain”) monsoon peak-day
trends, while the study area median trend values for the monsoon peaks were positive (Figure 14).
Similarly, for the Petrified Forest NP Sandy Loam Upland expansion lands, towards the minimum
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days of the spring season, the more productive pixels had “highly likely” positive trends whereas the
less productive pixels had “very likely” negative trends (Figure 13).

Several study areas had “very or highly likely” trends for the more and less productive pixel values
but not for the median study area values: In spring, there were six study areas with “very or highly
likely” trends in the study area median values, but this number rose to nine study areas when
including the more and less productive pixels (Figures 12 and 13). During the monsoon season, there
were five study areas with “very or highly likely” trends in study area median values, but this number
rose to ten study areas when including the more and less productive pixels (Figures 14 and 15).

Further Topics of Investigation

The results of these analysis provide immediate information about phenological patterns over the last
two decades. However, many opportunities remain for additional uses of these data and of ongoing
phenological monitoring data. Fruitful areas of inquiry include quantifying the dependence of
phenological patterns on climate variables, identifying which plant species responses are best
correlated to the satellite record, and linking wildlife responses to phenological status. Two examples
of how this phenological data could be used in the future to more explicitly link climate response to
vegetation response include examination of the late-spring dip in greenness (Figures 1, 9, 10). The
Tercek et al (2023) analysis of water deficit using climate projections suggests that this dip may
become more extreme in the future in more areas of the southwest, and that species’ ranges may
respond to this change because some plant species may be unable to tolerate the extreme moisture
stress during this period. If this happens, resources like the maps created by the Seedlot Selection
Tool (Figure 2, Appendix) may prove important for land managers and scientists to determine what
species and genetic strains are likely to be successful as climate change progresses. Swan (2024)
reported negative effects of spring moisture deficit on the cover of perennial grasses and shrubs, but
also found positive impacts of July moisture deficit on perennial grasses. More detailed modelling of
those results against the longer term phenological record may be helpful in disentangling and
projecting the future effect size of these patterns. The spring and July moisture effects have potential
to counteract one another, because climate models for the study areas reported by Swan (2024)
project decreased moisture availability in spring and uncertain but often decreasing changes in July
moisture availability (Andrews et al. 2019a, e, g, h, 1)
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Conclusions

Study Area Phenological Characteristics

Statistical summaries and annual patterns from the 12 study areas revealed high interannual
variability in the timing and intensity of both spring and monsoon NDVI peaks (Figures 9 and 10).
All the study areas had some years with larger spring peaks and some with larger monsoon peaks.
Most study areas had more years with a dominant monsoon peak than spring peak (Figure 11). Only
Glen Canyon NRA had more years with a dominant spring NDVI peak (65-75% of years had spring
NDVI peaks), and Aztec Ruins NM had equal numbers of years dominated by spring peaks and
monsoon peaks.

Trend Analyses

Exploratory trend analysis of the NDVI data found that there were many “likely” trends for ranked-
day values, with a smaller number of “very or highly likely” trends. The spring season trends were
spatially inconsistent among and within parks. The monsoon season trends were consistently
negative or neutral for the more northerly parks (Aztec Ruins NM, Chaco Culture NHP, and Glen
Canyon NRA), and consistently positive or neutral for the more southerly parks (Petrified Forest NP,
Petroglyph NM, and Wupatki NM). Two parks had consistently negative or neutral trends for both
seasons: Aztec Ruins NM and the three study areas at Glen Canyon NRA. Of the three study areas at
Glen Canyon NRA, the Bullfrog area had the greatest number of days with negative trends in each
season and likelihood category.

Management Implications and Future Research

There are three broad areas of management implications for this study: Study area phenology
visualizations/covariates, disturbance event recording, and trend interpretation. Each has immediate
implications as well as suggested lines of future research that could improve park resource
management.

Study Area Phenology Visualizations and Covariates

Patterns of phenological data provide an intuitive way for resource managers to view seasonal and
interannual variability in timing and intensity of green-up. The data provide covariates and
explanatory information for interpreting changes in other resources of interest. Some examples of
their potential utility include:

e They can be useful for considering early or preventative management responses for resources
of special concern based on the most recent season’s site conditions.

e They can provide vegetation condition and timing data that could explain patterns of wildlife
response.

e They can help to understand what the immediate severity of trend impacts on the study area
vegetation will be and to anticipate the location and severity of impacts on the study area
vegetation if trends continue (e.g., leading to fire or die-off affecting vegetation).

34



e Changes in patterns of phenological timing can be used as a warning to look for other
changes in the study area. For example, consistently earlier green-up could signal the
expansion of an early-growing invasive annual species like cheat grass (Singh and Glenn
2009).

Several of these examples have potential for qualitative visual interpretation. They also provide a
basis for future quantitative research that can link the phenological data with a variety of ecosystem
outcomes, such as fluctuations in wildlife populations, success of individual plant species, or insect
outbreaks and die-off events.

Disturbance and Multiyear Drought Event Recording

Drought-related disturbance events are an important ecosystem occurrence in the southwestern U.S.
(Betancourt et al. 1993, Breshears et al. 2005, Clifford et al. 2011). Phenological monitoring has the
potential to identify when and where these events have occurred or are occurring, and what
contributing conditions led up to an event. In our study data, several parks show multiple consecutive
seasons of low NDVI values, suggesting periods of vegetation stress or die-off that may be
associated with drought. For example, multiple consecutive seasons of low NDVI values extending
from spring 2017 to spring 2021 at the two Wupatki NM study areas (Figure 10) correspond with a
widespread juniper die-off/die-back in adjacent pinyon-juniper woodlands that was observed by early
spring of 2021 (Noel et al. 2023). Similar extended low-NDVI periods occur in other parks,
including from 2008-2013 at the Petroglyph NM Malpais Grassland study area, and from 2020-2022
at the Aztec Ruins NM Limy Upland Shrubland study area.

Recording these multi-season events is important for two reasons:

1. The events provide quantitative information that can be used to parameterize models to link
climate and vegetation response. Models that link climate and response form a foundation for
providing accurate predictions of how ecosystems will respond to ongoing and future climate
change.

2. Ifthe events can be identified in near real-time, information about current conditions can be
used to inform restoration or response efforts. For example, knowing whether current
conditions are good or poor can suggest whether a restoration effort is likely to be successful
given current conditions, or whether delaying the action or taking extra steps (such as
supplemental watering or feeding) might increase the chances of restoration success.

Utility of Trend Information

We are only able to measure relatively short-term trends over the 20-year period. These should be
considered within a larger, multidecadal-scale context. In particular, trend results may be confounded
by the occurrence of a multiyear drought before and during the earliest years of the study period
(Breshears et al. 2005), and by a second, longer megadrought whose timing thus far encompasses the
study period (Williams et al. 2022). Future predictions depend on whether the conditions prevailing
during this megadrought become the norm, or whether there will be decadal-scale variability in
moisture conditions that could allow for relatively more mesic periods, and thus opportunities for
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episodic establishment of long-lived species and more successful restoration efforts (Bradford et al.
2018). Trend results can be used to test whether current trends match climate model predictions of
expected ongoing climate change. If they do, then the vegetation responses to these trends can help
understand and inform predictions of continued future climate change.
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Appendix

Overview of Contents

This appendix includes high-resolution park-specific maps and graphs for each study area (Figures
16—68). Multi-park panel graph examples of these graphs are included in the main report. Methods
used to create figures are described in the main report, except for the Seedlot Selection Tool maps,
which are described here. A conceptual example of the ranked-day trend estimates (Figure 16) can be
helpful in interpreting each study areas ranked-day trend estimate graphs.
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Figure 16. Conceptual diagram of the steps used in ranked-day trend analysis. Step 1 shows individual
day ranks as columns, where Day Rank 1 is the seasonal peak NDVI value for the year; Day Rank 2 is
the second-highest NDVI value, etc. proceeding down to the seasonal minimum NDVI value for the year.
Step 2 shows a graphical example of the regression analysis of NDVI against year, the calculation of the
slope of the regression, and conversion of slope to the total estimated NDVI change through time. Step 3
shows how the total estimated change through time is represented as a value on a graph, which shows
corresponding trend values for each ranked day of the season. A lowering and flattening of the overall
phenological curve in the monsoon season is suggested by the large decreases around the peak dates
and smaller decreases on the higher-rank days. Color coding used on the plot in Step 3 is described
further in Figure 12.
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Seedlot Selection Tool Map Methods

Seedlot selection tool maps (St. Clair et al. 2022) were created with these settings: Current climate
was based on 1981-2010 normals. Projected climate was based on the years 2071-2100 using the
RCP 8.5 scenario. Settings used allowed liberal definitions of matches, requiring similarity in only
three variables: Mean Coldest Month Temperature (using the default transfer limit of = 2.00 °C),
Summer Heat Moisture Index (using the default transfer limit of + 190.2), and Frost Free Period
(using a user-set transfer limit of = 30 days). More conservative matches (using additional climate
variables) resulted in little or no area with similar projected climate for most study areas.
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Aztec Ruins NM
MODIS Sensor Pixels Used in Ranked-Day Analysis
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Figure 17. Map of MODIS pixel centers used for analysis at Aztec Ruins NM. Pixels analyzed as 20" and
80™ percentile are not present for this study area because it had too few pixels to separate into
productivity categories.
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Daily NDVI Data, Raster Graph
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Figure 18. Raster graph and marginal graph of seasonal and annual peaks showing phenological
patterns of smoothed NDVI for the 20-year analysis period (2003-2022) for the Aztec Ruins NM Limy
Upland Shrubland study area. The graphs show that the study area usually has low greenness during the
winter, though a few years, including the first three years, have episodes of greenness in the winter. Many
years have separate peaks of greenness occurring during the springtime and monsoon season. Some
years, such as 2014 and 2020-2022 have little or no greenup evident throughout the growing season,
suggesting vegetation stress during those years. Circular and triangular symbols mark the timing and
intensity of the peak-of-season dates for each year: downward and upward pointing triangles mark the
spring (March—June) and monsoon peak (July—October) timing. Intensity of the spring peak and monsoon
peak is similarly marked by a downward or upward pointing triangle on the marginal plot. Open circles
mark the timing and intensity of the annual peak. Closed circles on the marginal plots mark the
approximate annual minimum NDVI value, which is approximate and has no associated calendar date
because of uncertainty introduced by snow cover.
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Ranked Daily Quantile Trends
Spring Trends
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Figure 19. Ranked-day NDVI trend estimates for the spring season for the Aztec Ruins Limy Upland
Shrubland study area. For conceptual example, see Figure 16. These graphs show estimates of total
change through time (2003—-2022) for each ranked day of the spring season (March—June), with the
“Peak” being the annual peak values for the season and the “Min” being the annual minimum value for
the season. The points between the “Peak” and “Min” represent days of the season, ranked by NDVI
value, where the peak value is rank 1 and the minimum value for the spring season is rank 122 (number
of days in the spring season). Colors indicate the three sets of pixels that were analyzed in most study
areas: the entire set of pixels was used to calculate the study area median, and two subsets of pixels that
had lower and higher average NDVI values were used to calculate values for the “Less productive” and
“More productive” parts of the study area. In this graph, only the median productivity category is shown
because the Aztec Ruins Limy Upland Shrubland study area had too few pixels to separate into
productivity categories. Decreasing NDVI trends are seen for all days of the spring season. The largest
trends seen for declines in the peak and near-peak values. Confidence in direction of trend for all days
ranges from very likely to highly likely. Estimate of total change over the 20-year period was made using
Thiel-Sen slope estimation. Color intensity is used to indicate likelihood that the direction of trend is
correct.
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Monsoon Trends
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Figure 20. Ranked-day NDVI trend estimates for the monsoon season for the Aztec Ruins NM Limy
Upland Shrubland study area. For conceptual example, see Figure 16. These graphs show estimates of
total change through time (2003-2022) for each ranked day of the monsoon season (July—October), with
the “Peak” being the annual peak values for the season and the “Min” being the annual minimum value
for the season. The points between the “Peak” and “Min” represent days of the season, ranked by NDVI
value, where the peak value is rank 1 and the minimum value for the monsoon season is rank 123
(number of days in the monsoon season). Colors indicate the three sets of pixels that were analyzed in
most study areas: the entire set of pixels was used to calculate the study area median, and two subsets
of pixels that had lower and higher average NDVI values were used to calculate values for the “Less
productive” and “More productive” parts of the study area. In this graph, only the median productivity
category is shown because the Aztec Ruins Limy Upland Shrubland study area had too few pixels to
separate into productivity categories. Decreasing NDVI trends are seen for all days of the monsoon
season. The largest trends seen for declines in the peak and near-peak values. More than half the days
have a confidence in the direction of trend of likely or very likely. Estimate of total change over the 20-
year period was made using Thiel-Sen slope estimation. Color intensity is used to indicate likelihood that
the direction of trend is correct.
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Seedlot Selection Tool Maps
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Figure 21. Map of locations whose current climate is similar to the projected climate (2071-2100) at the
reference location in Aztec Ruins NM. Data derived from Seedlot Selection Tool scores (St. Clair et al.
2022). Current climate was based on 1981-2010 normals. Projected climate was based on the years
2071-2100 using the RCP 8.5 scenario. Settings used allowed liberal definitions of matches, requiring

similarity in only three variables: Mean Coldest Month Temperature, Summer Heat Moisture Index, and
Frost-Free Period. Map shows possible future directions of natural or assisted migrations of species or of
genetic strains within species. Data used to create this map are available in the associated data release.
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Chaco Culture NHP
MODIS Sensor Pixels Used in Ranked-Day Analysis
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Figure 22. Map of MODIS pixel centers used for analysis at Chaco Culture NHP. Pixels analyzed as 20™
and 80™ percentile are limited to the 5% of pixels centered around the 20" and 80" percentiles of average
greenness across the period of record (i.e., those pixels within the percentile ranges of 17.5%—22.5% and
77.5%—82.5%). This restriction was made to avoid possible outliers that might be incorrectly mapped as
the target ecosystem and therefore which might fall at the extreme ends of the productivity distribution.
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Daily NDVI Data, Raster Graph
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Figure 23. Raster graph and marginal graph of seasonal and annual peaks showing phenological
patterns of smoothed NDVI for the 20-year analysis period (2003-2022) for the Chaco Culture NHP
Sandy Loam Upland Grassland study area. The graphs show that the study area has low greenness
during the winter. Many years have separate peaks of greenness occurring during the springtime and
monsoon season. Some years, such as 2011, 2012, 2018, and 2021 have little greenup evident
throughout the growing season, suggesting vegetation stress during those years. Circular and triangular
symbols mark the timing and intensity of the peak-of-season dates for each year: downward and upward
pointing triangles mark the spring (March—June) and monsoon peak (July—October) timing. Intensity of
the spring peak and monsoon peak is similarly marked by a downward or upward pointing triangle on the
marginal plot. Open circles mark the timing and intensity of the annual peak. Closed circles on the
marginal plots mark the approximate annual minimum NDVI value, which is approximate and has no
associated calendar date because of uncertainty introduced by snow cover.
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Ranked Daily Quantile Trends
Spring Trends
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Figure 24. Ranked-day NDVI trend estimates for the spring season for the Chaco Culture NHP Sandy
Loam Upland Grassland study area. For conceptual example, see Figure 16. These graphs show
estimates of total change through time (2003-2022) for each ranked day of the spring season (March—
June), with the “Peak” being the annual peak values for the season and the “Min” being the annual
minimum value for the season. The points between the “Peak” and “Min” represent days of the season,
ranked by NDVI value, where the peak value is rank 1 and the minimum value for the spring season is
rank 122 (number of days in the spring season). Colors indicate the three sets of pixels that were
analyzed in most study areas: the entire set of pixels was used to calculate the study area median, and
two subsets of pixels that had lower and higher average NDVI values were used to calculate values for
the “Less productive” and “More productive” parts of the study area. Plot shows an overall flattening of the
spring phenology pattern for all three productivity levels, with a lowering of the seasonal peak and an
increase in the seasonal minimum values. The greatest confidence in the directions of this is for the
positive trend in values near the minimum day of the season. Estimate of total change over the 20-year
period was made using Thiel-Sen slope estimation. Color intensity is used to indicate likelihood that the
direction of trend is correct.
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Monsoon Trends
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Figure 25. Ranked-day NDVI trend estimates for the monsoon season for the Chaco Culture NHP Sandy
Loam Upland Grassland study area. For conceptual example, see Figure 16. These graphs show
estimates of total change through time (2003-2022) for each ranked day of the monsoon season (July—
October), with the “Peak” being the annual peak values for the season and the “Min” being the annual
minimum value for the season. The points between the “Peak” and “Min” represent days of the season,
ranked by NDVI value, where the peak value is rank 1 and the minimum value for the monsoon season is
rank 123 (number of days in the monsoon season). Colors indicate the three sets of pixels that were
analyzed in most study areas: the entire set of pixels was used to calculate the study area median, and
two subsets of pixels that had lower and higher average NDVI values were used to calculate values for
the “Less productive” and “More productive” parts of the study area. Decreasing NDVI trends are seen for
almost all days of the monsoon season, except for a small increasing trend seen in the near-minimum
days. The largest trends and highest confidence levels are seen for declines in the peak and near-peak
values. This pattern is consistent across all three productivity levels, with the greatest confidence in
negative direction of trend for the median and less productive study area categories. Estimate of total
change over the 20-year period was made using Thiel-Sen slope estimation. Color intensity is used to
indicate likelihood that the direction of trend is correct.
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Seedlot Selection Tool Maps
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Figure 26. Map of locations whose current climate is similar to the projected climate (2071-2100) at the
reference location in Chaco Culture NHP. Data derived from Seedlot Selection Tool scores (St. Clair et al.
2022). Current climate was based on 1981-2010 normals. Projected climate was based on the years
2071-2100 using the RCP 8.5 scenario. Settings used allowed liberal definitions of matches, requiring
similarity in only three variables: Mean Coldest Month Temperature, Summer Heat Moisture Index, and
Frost-Free Period. Map shows possible future directions of natural or assisted migrations of species or of
genetic strains within species. Data used to create this map are available in the associated data release.
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Glen Canyon NRA
MODIS Sensor Pixels Used in Ranked-Day Analysis
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Figure 27. Map of MODIS pixel centers used for analysis at Glen Canyon NRA. Pixels analyzed as 20"
and 80™ percentile are limited to the 5% of pixels centered around the 20" and 80" percentiles of average
greenness across the period of record (i.e., those pixels within the percentile ranges of 17.5%—22.5% and
77.5%—82.5%). This restriction was made to avoid possible outliers that might be incorrectly mapped as
the target ecosystem and therefore which might fall at the extreme ends of the productivity distribution.
These 20™ and 80" percentile pixels are not present among the Bullfrog study area markers because
there were too few total pixels available in the Bullfrog study area to divide into those percentile groups.
NPS / KRISTIN STRAKA
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Daily NDVI Data, Raster Graphs
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Figure 28. Raster graph and marginal graph of seasonal and annual peaks showing phenological
patterns of smoothed NDVI for the 20-year analysis period (2003—-2022) for the Bullfrog Area of the Glen
Canyon NRA Desert Sand Shrubland study area. The graphs show that the study area typically has low
greenness during the winter, though a few years have episodes of greenness in the winter. Many years
have separate peaks of greenness occurring during the springtime and monsoon season. Some years,
such as 2012, 2018, and 2022 have little or no greenup evident throughout the growing season,
suggesting vegetation stress during those years. Circular and triangular symbols mark the timing and
intensity of the peak-of-season dates for each year: downward and upward pointing triangles mark the
spring (March—June) and monsoon peak (July—October) timing. Intensity of the spring peak and monsoon
peak is similarly marked by a downward or upward pointing triangle on the marginal plot. Open circles
mark the timing and intensity of the annual peak. Closed circles on the marginal plots mark the
approximate annual minimum NDVI value, which is approximate and has no associated calendar date
because of uncertainty introduced by snow cover.
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Figure 29. Raster graph and marginal graph of seasonal and annual peaks showing phenological
patterns of smoothed NDVI for the 20-year analysis period (2003—2022) for the Hole in the Rock Area of
the Glen Canyon NRA Desert Sand Shrubland study area. The graphs show that the study area typically
has low greenness during the winter, though a few years have minor episodes of greenness in the winter.
Many years have separate peaks of greenness occurring during the springtime and monsoon season.
Some years, such as 2018, and 2022 have little or no greenup evident throughout the growing season,
suggesting vegetation stress during those years. Circular and triangular symbols mark the timing and
intensity of the peak-of-season dates for each year: downward and upward pointing triangles mark the
spring (March—June) and monsoon peak (July—October) timing. Intensity of the spring peak and monsoon
peak is similarly marked by a downward or upward pointing triangle on the marginal plot. Open circles
mark the timing and intensity of the annual peak. Closed circles on the marginal plots mark the
approximate annual minimum NDVI value, which is approximate and has no associated calendar date

because of uncertainty introduced by snow cover.
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Figure 30. Raster graph and marginal graph of seasonal and annual peaks showing phenological
patterns of smoothed NDVI for the 20-year analysis period (2003—2022) for the Page Area of the Glen
Canyon NRA Desert Sand Shrubland study area. The graphs show that the study area has low
greenness during the winter. Most years have separate peaks of greenness occurring during the
springtime and monsoon season. Some years, such as 2003, 2004, 2018, and 2021 have little or no
greenup evident throughout the growing season, suggesting vegetation stress during those years.
Circular and triangular symbols mark the timing and intensity of the peak-of-season dates for each year:
downward and upward pointing triangles mark the spring (March—June) and monsoon peak (July—
October) timing. Intensity of the spring peak and monsoon peak is similarly marked by a downward or
upward pointing triangle on the marginal plot. Open circles mark the timing and intensity of the annual
peak. Closed circles on the marginal plots mark the approximate annual minimum NDVI value, which is
approximate and has no associated calendar date because of uncertainty introduced by snow cover.
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Ranked Daily Quantile Trends
Spring Trends
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Figure 31. Ranked-day NDVI trend estimates for the spring season for the Bullfrog Area of the Glen
Canyon NRA Desert Sand Shrubland study area. For conceptual example, see Figure 16. These graphs
show estimates of total change through time (2003-2022) for each ranked day of the spring season
(March—June), with the “Peak” being the annual peak values for the season and the “Min” being the
annual minimum value for the season. The points between the “Peak” and “Min” represent days of the
season, ranked by NDVI value, where the peak value is rank 1 and the minimum value for the spring
season is rank 122 (number of days in the spring season). Colors indicate the three sets of pixels that
were analyzed in most study areas: the entire set of pixels was used to calculate the study area median,
and two subsets of pixels that had lower and higher average NDVI values were used to calculate values
for the “Less productive” and “More productive” parts of the study area. In this graph, only the median
productivity category is shown because the Bullfrog area of the Glen Canyon NRA Desert Sand
Shrubland study area had too few pixels to separate into productivity categories. Plot shows decreasing
NDVI trends for all days of the spring season. The middle-ranked days of the season have the largest
trend decreases. This suggests that in addition to an overall downward shift throughout the spring
season, the trend is towards narrower, shorter-lived peaks during the spring season. Estimate of total
change over the 20-year period was made using Thiel-Sen slope estimation. Color intensity is used to
indicate likelihood that the direction of trend is correct.
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Figure 32. Ranked-day NDVI trend estimates for the spring season for the Hole in the Rock area of the
Glen Canyon NRA Desert Sand Shrubland study area. For conceptual example, see Figure 16. These
graphs show estimates of total change through time (2003-2022) for each ranked day of the spring
season (March—June), with the “Peak” being the annual peak values for the season and the “Min” being
the annual minimum value for the season. The points between the “Peak” and “Min” represent days of the
season, ranked by NDVI value, where the peak value is rank 1 and the minimum value for the spring
season is rank 122 (number of days in the spring season). Colors indicate the three sets of pixels that
were analyzed in most study areas: the entire set of pixels was used to calculate the study area median,
and two subsets of pixels that had lower and higher average NDVI values were used to calculate values
for the “Less productive” and “More productive” parts of the study area. Plot shows a pattern of
decreasing NDVI trends for almost all days of the spring season, except for a small, uncertain increasing
trend seen in the near-minimum days. The largest trends are seen for declines in the peak and near-peak
values. This pattern is consistent across all three productivity levels, with the greatest confidence in
negative direction of trend for the median productivity category. Estimate of total change over the 20-year
period was made using Thiel-Sen slope estimation. Color intensity is used to indicate likelihood that the
direction of trend is correct.
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Figure 33. Ranked-day NDVI trend estimates for the spring season for the Page Area of the Glen
Canyon NRA Desert Sand Shrubland study area. For conceptual example, see Figure 16. These graphs
show estimates of total change through time (2003-2022) for each ranked day of the spring season
(March—June), with the “Peak” being the annual peak values for the season and the “Min” being the
annual minimum value for the season. The points between the “Peak” and “Min” represent days of the
season, ranked by NDVI value, where the peak value is rank 1 and the minimum value for the spring
season is rank 122 (number of days in the spring season). Colors indicate the three sets of pixels that
were analyzed in most study areas: the entire set of pixels was used to calculate the study area median,
and two subsets of pixels that had lower and higher average NDVI values were used to calculate values
for the “Less productive” and “More productive” parts of the study area. Plot shows a pattern of
decreasing NDVI trends seen for almost all days of the spring season, except for a small increasing trend
seen in the near-minimum days. The largest trends are generally seen for declines in the peak and near-
peak values. This pattern is consistent for the median and more productive levels, while the less
productive pixels have the largest negative trends in the middle set of days, suggesting an overall
narrower (shorter time) peak of greenness for the lower productivity areas. The confidence for most of the
change direction is likely, with a few “very likely” confidence levels for the less productive pixel values.
Estimate of total change over the 20-year period was made using Thiel-Sen slope estimation. Color
intensity is used to indicate likelihood that the direction of trend is correct.
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Monsoon Trends
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Figure 34. Ranked-day NDVI trend estimates for the monsoon season for the Bullfrog Area of the Glen
Canyon NRA Desert Sand Shrubland study area. For conceptual example, see Figure 16. These graphs
show estimates of total change through time (2003-2022) for each ranked day of the monsoon season
(July—October), with the “Peak” being the annual peak values for the season and the “Min” being the
annual minimum value for the season. The points between the “Peak” and “Min” represent days of the
season, ranked by NDVI value, where the peak value is rank 1 and the minimum value for the monsoon
season is rank 123 (number of days in the monsoon season). Colors indicate the three sets of pixels that
were analyzed in most study areas: the entire set of pixels was used to calculate the study area median,
and two subsets of pixels that had lower and higher average NDVI values were used to calculate values
for the “Less productive” and “More productive” parts of the study area. In this graph, only the median
productivity category is shown because the Bullfrog area of the Glen Canyon NRA Desert Sand
Shrubland study area had too few pixels to separate into productivity categories. Plot shows a pattern of
decreasing NDVI trends seen for almost all days of the monsoon season. The largest trends and greatest
confidence in direction of trend are seen for declines in the minimum NDVI values. Estimate of total
change over the 20-year period was made using Thiel-Sen slope estimation. Color intensity is used to
indicate likelihood that the direction of trend is correct.
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Figure 35. Ranked-day NDVI trend estimates for the monsoon season for the Hole in the Rock Area of
the Glen Canyon NRA Desert Sand Shrubland study area. For conceptual example, see Figure 16. These
graphs show estimates of total change through time (2003-2022) for each ranked day of the monsoon
season (July—October), with the “Peak” being the annual peak values for the season and the “Min” being
the annual minimum value for the season. The points between the “Peak” and “Min” represent days of the
season, ranked by NDVI value, where the peak value is rank 1 and the minimum value for the monsoon
season is rank 123 (number of days in the monsoon season). Colors indicate the three sets of pixels that
were analyzed in most study areas: the entire set of pixels was used to calculate the study area median,
and two subsets of pixels that had lower and higher average NDVI values were used to calculate values
for the “Less productive” and “More productive” parts of the study area. Decreasing NDVI values are seen
for most days of the monsoon season. The largest declines are in the peak and near-peak values of the
more productive pixels. The highest confidence level seen in these trends is “likely”, with most of the rank-
days have a “likely” level of confidence in a negative trend for at least one of the productivity levels.
Estimate of total change over the 20-year period was made using Thiel-Sen slope estimation. Color
intensity is used to indicate likelihood that the direction of trend is correct.
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Figure 36. Ranked-day NDVI trend estimates for the monsoon season for the Page Area of the Glen
Canyon NRA Desert Sand Shrubland study area. For conceptual example, see Figure 16. These graphs
show estimates of total change through time (2003-2022) for each ranked day of the monsoon season
(July—October), with the “Peak” being the annual peak values for the season and the “Min” being the
annual minimum value for the season. The points between the “Peak” and “Min” represent days of the
season, ranked by NDVI value, where the peak value is rank 1 and the minimum value for the monsoon
season is rank 123 (number of days in the monsoon season). Colors indicate the three sets of pixels that
were analyzed in most study areas: the entire set of pixels was used to calculate the study area median,
and two subsets of pixels that had lower and higher average NDVI values were used to calculate values
for the “Less productive” and “More productive” parts of the study area. Plot shows trends of decreasing
NDVI values for most days of the monsoon season. The largest declines are in the more productive
pixels. The median pixels trend directions range from negative at the season minimum to positive trends
at the season peak. The highest confidence level seen in these trends is “likely”, with most of the rank-
days have a “likely” level of confidence in a negative trend for at least one of the productivity levels.
Estimate of total change over the 20-year period was made using Thiel-Sen slope estimation. Color
intensity is used to indicate likelihood that the direction of trend is correct.
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Seedlot Selection Tool Maps
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Figure 37. Map of locations whose current climate is similar to the projected climate (2071-2100) at the
reference location in the Bullfrog Area of the Glen Canyon NRA Desert Sand Shrubland study area. Data
derived from Seedlot Selection Tool scores (St. Clair et al. 2022). Current climate was based on 1981—
2010 normals. Projected climate was based on the years 2071-2100 using the RCP 8.5 scenario.
Settings used allowed liberal definitions of matches, requiring similarity in only three variables: Mean
Coldest Month Temperature, Summer Heat Moisture Index, and Frost-Free Period. Map shows possible
future directions of natural or assisted migrations of species or of genetic strains within species. Data
used to create this map are available in the associated data release.
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Figure 38. Map of locations whose current climate is similar to the projected climate (2071-2100) at the
reference location in the Hole in the Rock Area of the Glen Canyon NRA Desert Sand Shrubland study
area. Data derived from Seedlot Selection Tool scores (St. Clair et al. 2022). Current climate was based
on 1981-2010 normals. Projected climate was based on the years 2071-2100 using the RCP 8.5
scenario. Settings used allowed liberal definitions of matches, requiring similarity in only three variables:
Mean Coldest Month Temperature, Summer Heat Moisture Index, and Frost-Free Period. Map shows

possible future directions of natural or assisted migrations of species or of genetic strains within species.
Data used to create this map are available in the associated data release.
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Figure 39. Map of locations whose current climate is similar to the projected climate (2071-2100) at the
reference location in the Page Area of the Glen Canyon NRA Desert Sand Shrubland study area. Data
derived from Seedlot Selection Tool scores (St. Clair et al. 2022). Current climate was based on 1981—
2010 normals. Projected climate was based on the years 2071-2100 using the RCP 8.5 scenario.
Settings used allowed liberal definitions of matches, requiring similarity in only three variables: Mean
Coldest Month Temperature, Summer Heat Moisture Index, and Frost-Free Period. Map shows possible

future directions of natural or assisted migrations of species or of genetic strains within species. Data
used to create this map are available in the associated data release.
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Petrified Forest NP
MODIS Sensor Pixels Used in Ranked-Day Analysis
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Figure 40. Map of MODIS pixel centers used for analysis at Petrified Forest NP. Pixels analyzed as 20"
and 80™ percentile are limited to the 5% of pixels centered around the 20" and 80" percentiles of average
greenness across the period of record (i.e., those pixels within the percentile ranges of 17.5%-22.5% and
77.5%—-82.5%). This restriction was made to avoid possible outliers that might be incorrectly mapped as
the target ecosystem and therefore which might fall at the extreme ends of the productivity distribution.
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Daily NDVI Data, Raster Graphs
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Figure 41. Raster graph and marginal graph of seasonal and annual peaks showing phenological
patterns of smoothed NDVI for the 20-year analysis period (2003-2022) for the Petrified Forest NP
Clayey Fan Grassland, Expansion Lands study area. The graphs show that the study area has low
greenness during the winter. About half of the years have prominent monsoon peaks, and very few years
have prominent spring peaks. Some years, such as 2004, 2009, 2014, and 2018 have little or no greenup
evident throughout the growing season, suggesting vegetation stress during those years. Circular and
triangular symbols mark the timing and intensity of the peak-of-season dates for each year: downward
and upward pointing triangles mark the spring (March—June) and monsoon peak (July—October) timing.
Intensity of the spring peak and monsoon peak is similarly marked by a downward or upward pointing
triangle on the marginal plot. Open circles mark the timing and intensity of the annual peak. Closed circles
on the marginal plots mark the approximate annual minimum NDVI value, which is approximate and has
no associated calendar date because of uncertainty introduced by snow cover.
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Figure 42. Raster graph and marginal graph of seasonal and annual peaks showing phenological
patterns of smoothed NDVI for the 20-year analysis period (2003—2022) for the Petrified Forest NP
Clayey Fan Grassland, Pre-expansion Area study area. The graphs show that the study area has low
greenness during the winter. About half of the years have prominent monsoon peaks, and very few years
have prominent spring peaks. Some years, such as 2004, 2009, 2014, and 2018 have little or no greenup
evident throughout the growing season, suggesting vegetation stress during those years. Circular and
triangular symbols mark the timing and intensity of the peak-of-season dates for each year: downward
and upward pointing triangles mark the spring (March—June) and monsoon peak (July—October) timing.
Intensity of the spring peak and monsoon peak is similarly marked by a downward or upward pointing
triangle on the marginal plot. Open circles mark the timing and intensity of the annual peak. Closed circles
on the marginal plots mark the approximate annual minimum NDVI value, which is approximate and has
no associated calendar date because of uncertainty introduced by snow cover.
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Figure 43. Raster graph and marginal graph of seasonal and annual peaks showing phenological
patterns of smoothed NDVI for the 20-year analysis period (2003—2022) for the Petrified Forest NP Sandy
Loam Upland Grassland, Expansion Lands study area. The graphs show that the study area has low
greenness during the winter. About half of the years have prominent monsoon peaks, and several years
have prominent spring peaks. Two years (2004 and 2009) have little or no greenup evident throughout
the growing season, suggesting vegetation stress during those years. Circular and triangular symbols
mark the timing and intensity of the peak-of-season dates for each year: downward and upward pointing
triangles mark the spring (March—June) and monsoon peak (July—October) timing. Intensity of the spring
peak and monsoon peak is similarly marked by a downward or upward pointing triangle on the marginal
plot. Open circles mark the timing and intensity of the annual peak. Closed circles on the marginal plots
mark the approximate annual minimum NDVI value, which is approximate and has no associated
calendar date because of uncertainty introduced by snow cover.
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Figure 44. Raster graph and marginal graph of seasonal and annual peaks showing phenological
patterns of smoothed NDVI for the 20-year analysis period (2003—2022) for the Petrified Forest NP Sandy
Loam Upland Grassland, Pre-expansion Area study area. The graphs show that the study area has low
greenness during the winter. About half of the years have prominent monsoon peaks, and several years
have prominent spring peaks. Two years (2004 and 2009) have little or no greenup evident throughout
the growing season, suggesting vegetation stress during those years. Circular and triangular symbols
mark the timing and intensity of the peak-of-season dates for each year: downward and upward pointing
triangles mark the spring (March—June) and monsoon peak (July—October) timing. Intensity of the spring
peak and monsoon peak is similarly marked by a downward or upward pointing triangle on the marginal
plot. Open circles mark the timing and intensity of the annual peak. Closed circles on the marginal plots
mark the approximate annual minimum NDVI value, which is approximate and has no associated
calendar date because of uncertainty introduced by snow cover.
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Ranked Daily Quantile Trends
Spring Trends
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Figure 45. Ranked-day NDVI trend estimates for the spring season for the Petrified Forest NP Clayey
Fan Grassland, Expansion Lands study area. For conceptual example, see Figure 16. These graphs
show estimates of total change through time (2003-2022) for each ranked day of the spring season
(March—June), with the “Peak” being the annual peak values for the season and the “Min” being the
annual minimum value for the season. The points between the “Peak” and “Min” represent days of the
season, ranked by NDVI value, where the peak value is rank 1 and the minimum value for the spring
season is rank 122 (number of days in the spring season). Colors indicate the three sets of pixels that
were analyzed in most study areas: the entire set of pixels was used to calculate the study area median,
and two subsets of pixels that had lower and higher average NDVI values were used to calculate values
for the “Less productive” and “More productive” parts of the study area. Plot shows uncertain changes for
most of the spring season, with consistently increasing trends for the days near the season’s minimum for
all three productivity levels. Estimate of total change over the 20-year period was made using Thiel-Sen
slope estimation. Color intensity is used to indicate likelihood that the direction of trend is correct.
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Figure 46. Ranked-day NDVI trend estimates for the spring season for the Petrified Forest NP Clayey
Fan Grassland, Pre-expansion Area study area. For conceptual example, see Figure 16. These graphs
show estimates of total change through time (2003-2022) for each ranked day of the spring season
(March—June), with the “Peak” being the annual peak values for the season and the “Min” being the
annual minimum value for the season. The points between the “Peak” and “Min” represent days of the
season, ranked by NDVI value, where the peak value is rank 1 and the minimum value for the spring
season is rank 122 (number of days in the spring season). Colors indicate the three sets of pixels that
were analyzed in most study areas: the entire set of pixels was used to calculate the study area median,
and two subsets of pixels that had lower and higher average NDVI values were used to calculate values
for the “Less productive” and “More productive” parts of the study area. Plot shows trends of increasing
NDVI for all three productivity levels for days at and near the season minimum, as well as trends of
increasing NDVI for the peak days of the spring season for the pixels in the highest productivity group.
Estimate of total change over the 20-year period was made using Thiel-Sen slope estimation. Color
intensity is used to indicate likelihood that the direction of trend is correct.
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Figure 47. Ranked-day NDVI trend estimates for the spring season for the Petrified Forest NP Sandy
Loam Upland Grassland, Expansion Lands study area. For conceptual example, see Figure 16. These
graphs show estimates of total change through time (2003-2022) for each ranked day of the spring
season (March—June), with the “Peak” being the annual peak values for the season and the “Min” being
the annual minimum value for the season. The points between the “Peak” and “Min” represent days of the
season, ranked by NDVI value, where the peak value is rank 1 and the minimum value for the spring
season is rank 122 (number of days in the spring season). Colors indicate the three sets of pixels that
were analyzed in most study areas: the entire set of pixels was used to calculate the study area median,
and two subsets of pixels that had lower and higher average NDVI values were used to calculate values
for the “Less productive” and “More productive” parts of the study area. Plot shows trends of increasing
NDVI for the most productive and median productivity levels for days at and near the spring season
minimum; however, there are decreasing trends during the lower (but not minimum) days of the season
for the less productive and median productivity levels, while the trends are positive for those same days
for the more productive pixels. Estimate of total change over the 20-year period was made using Thiel-
Sen slope estimation. Color intensity is used to indicate likelihood that the direction of trend is correct.
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Figure 48. Ranked-day NDVI trend estimates for the spring season for the Petrified Forest NP Sandy
Loam Upland Grassland, Pre-expansion Area study area. For conceptual example, see Figure 16. These
graphs show estimates of total change through time (2003—2022) for each ranked day of the spring
season (March—June), with the “Peak” being the annual peak values for the season and the “Min” being
the annual minimum value for the season. The points between the “Peak” and “Min” represent days of the
season, ranked by NDVI value, where the peak value is rank 1 and the minimum value for the spring
season is rank 122 (number of days in the spring season). Colors indicate the three sets of pixels that
were analyzed in most study areas: the entire set of pixels was used to calculate the study area median,
and two subsets of pixels that had lower and higher average NDVI values were used to calculate values
for the “Less productive” and “More productive” parts of the study area. Plot shows trends of increasing
NDVI for the least productive pixels for days near the spring season minimum; however, there are
decreasing trends intermittently during other days of the season for both the more productive pixels and
median values. Estimate of total change over the 20-year period was made using Thiel-Sen slope
estimation. Color intensity is used to indicate likelihood that the direction of trend is correct.
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Monsoon Trends
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Figure 49. Ranked-day NDVI trend estimates for the monsoon season for the Petrified Forest NP Clayey
Fan Grassland, Expansion Lands study area. For conceptual example, see Figure 16. These graphs
show estimates of total change through time (2003-2022) for each ranked day of the monsoon season
(July—October), with the “Peak” being the annual peak values for the season and the “Min” being the
annual minimum value for the season. The points between the “Peak” and “Min” represent days of the
season, ranked by NDVI value, where the peak value is rank 1 and the minimum value for the monsoon
season is rank 123 (number of days in the monsoon season). Colors indicate the three sets of pixels that
were analyzed in most study areas: the entire set of pixels was used to calculate the study area median,
and two subsets of pixels that had lower and higher average NDVI values were used to calculate values
for the “Less productive” and “More productive” parts of the study area. Plot shows a pattern of increasing
NDVI trends for all days of the monsoon season. The largest trends are seen for increases in the peak
and near-peak values. This pattern is consistent across all three productivity levels, with confidence levels
of likely for most days and across all three productivity levels. Estimate of total change over the 20-year
period was made using Thiel-Sen slope estimation. Color intensity is used to indicate likelihood that the
direction of trend is correct.
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Figure 50. Ranked-day NDVI trend estimates for the monsoon season for the Petrified Forest NP Clayey
Fan Grassland, Pre-expansion Area study area. For conceptual example, see Figure 16. These graphs
show estimates of total change through time (2003—-2022) for each ranked day of the monsoon season
(July—October), with the “Peak” being the annual peak values for the season and the “Min” being the
annual minimum value for the season. The points between the “Peak” and “Min” represent days of the
season, ranked by NDVI value, where the peak value is rank 1 and the minimum value for the monsoon
season is rank 123 (number of days in the monsoon season). Colors indicate the three sets of pixels that
were analyzed in most study areas: the entire set of pixels was used to calculate the study area median,
and two subsets of pixels that had lower and higher average NDVI values were used to calculate values
for the “Less productive” and “More productive” parts of the study area. Plot shows trends of increasing
NDVI values for all days of the monsoon season. The highest confidence level seen in these trends is
“likely”, with approximately half of the rank-days have a “likely” level of confidence in a positive trend for at
least one of the productivity levels. All productivity levels have some days with increasing trends at the
likely confidence level, although no productivity level has more than half of the rank-days showing
increasing trends at the likely confidence level. Estimate of total change over the 20-year period was
made using Thiel-Sen slope estimation. Color intensity is used to indicate likelihood that the direction of
trend is correct.
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Figure 51. Ranked-day NDVI trend estimates for the monsoon season for the Petrified Forest NP Sandy
Loam Upland Grassland, Expansion Lands study area. For conceptual example, see Figure 16. These
graphs show estimates of total change through time (2003-2022) for each ranked day of the monsoon
season (July—October), with the “Peak” being the annual peak values for the season and the “Min” being
the annual minimum value for the season. The points between the “Peak” and “Min” represent days of the
season, ranked by NDVI value, where the peak value is rank 1 and the minimum value for the monsoon
season is rank 123 (number of days in the monsoon season). Colors indicate the three sets of pixels that
were analyzed in most study areas: the entire set of pixels was used to calculate the study area median,
and two subsets of pixels that had lower and higher average NDVI values were used to calculate values
for the “Less productive” and “More productive” parts of the study area. Plot shows trends of increasing
NDVI values for all days of the monsoon season. The highest confidence level seen in these trends is
“highly likely”. All the rank-days at all productivity levels have at least a “likely” level of confidence in a
positive trend for all of the productivity levels. Estimate of total change over the 20-year period was made
using Thiel-Sen slope estimation. Color intensity is used to indicate likelihood that the direction of trend is
correct.
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Figure 52. Ranked-day NDVI trend estimates for the monsoon season for the Petrified Forest NP Sandy
Loam Upland Grassland, Pre-expansion Area study area. For conceptual example, see Figure 16. These
graphs show estimates of total change through time (2003-2022) for each ranked day of the monsoon
season (July—October), with the “Peak” being the annual peak values for the season and the “Min” being
the annual minimum value for the season. The points between the “Peak” and “Min” represent days of the
season, ranked by NDVI value, where the peak value is rank 1 and the minimum value for the monsoon
season is rank 123 (number of days in the monsoon season). Colors indicate the three sets of pixels that
were analyzed in most study areas: the entire set of pixels was used to calculate the study area median,
and two subsets of pixels that had lower and higher average NDVI values were used to calculate values
for the “Less productive” and “More productive” parts of the study area. Plot shows trends of increasing
NDVI values for all days of the monsoon season. The highest confidence level seen in these trends is
“very likely”. More than three-quarters of the rank-days have a “likely” or higher level of confidence in a
positive trend for at least one of the productivity levels. All productivity levels have most days of the
season with positive trends with a confidence level of at least likely. Estimate of total change over the 20-
year period was made using Thiel-Sen slope estimation. Color intensity is used to indicate likelihood that
the direction of trend is correct.
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Seedlot Selection Tool Maps

Mapped estimates of locations that today have similar climate conditions to those expected in
Petrified Forest NP Study Areas by the end of this century, suggesting what vegetation communities
may shift towards and possible seed sources for genetic strains of species that may be more suited to

future climate. Brighter red colors indicate a closer match.
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Figure 53. Map of locations whose current climate is similar to the projected climate (2071-2100) at the
reference location in the Petrified Forest NP Clayey Fan Grassland study area. Data derived from Seedlot
Selection Tool scores (St. Clair et al. 2022). Current climate was based on 1981-2010 normals. Projected
climate was based on the years 2071-2100 using the RCP 8.5 scenario. Settings used allowed liberal
definitions of matches, requiring similarity in only three variables: Mean Coldest Month Temperature,
Summer Heat Moisture Index, and Frost-Free Period. Map shows possible future directions of natural or

assisted migrations of species or of genetic strains within species. Data used to create this map are
available in the associated data release.
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Figure 54. Map of locations whose current climate is similar to the projected climate (2071-2100) at the
reference location in the Petrified Forest NP Sandy Loam Upland Grassland study area. Data derived
from Seedlot Selection Tool scores (St. Clair et al. 2022). Current climate was based on 1981-2010
normals. Projected climate was based on the years 2071-2100 using the RCP 8.5 scenario. Settings
used allowed liberal definitions of matches, requiring similarity in only three variables: Mean Coldest
Month Temperature, Summer Heat Moisture Index, and Frost-Free Period. Map shows possible future

directions of natural or assisted migrations of species or of genetic strains within species. Data used to
create this map are available in the associated data release.
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Petroglyph NM
MODIS Sensor Pixels Used in Ranked-Day Analysis
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Figure 55. Map of MODIS pixel centers used for analysis at Petroglyph NM. Pixels analyzed as 20" and
80t percentile are limited to the 5% of pixels centered around the 20" and 80™ percentiles of average
greenness across the period of record (i.e., those pixels within the percentile ranges of 17.5%—22.5% and
77.5%—82.5%). This restriction was made to avoid possible outliers that might be incorrectly mapped as
the target ecosystem and therefore which might fall at the extreme ends of the productivity distribution.
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Daily NDVI Data, Raster Graphs

Petroglyph NM Grosn aree
Malpais Grassland -
o O O

2003l ol . — 1N ) : , —

% 3 03 5 %5 = T 5 5 o5 N oS

c 2 K = % c —5 o o 9w\ 8 8 A 1

8 P = <= 3 35 2 @ O z A © oo
Day of Year NDVI

Figure 56. Raster graph and marginal graph of seasonal and annual peaks showing phenological
patterns of smoothed NDVI for the 20-year analysis period (2003-2022) for the Petroglyph NM Malpais
Grassland study area. The graphs show that the study area has low greenness during the winter. About
half of the years have prominent monsoon peaks, and several years have prominent spring peaks. Two
years (2011 and 2012) have little or no greenup evident throughout the growing season, suggesting
vegetation stress during those years. Circular and triangular symbols mark the timing and intensity of the
peak-of-season dates for each year: downward and upward pointing triangles mark the spring (March—
June) and monsoon peak (July—October) timing. Intensity of the spring peak and monsoon peak is
similarly marked by a downward or upward pointing triangle on the marginal plot. Open circles mark the
timing and intensity of the annual peak. Closed circles on the marginal plots mark the approximate annual
minimum NDVI value, which is approximate and has no associated calendar date because of uncertainty
introduced by snow cover.
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Ranked Daily Quantile Trends
Spring Trends
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Figure 57. Ranked-day NDVI trend estimates for the spring season for the Petroglyph NM Malpais
Grassland study area. For conceptual example, see Figure 16. These graphs show estimates of total
change through time (2003-2022) for each ranked day of the spring season (March—June), with the
“Peak” being the annual peak values for the season and the “Min” being the annual minimum value for
the season. The points between the “Peak” and “Min” represent days of the season, ranked by NDVI
value, where the peak value is rank 1 and the minimum value for the spring season is rank 122 (number
of days in the spring season). Colors indicate the three sets of pixels that were analyzed in most study
areas: the entire set of pixels was used to calculate the study area median, and two subsets of pixels that
had lower and higher average NDVI values were used to calculate values for the “Less productive” and
“More productive” parts of the study area. Plot shows a pattern of negative NDVI trends for all days of the
spring season. The largest trends are generally seen for declines in the peak and near-peak values. This
pattern is consistent for all three productivity levels. The confidence for most of the change direction is
likely, with some scattered “very likely” confidence levels for all three productivity levels. Estimate of total
change over the 20-year period was made using Thiel-Sen slope estimation. Color intensity is used to
indicate likelihood that the direction of trend is correct.
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Monsoon Trends

PETR_P_X_gSSURGO

— [ ]
N = %
S 0.03 " T
N LTl LT
<J) [ ) )
=) = " Tmp
8 j=fs]
g a
o
2 s
L2l
8 0.02-
— L]
(0] ]
O m
>
=
N
£ “L
= a
2 0.01-
o 3]
(]
=)
=
©
&
(&)
=
=
Z 0.00
' ' ' . \ '
peak 25 50 75 100 minimum

Ranked day of monsoon season

Confidence in direction of change
& &
0&\\ z>\>§\
y ©
& &
PN 0& e
RS Likelihood
Uncertain ~ 0.50 to < 0.67
W Likely 0.67 to < 0.90
A @ W Very Likely 0.90 to < 0.95
A @ H Highly Likely 0.95 to 1.00

Figure 58. Ranked-day NDVI trend estimates for the monsoon season for the Petroglyph NM Malpais
Grassland study area. For conceptual example, see Figure 16. These graphs show estimates of total
change through time (2003—-2022) for each ranked day of the monsoon season (July—October), with the
“Peak” being the annual peak values for the season and the “Min” being the annual minimum value for
the season. The points between the “Peak” and “Min” represent days of the season, ranked by NDVI
value, where the peak value is rank 1 and the minimum value for the monsoon season is rank 123
(number of days in the monsoon season). Colors indicate the three sets of pixels that were analyzed in
most study areas: the entire set of pixels was used to calculate the study area median, and two subsets
of pixels that had lower and higher average NDVI values were used to calculate values for the “Less
productive” and “More productive” parts of the study area. Plot shows trends of increasing NDVI values
for the most productive pixels for most days of the monsoon season. There are also small numbers of
days of the season with a pattern of increasing NDVI for the study area median and for the less
productive pixels. The highest confidence level seen in the direction of these trends is “likely”. All
productivity levels have some days with increasing trends at the “likely” confidence level, although the
study area median and less productive pixels have only a small number of days with a “likely” trend.
Estimate of total change over the 20-year period was made using Thiel-Sen slope estimation. Color
intensity is used to indicate likelihood that the direction of trend is correct.
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Seedlot Selection Tool Maps
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Figure 59. Map of locations whose current climate is similar to the projected climate (2071-2100) at the
reference location in the Petroglyph NM Malpais Grassland study area. Data derived from Seedlot

Selection Tool scores (St. Clair et al. 2022). Current climate was based on 1981-2010 normals. Projected

climate was based on the years 2071-2100 using the RCP 8.5 scenario. Settings used allowed liberal
definitions of matches, requiring similarity in only three variables: Mean Coldest Month Temperature,

Summer Heat Moisture Index, and Frost-Free Period. Map shows possible future directions of natural or
assisted migrations of species or of genetic strains within species. Data used to create this map are

available in the associated data release.
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Wupatki NM
MODIS Sensor Pixels Used in Ranked-Day Analysis
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Figure 60. Map of MODIS pixel centers used for analysis at Wupatki NM. Pixels analyzed as 20" and 80™
percentile are limited to the 5% of pixels centered around the 20" and 80™ percentiles of average
greenness across the period of record (i.e., those pixels within the percentile ranges of 17.5%—22.5% and
77.5%—82.5%). This restriction was made to avoid possible outliers that might be incorrectly mapped as
the target ecosystem and therefore which might fall at the extreme ends of the productivity distribution.
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Daily NDVI Data, Raster Graphs
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Figure 61. Raster graph and marginal graph of seasonal and annual peaks showing phenological
patterns of smoothed NDVI for the 20-year analysis period (2003-2022) for the Wupatki NM Loamy
Upland Shrubland study area. The graphs show that the study area has low greenness during the winter.
Most years have prominent monsoon peaks, and only a few years have noticeable spring peaks. Five
years (2003, 2004, 2008, 2009, and 2020) have little or no greenup evident throughout the growing
season, suggesting vegetation stress during those years. Circular and triangular symbols mark the timing
and intensity of the peak-of-season dates for each year: downward and upward pointing triangles mark
the spring (March—June) and monsoon peak (July—October) timing. Intensity of the spring peak and
monsoon peak is similarly marked by a downward or upward pointing triangle on the marginal plot. Open
circles mark the timing and intensity of the annual peak. Closed circles on the marginal plots mark the
approximate annual minimum NDVI value, which is approximate and has no associated calendar date
because of uncertainty introduced by snow cover.

NPS / JODI NORRIS

90



Wupatki NM Less  More

green green
Volcanic Upland Grassland

A4
~— ~ ~ ~— ~ ~— -— ~ ~ ~ b ~
- T - T - N S
c o I o @© 5 S o f o o
S L =2 < =S < o O =z A

D;y of Year

Figure 62. Raster graph and marginal graph of seasonal and annual peaks showing phenological
patterns of smoothed NDVI for the 20-year analysis period (2003—2022) for the Wupatki NM Volcanic
Upland Grassland study area. The graphs show that the study area has low greenness during the winter.
Most years have prominent monsoon peaks, and only a few years have noticeable spring peaks. Three
years (2004, 2019, and 2020) have little or no greenup evident throughout the growing season,
suggesting vegetation stress during those years. Circular and triangular symbols mark the timing and
intensity of the peak-of-season dates for each year: downward and upward pointing triangles mark the
spring (March—June) and monsoon peak (July—October) timing. Intensity of the spring peak and monsoon
peak is similarly marked by a downward or upward pointing triangle on the marginal plot. Open circles
mark the timing and intensity of the annual peak. Closed circles on the marginal plots mark the
approximate annual minimum NDVI value, which is approximate and has no associated calendar date
because of uncertainty introduced by snow cover.
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Ranked Daily Quantile Trends
Spring Trends
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Figure 63. Ranked-day NDVI trend estimates for the spring season for the Wupatki NM Loamy Upland
Shrubland study area. For conceptual example, see Figure 16. These graphs show estimates of total
change through time (2003—-2022) for each ranked day of the spring season (March—June), with the
“Peak” being the annual peak values for the season and the “Min” being the annual minimum value for
the season. The points between the “Peak” and “Min” represent days of the season, ranked by NDVI
value, where the peak value is rank 1 and the minimum value for the spring season is rank 122 (number
of days in the spring season). Colors indicate the three sets of pixels that were analyzed in most study
areas: the entire set of pixels was used to calculate the study area median, and two subsets of pixels that
had lower and higher average NDVI values were used to calculate values for the “Less productive” and
“More productive” parts of the study area. Plot shows trends of increasing NDVI values for most days of
the spring season. The highest confidence level seen in these trends is “likely”. The positive trends are
generally evenly mixed between low confidence (“uncertain”) and a “likely” level of confidence. The trends
are most consistent among the median and less productive pixels; however, the most productive pixels
near the peak days also show ‘“likely” positive trends. Estimate of total change over the 20-year period
was made using Thiel-Sen slope estimation. Color intensity is used to indicate likelihood that the direction
of trend is correct.

NPS / JODI NORRIS

92



WUPA_L X gSSURGO
0.00 e ——
N
N
o
oy
3 B
3
. -0.01 - A A °
°
) Lo
2 ? L
T m
a ]
q>)\ an ;-
(=} g aa
N -0.02 - o
(4
() =]
_E m
T |
¢ . W
o = :
S w e
c Hy
_::U ne
o -0.03-
= u "
o
z o BT
lp.lﬁu..
m!
|
peak 25 50 75 100 minimun
Ranked day of spring season
Confidence in direction of change
& &\\0
S
Q@\@Q e $
PRCHS Likelihood
Uncertain ~ 0.50 to < 0.67
u Likely 0.67 to < 0.90
A © M Very Likely 0.90 to < 0.95
A @ H Highly Likely 0.95 to 1.00

Figure 64. Ranked-day NDVI trend estimates for the spring season for the Wupatki NM Volcanic Upland
Grassland study area. For conceptual example, see Figure 16. These graphs show estimates of total
change through time (2003-2022) for each ranked day of the spring season (March—June), with the
“Peak” being the annual peak values for the season and the “Min” being the annual minimum value for
the season. The points between the “Peak” and “Min” represent days of the season, ranked by NDVI
value, where the peak value is rank 1 and the minimum value for the spring season is rank 122 (number
of days in the spring season). Colors indicate the three sets of pixels that were analyzed in most study
areas: the entire set of pixels was used to calculate the study area median, and two subsets of pixels that
had lower and higher average NDVI values were used to calculate values for the “Less productive” and
“More productive” parts of the study area. Plot shows trends of decreasing NDVI values for most days of
the spring season. The largest declines are in the peak and near-peak values of the more productive
pixels. The highest confidence level seen in the trends is “highly likely”. The greatest confidence in
negative trend is seen near the minimum days of the season. Most of the rank-days have a “likely” or
higher level of confidence in a negative trend for all of the productivity levels. Estimate of total change
over the 20-year period was made using Thiel-Sen slope estimation. Color intensity is used to indicate
likelihood that the direction of trend is correct.
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Monsoon Trends
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Figure 65. Ranked-day NDVI trend estimates for the monsoon season for the Wupatki NM Loamy Upland
Shrubland study area. For conceptual example, see Figure 16. These graphs show estimates of total
change through time (2003-2022) for each ranked day of the monsoon season (July—October), with the
“Peak” being the annual peak values for the season and the “Min” being the annual minimum value for
the season. The points between the “Peak” and “Min” represent days of the season, ranked by NDVI
value, where the peak value is rank 1 and the minimum value for the monsoon season is rank 123
(number of days in the monsoon season). Colors indicate the three sets of pixels that were analyzed in
most study areas: the entire set of pixels was used to calculate the study area median, and two subsets
of pixels that had lower and higher average NDVI values were used to calculate values for the “Less
productive” and “More productive” parts of the study area. Plot shows trends of increasing NDVI values
for all days of the monsoon season. The highest confidence level seen in these trends is “very likely”.
More than half of the rank-days have at least a “likely” level of confidence in a positive trend for at least
one of the productivity levels. All productivity levels have more than half their days with increasing trends
with “likely” or higher confidence. Estimate of total change over the 20-year period was made using Thiel-
Sen slope estimation. Color intensity is used to indicate likelihood that the direction of trend is correct.
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Figure 66. Ranked-day NDVI trend estimates for the monsoon season for the Wupatki NM Volcanic
Upland Grassland study area. For conceptual example, see Figure 16. These graphs show estimates of
total change through time (2003-2022) for each ranked day of the monsoon season (July—October), with
the “Peak” being the annual peak values for the season and the “Min” being the annual minimum value
for the season. The points between the “Peak” and “Min” represent days of the season, ranked by NDVI
value, where the peak value is rank 1 and the minimum value for the monsoon season is rank 123
(number of days in the monsoon season). Colors indicate the three sets of pixels that were analyzed in
most study areas: the entire set of pixels was used to calculate the study area median, and two subsets
of pixels that had lower and higher average NDVI values were used to calculate values for the “Less
productive” and “More productive” parts of the study area. Plot shows trends of increasing NDVI values
for about half of the days of the monsoon season. The highest confidence level seen in these trends is
“likely”, with most of the rank-days between rank 50 and rank 100 having a “likely” level of confidence in a
positive trend for at least one of the productivity levels. Estimate of total change over the 20-year period
was made using Thiel-Sen slope estimation. Color intensity is used to indicate likelihood that the direction
of trend is correct.
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Seedlot Selection Tool Maps
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Figure 67. Map of locations whose current climate is similar to the projected climate (2071-2100) at the

reference location in the Wupatki NM Loamy Upland Shrubland study area. Data derived from Seedlot
Selection Tool scores (St. Clair et al. 2022). Current climate was based on 1981-2010 normals. Projected
climate was based on the years 2071-2100 using the RCP 8.5 scenario. Settings used allowed liberal
definitions of matches, requiring similarity in only three variables: Mean Coldest Month Temperature,
Summer Heat Moisture Index, and Frost-Free Period. Map shows possible future directions of natural or
assisted migrations of species or of genetic strains within species. Data used to create this map are

available in the associated data release.
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Figure 68. Map of locations whose current climate is similar to the projected climate (2071-2100) at the
reference location in the Wupatki NM Volcanic Upland Grassland study area. Data derived from Seedlot
Selection Tool scores (St. Clair et al. 2022). Current climate was based on 1981-2010 normals. Projected
climate was based on the years 2071-2100 using the RCP 8.5 scenario. Settings used allowed liberal
definitions of matches, requiring similarity in only three variables: Mean Coldest Month Temperature,
Summer Heat Moisture Index, and Frost-Free Period. Map shows possible future directions of natural or

assisted migrations of species or of genetic strains within species. Data used to create this map are
available in the associated data release.
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