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ABSTRACT
DIFFERENCES IN DROUGHT SENSITIVITY AMONG PRAIRIE COMMUNITIES AND
AMONG MANAGEMENT HISTORIES: A REMOTE SENSING ANALYSIS OF 221
PRAIRIES IN THE NORTHERN GREAT PLAINS
By

Jarrod J. Morrice

The relationship between primary production and precipitation in grasslands has long
been an issue of great interest both to ecologists and managers who graze livestock and/or
maintain conservation properties. Data from remote sensors are now obtained at higher spatial
resolutions on a near daily basis providing new methods to explore broad scale relationships
between grassland production and moisture availability. To promote remote sensing-based
analysis of grasslands in North America, I developed the Prairie Spatial Database (PSD) for the
northern Great Plains. To develop the PSD, I obtained geospatial coordinates and ecological
data from conservation managers for 261 prairies. Sites were filtered for suitability for remote
sensing studies, and 221 were selected for further analysis; representing a mix of shortgrass,

mixedgrass, and tallgrass prairie types and different C3/C4 dominances. Using time series

weather data (PRISM), I next derived Palmer’s Drought Severity Index (PDSI) values and
produced a time series of normalized difference vegetation index (NDVI) values for each site for
2000 — 2008 from the Moderate Resolution Imaging Spectroradiometer (MODIS). Mixed
modeling techniques allowed me next to compare the influence of soil moisture on growing
season time integrated NDVI (TINDVI) and maximum NDVI across prairie types. Selection of
best-fit models highlighted the contingency of biomass production on soil moisture availability

and a hidden relationship between TINDVI and soil moisture within tallgrass prairies.
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Chapter 1. Prairie Vegetation Responses to Weather Perturbations as Assessed By Satellite
Remote Sensing: A Review
I. Overview

Prairie ecosystems composed of grasses and forbs once dominated the Great Plains
region of central North America, but now are considered to be threatened and endangered over
much of this area. The high fertility of their soils made many prairies attractive for agricultural
development over the past two centuries, and the substantial conversion of prairies to agriculture
has raised concerns about the possible loss of prairie species and ecosystem services and led to
efforts to restore prairie habitat.

Projected changes in climate change pose a challenge for conservation and restoration
managers who are constructing habitats now to conserve species for the future. Within the Great
Plains, temperature is expected to increase by as much as 4°C by 2080 (Christensen et al. 2007,
Meehl et al. 2007) and precipitation is expected to decrease slightly, with a concomitant increase
in the intensity of precipitation events (Tebaldi et al. 2006). Because prairie ecosystems are
strongly shaped by moisture conditions (Smoliak 1986, Sala et al. 1988, Briggs & Knapp 1995),
these projected changes in climate may substantially alter prairie structure and function and may
make it more difficult for prairie managers to meet biodiversity objectives within managed
prairies. The aim of my research is to investigate climate sensitivity of Great Plains prairies to
develop a deeper understanding of how these ecosystems respond to extreme weather events and
to assist managers in decision-making.

Remote sensing techniques can provide invaluable information about change in
vegetation dynamics across regions overtime, thus serving as excellent tools for investigations of

biotic changes to climatic change. Vegetation indexes used with remote sensing can be



employed to monitor net primary production (NPP) and other ecosystem functions over large
areas through quantification of patterns of vegetation greenness. Satellite sensors such as the
Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the United States National
Aeronautic Space Administration (NASA) Terra satellite provide frequent temporal monitoring
of vegetation across wide regions. The ability to compare the function of prairies across a large
spatial area may help elucidate the impacts of regional changes, such as climate change, on
prairies.

Within this chapter, I present an overview of the literature pertaining to prairie
conservation and monitoring prairies using remote sensing. In section II, I discuss prairies in
general and some conservation concerns associated with them. Section III compares field and
remote sensing methods for observing structural and functional attributes of prairies. In this
section, I also highlight the need for additional functional assessments of ecosystems. Section [V
discusses specific techniques used with remote sensing that can be used to attain functional
attributes, particularly biomass changes, of prairies. Section V provides an introduction to the
influence of several weather attributes on prairies, a topic which I expand in subsequent analysis

in which I compare the biomass response to drought among prairies within northern Great Plains.



1L Central North American Prairies
What is a prairie?

Grasslands are ecosystems dominated by grasses and forbs (Beard 1978, Axelrod 1985).
Depending on the continent, grasslands may be referred to as steppe (Asia), veldt (Africa),
pampas (South America) or prairie (North America). Collectively, grassland regions comprise
approximately 20% of the terrestrial environment (Scurlock & Hall 1998, Lemmens et al. 2006).

Prairies were once a large component of the central United States (U. S.), also known as
the Great Plains. Their pre-European extent has been estimated as 149 - 370 million ha (Samson
& Knopf 1994, Sims & Risser 2000) and their historical range extended in central North
America from the southern United States into southern Canada (Transeau 1935, Weaver &
Albertson 1956, Olson et al. 2001) (See Figures 1.1 and 1.2). In this region, precipitation
increases from west to east and temperatures increase from north to south (Figure 1.3). These
precipitation and temperature gradients significantly affect the composition of vegetation
communities within the landscape. Three broad categories of vegetation can be defined based on
the precipitation gradient: shortgrass prairie in the west, mixedgrass prairie in the central region,
and tallgrass prairie to the east (Table 1.1). The north-to-south temperature gradient
predominately influences the photosynthetic pathway that dominates a particular prairie.

Vegetation that uses the C5 pathway thrives in cooler climates, while the C4 pathway dominates

in southern latitudes.



Figure 1.1. The historic range of prairie in central North America. Based on data obtained from
the World Wildlife Fund (Olson, Dinerstein ef al. 2001). For interpretation of the references to
color in this and all other figures, the reader is referred to the electronic version of this thesis.
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Figure 1.2. Transeau’s depiction of the Prairie Peninsula based on observation personal
observation and communication with other experts (Transeau 1935). Black areas represent
historic prairie regions.




Figure 1.3. (A) Pattern of precipitation (cm) and (B) maximum temperature (°C) within the U.S.
Gradients are yearly averages from 1971-2000 and were obtained from the PRISM dataset (Daly
2009).
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Table 1.1. Comparison of the three main prairie types located in central North America.

Prairie Type Short-grass Mixed-grass Tall-grass

Mean precipitation* 30 cm yr_1 50 cm yr_1 100 cm yr_1

Historic extent ok 18 million ha 62 million ha 68 million ha
o 4 million ha 21 million ha 2 million ha

Present extent

*

Dominant species Buchloé dactyloides Pseudoroegneria spp. Andropogon gerardii

Pascopyrum smithii ~ Schyzachrium spp. Panicum virgatum
Bouteloua gracilis Stipa spp. Sorghastrum nutans
Elymus spp.
Pascopyrum spp.
Calamovilfa spp.
Bouteloua spp.

Sporobolus spp.

* From Sims and Risser (2000)
** From Samson and Knopf (1994)

Distribution and dominance of C; and C species

Several studies have examined the modern day boundary between C5 and C4 dominance
within the central U. S. (Table 1.2). For example, based on species richness data for C5 and Cy
groups at 32 sites in the Great Plains, higher richness for C4 species was found southward from

40°N (Teeri & Stowe 1976). In another approach, using model simulations based on temperature

and light, Ehleringer (1978) estimated the boundary between C; and C4 dominance to lie at

45°N. Epstein et al. (1997b) found similar results in a study in which they quantified biomass

productivity by C5 and C4 grasses using data collected from Natural Resources Conservation

Service (NRCS) range site descriptions. They found that the dominance of these two functional



Table 1.2. This table compares studies that have defined the transition latitude for C5 and C4

species in the central United States. Transition lines represent the approximate latitude at which
C5 species dominate to the north and C,4 species dominate to the south.

Transition

Reference Latitude Method
Teeri and Stowe 1976 40°N Sampling sites for species richness
Ehleringer 1978 45°N Modeling from temperature and light
intensity
Epstein, Lauenroth et al. 1997 43°N Biomass data and modeling
vonFischer, Tieszen et al. 2008 45° N Isotopic analysis of soil organic matter

groups could be characterized using a precipitation and temperature curve, which indicated a

C3/C4 grass boundary at 43°N. Similarly, isotopic data from soil organic matter show Cs

dominance northward of 45°N (vonFischer ef al. 2008). Additional studies have shown a similar

transition line between 40° - 45°N (Woodward & Lomas 2004, Woodward et al. 2004).

Conservation of North American prairies

Conservation efforts for prairies in North America developed during the Dust Bowl Era
of the 1930s (Kindscher & Tieszen 1998, Allison 2002). At that time, it became apparent that
great tracts of prairie had been lost to agriculture (Kindscher & Tieszen 1998). Currently, an
estimated 80% of the former prairie extent has been lost in North America (Samson & Knopf
1994). Much of this loss can be attributed to land conversion for agriculture (Sims & Risser
2000) and to the alteration of ecosystem processes such as changes in fire frequencies after
European settlement. Tallgrass prairies have been most affected by land conversion (Table 1.1)
and are now considered an endangered ecosystem in the U. S. (Noss ef al. 1995, Noss & Peters
1995). It has been estimated that 99% of all tallgrass prairies have been eliminated east of the

Missouri river and 85% west of the Missouri river (Noss et al. 1995). Depending on region, the



proportion of shortgrass prairie lost has been estimated at 20-85% and the loss of mixedgrass
prairie ranges at 30-99% (Samson & Knopf 1994).

Decline in prairie habitat has significantly influenced the conservation status of many
animal and plan species. Approximately 330 (75%) of the bird species that breed within the U.
S. do so within the Great Plains (Samson & Knopf 1994). Declines in these bird species have
ranged from 17-91% depending on region (Samson & Knopf 1994). Populations of prairie dogs,
a keystone species (Kotliar et al. 1999, Kotliar 2000), have sharply declined since European
settlement (Samson & Knopf 1994, Magle & Crooks 2009). Another species affected by this
loss is the black-footed ferret, a predator of prairie dogs, which is now endangered (Grenier et al.
2009). Plant species have been affected by the loss of prairie area as well. The United States
Fisheries and Wildlife Service (USFWS) maintains a list of threatened or endangered species,
which includes Platanthera leucophaea (Eastern prairie fringed orchid), Platanthera praeclara
(Western prairie fringed orchid), Boltonia decurrens (Decurrent false aster), Delea foliosa (Leafy
prairie clover), Asclepias meadii (Mead’s milkweed), and Lespedeza leptostachya (Prairie bush
clover)(USFWS 2009). The decline in the number of individuals of such species has motivated
agencies such as The Nature Conservancy, Prairie Plains Resource Institute, and state and federal

agencies to invest in prairie restoration.



III.  Assessing ecosystem structure and function in North American prairies
Biodiversity and Function Can be Assessed by Both Field and Remote Sensing Methods

Ecosystem assessment is important for conservation and restoration activities (Clark
1997, Whisenant 1999). It provides a means of evaluating how previous management activities
have helped achieve restoration goals and direction for future work. When managing and
assessing ecosystems, there are two components that must be considered: structure and function
(Bradshaw 1997). The structure of a system is defined by the physical organization of the biotic
and abiotic parts of the ecosystem, such as the diversity of organisms and their occurrence within
an ecosystem. The function of an ecosystem is comprised of the various processes that occur
within the system which include, but are not limited to, the cycling of nutrients, energy, and
water. Some extend the definition of function to also include ecosystem services (Hooper et al.
2005). Preservation efforts should aim to maintain ecosystem structure and function in each
conservation plan (Clark 1997, Camill et al. 2004, Martin et al. 2005).

Ecosystem assessments have been traditionally performed through fieldwork (i.e. visiting
a site and acquiring direct measurements of the ecosystem). However, high costs in terms of
time and financial resources associated with this method may be responsible for the relative lack
of assessments conducted in natural systems. A nationwide database of stream restorations
showed that only 10% of the projects were conducting assessment activities (Bernhardt et al.
2005). Additionally, a meta-analysis of restoration studies showed that even these assessments
may not be satisfactory, revealing a tendency within restoration projects to conduct structural
assessments, such as species surveys, rather than functional assessments (Ruiz-Jaen & Aide
2005). Remote sensing offers an alternative method for assessing ecosystem characteristics

(Kerr & Ostrovsky 2003, Zhang et al. 2003, Malmstrom et al. 2008, Zheng & Moskal 2009) that
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may reduce the direct cost of assessment for conservation agencies. The term ‘remote sensing’
can be applied to any technology that acquires environmental information from a distance, but
typically refers to the acquisition of spectral reflectance data. Although the types of data that are
acquired through remote sensing are usually coarser than field data, they can be collected over a
much larger area, and more frequently, than may typically be achieved by fieldwork alone.

Several indicators are used for assessing ecosystem structure and function in prairies
through fieldwork or by remote sensing. Some measures of ecosystem structure include
vegetation height, vegetation cover, and species composition. Simple measurements in the field
may be acquired to estimate ecosystem structure, but remote sensing methods can capture many
of these same characteristics. For example, Light Detecting and Ranging (LIDAR) is a special
type of airborne remote sensor that can measure the height of vegetation in grasslands by
emitting laser pulses and timing their return (Bork & Su 2007). Additionally, special algorithms
have been developed to analyze spectral reflectance data that can estimate leaf area (Alfieri et al.
2009). Remote sensing is also capable of identifying certain species (Martin et al. 1998).
However, identification can only be done for larger species (Turner et al. 2003) with high spatial
or spectral resolutions, and an assessment of species composition for an ecosystem cannot be
accomplished using this method.

There are many techniques used to assess the function of ecosystems in the field. Some
specific examples include examining soil samples to monitor nutrient sequestration (Christian &
Wilson 1999), biomass harvesting to understand energy and nutrient cycling (Tilman &

Downing 1994), and measurement of soil CO, flux (McCarron et al. 2003). In terms of remote

sensing, an eddy flux system is a stationary unit that is also capable of conducting nutrient

cycling measurements at fine scales by measuring the concentration and direction of movement
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of molecules (such as CO,) in the atmosphere (Goulden et al. 1996). Additionally, changes in

canopy greenness have been monitored using spectral reflectance sensors (Sellers 1987, Reed et
al. 1994, Yang et al. 1998, Xiao & Moody 2004, Pettorelli ef al. 2005). Tracking changes in
vegetation greenness can provide insight into other important ecosystem functions such as
nutrient, energy, and water cycling. Energy efficiency can also be monitored using surface
brightness temperature measurements; however, few ecologists have used this measurement

(Kerr & Ostrovsky 2003).

Most previous assessments of ecological status of prairies have examined species richness and
diversity

Species richness has been a common measure used to assess the ecological status of
prairie restorations (Kindscher & Tieszen 1998, Allison 2002, Camill ef al. 2004, Ruiz-Jaen &
Aide 2005, Kucharik et al. 2006). Greater species richness or diversity is often assumed to
enhance ecosystem function. For example, Tilman and Downing (1994) showed that species
diversity influences the resilience of grassland systems in response to drought. In their
experiment, they used random assemblages of species and evaluated the biomass differences
before and after a drought and found that greater diversity leads to more resilience (Tilman &
Downing 1994). Since then, other studies have revealed that ecosystem function may depend
upon the specific makeup of species in the community (Symstad et al. 1998), likely resulting
from the diversity of functional groups represented (Grime 1997, Symstad et al. 1998, Diaz &
Cabido 2001, Hooper et al. 2005). However, the relationship between diversity and ecosystem
function is complex and not well understood in many ecosystems (Mertz et al. 2007). Until this

relationship is characterized, biodiversity assessments will continue to provide valuable
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information on structural characteristics of ecosystems, but other measurements should be used

for investigating function.

Assessment of ecosystem function is also important for management

Kerr and Ostrovsky (2003) argue that understanding ecosystem function should be one of
the main focuses within ecological science. Ecosystem functions influence which species are
able to persist in a given system as well as which ecological services are provided for humans
including water filtration, carbon sequestration, flower pollination, soil augmentation, and many
others (Christensen et al. 1996). The value of these ecosystem services have been estimated at
$16-54 trillion yr-! (US) globally, which highlights the economic incentive for conserving
ecosystem function (Costanza et al. 1998).

Multiple factors influence ecosystem function within prairies, including vegetative
composition (Christian & Wilson 1999, Smith & Knapp 2003), weather patterns (Yang et al.
1998, Xiao & Moody 2004, Fay et al. 2008), management practices (Engle & Bidwell 2001,
Fuhlendorf et al. 2008), and herbivory (Fuhlendorf ef al. 2008, Derner et al. 2009). However,
because of the complexity of these interacting factors, there is still much that is unknown about
ecosystem function (Christensen et al. 1996) and how it varies geographically.

Understanding prairie function therefore has been an important objective within prairie
restoration (Camill ef al. 2004, Martin et al. 2005, Kucharik ef al. 2006). Achieving sustainable
restoration of an ecosystem requires consideration of the ecosystem’s function. To this end,
several studies have focused on analyzing the relationship between restoration and function. For
example, Baer et al. (2002) examined several functional traits in a restored prairie

chronosequence. Their study was conducted on restorations completed through the Conservation
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Reserve Program (CRP), a U.S. government program that promotes conversion of agricultural
land to more natural landscapes in order to promote ecosystem functions. They found that
restored prairie sites were able to produce soil carbon (C) at rates similar to native prairies after
12 years. Soil nitrogen (N) also increased through time, but at a lesser rate (Baer ef al. 2002). In
Wisconsin, Kucharik et al. (2006) analyzed some of the functional differences between a native
prairie and the Curtis prairie, the oldest recorded prairie restoration. They discovered that soil C
and N were significantly higher at the remnant site at all soil layers (Kucharik et al. 2006). They
also measured aboveground net primary productivity (NPP) and found that for two years the sites
were similar despite different fire regimes (Kucharik et al. 2006). Studies such as these are
good examples of functional assessments of restoration. Yet, the number of assessments is
relatively low in comparison to the number of restorations that currently exist.
IV.  Using MODIS time series to assess ecosystem function in prairies
Using phenology to assess changes in NPP and other ecosystem function

Phenology can be defined as ‘the study [and description] of the timing of recurring
biological events, the causes of their timing with regard to biotic and abiotic forces, and the
interrelation among phases of the same or different species’ (Leith 1974). In the past, phenology
studies of vegetation were largely field-oriented and focused on flowering times (Gentry 1974,
Rathcke & Lacey 1985), but introduction of the Advanced Very High Resolution Radiometer
(AVHRR) on-board the NOAA polar-orbiting satellites in 1979 allowed frequent measurements
of ecosystem vegetation on a global scale and generated interest in using remote sensing for
phenology applications. The phenology techniques that developed from this remote sensing
approach primarily related to the growth and senescence of green vegetation (Figure 1.4; Reed et

al. 1994, Zhang et al. 2003, White et al. 2009). Under the assumptions that spectral reflectance
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measures are corrected for atmospheric distortion and that it captures information from all
canopy layers, these remote sensing methods can be used to estimate net primary productivity
(NPP) (Paruelo et al. 1997) and photosynthetic activity (Sellers 1987, Myneni et al. 1995).
Additionally, since vegetative growth is associated with the flux of nutrients and energy within
an ecosystem (Baldocchi ef al. 2001), phenology can be used as a general indicator for changes
in ecosystem function. Following the introduction of AVHRR, technologically advanced sensors
such as the Moderate Resolution Imaging Spectroradiometer (MODIS) on-board the polar-
orbiting Terra and Aqua satellites (launched in December 1999 and May 2002, respectively)

have enhanced the ability of
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Figure 1.4. Phenology variables obtained using common remote sensing methods. The curves
represent one year of NDVI data obtained for a single point. The black line is the raw data and
the gray line is the smoothed data. MaxV = the maximum NDVI value; RateUP = the rate of
greenup; RateDOWN = the rate of senescence; TINDVI = the time integrated NDVI for the
growing season, which is represented by the shaded area; SOS = the start of the growing season;
EOS = the end of the growing season, and MaxD = the date the maximum NDVI value occurs.
Note that growing season can be determined by subtracting SOS from EOS.

MaxV

NDVI

SOS _ MaxD EOS
Time
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scientists to quantify phenological phenomenon at a landscape to global-scale (see Table 1.3 for
comparison of satellite sensors).

MODIS imagery represents a significant improvement over that from AVHRR. MODIS
is equipped with 36 spectral bands that range in spectral resolution from 0.62 — 14.385 um. Its
imagery for vegetation analyses can be acquired at a finer spatial scale than that of AVHRR
(250m as opposed to 1.1 km) and is available at least twice as frequently (every 1-2 d as
compared to every 4-5 d; Lillesand et al. 2004). MODIS is also better than Landsat imagery for
phenological studies because of its finer temporal scale. Although Landsat TM and ETM+ have
much finer spatial resolution (30 m), they acquire imagery on a more prolonged 15-d cycle
(when comparing individual satellites). Moreover, current Landsat acquisitions are limited by
technical problems: Landsat 7 (with ETM+ onboard) is no longer functioning properly (due to
problems with its scan line corrector); Landsat 5 (with TM on-board) has substantially exceeded

its duty-cycle; and replacement satellites will not be launched until 2013.

MODIS data processing and data types

MODIS data are split into five levels that represent different degrees of processing
(Figure 1.5). Level 0 data are obtained directly from the sensor and contain the raw binary data
collected from the sensor (Masuoka et al. 1998, Xiong et al. 2006). These data are then
transformed into a hierarchical data file (HDF) format with data values in the form of digital
numbers that make up the Level 1A data type (Xiong et al. 2006). Geolocation values and
calibration tables are combined with Level 1A data to form Level 1B data (Xiong et al. 2006).

Level 2 data are produced from the Level 1B
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Table 1.3. This table describes technical aspects of three popularly used satellite remote
sensors. Based on information from Lillesand, Kiefer ef al. (2004) and Masuoka, Fleig et al.

(1998). “---*“ represent data that is not applicable to that sensor.
AVHRR TM/ETM+ MODIS
Satellite(s) NOAA-6 to Landsat 4 to Terra & Aqua
NOAA-17 Landsat 7
First Launch 6/27/79 7/16/82 12/18/99
Swath Width 2400 km 185 km 2330 km
IFOV at nadir 1.1 km 30 m 250 ml
Temporal Resolution 4.5 davs2 16 days 1-2 days
Bands
Blue --- 0.45-0.52 pm 0.46-0.48 um
Red 0.58-0.68 um 0.63-0.69 pum 0.62-0.67 um
NIR 0.72-1.10 pm 0.76-0.90 pum 0.84-0.88 um

! Only the red and NIR bands for MODIS have 250 m resolution.

2 . . .
Applies to the daytime sensors equipped on NOAA-6, NOAA-8, NOAA-10, NOAA-12,
NOAA-15, and NOAA-17 satellites.

data and maintain the same observation and location information. Three separate ‘recipe’ codes
are used on the Level 2 data depending on the output: snow, ice, and fire products receive R1,
surface reflectance data uses R3, and land surface temperatures receive R4. Level 2G and Level
3 data are the outputs of Level 2 data after they have been placed into an ‘earth referenced grid’
(Masuoka et al. 1998, Wolfe & Saleous 2006). Finally, Level 4 data are associated with
products that use models for final production (Wolfe & Saleous 2006).

The Land Processes Distributed Active Archive Center (LPDAAC) houses the variety of
MODIS Land images used for examining the terrestrial landscape (https://Ipdaac.usgs.gov/).

These data can be obtained on daily, eight-day, or monthly
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frequencies (Salomonson et al. 2006).

The MODIS team, creates eight-day and monthly composite images using maximum
value compositing to reduce the influence of clouds and other spectral contaminants (Masuoka et
al. 1998). Indices commonly employed for monitoring temporal changes in vegetation, the
Normalized Difference Vegetation Index (NDVI) (Reed et al. 1994, Jonsson & Eklundh 2004,
Beck et al. 2006, Hermance et al. 2007) and the Enhanced Vegetation Index (EVI) (Zhang et al.
2003, Zhang et al. 2009), are available from MODIS as standard products and can be used to
evaluate vegetation dynamics in prairies. When greater temporal resolutions are desired these
same indices can be generated directly by users from spectral reflectance data that have been
corrected for Rayleigh scattering, aerosols, gaseous absorption, and adjacency effects (Vermote
& Vermeulen 1999). For instance, the NDVI dataset available through LPDAAC is derived
from 16 - day to monthly composites, but NDVI can be easily calculated directly by users from 8

- day composites of surface reflectance data.

NDVI vs. EVI for monitoring grassland phenology

Determining the most appropriate MODIS-based vegetation index to use (NDVI vs. EVI)
for monitoring grassland phenology depends on several factors, which include spatial resolution
and spectral sensitivity for prairie ecosystems. The fragmented nature of prairie ecosystems
means that there will be smaller tracts of prairie within the landscape. To detect these sites,
higher spatial resolutions will be required. Grassland canopy cover ranges from dry litter cover
to high levels of green vegetation cover. The index must be sensitive within this range of

vegetation cover, especially during the growing season.
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The most commonly used vegetation index is NDVI (Tucker et al. 1985, Sellers et al.
1994, Goetz 1997, Huete et al. 2002, Wang et al. 2003, Xiao & Moody 2004, Beck et al. 2006).
NDVI can be correlated with the fraction of photosynthetically active radiation (fPAR) absorbed
by a canopy (Sellers 1987, Law & Waring 1994), as well as with related properties such as leaf
area index (LAI) (Sellers 1987, Law & Waring 1994), and green biomass (Tucker et al. 1985,
Butterfield & Malmstrom 2009).

NDVI is calculated as

NDVI= pNIR_pred;
PNIRY Pred

where pyr and p,qq represent near-infrared and red reflectance (Rouse et al. 1973, Tucker 1979,
Tucker et al. 1985). MODIS captures both pyjr and p,eq at a 250 m resolution, which allows

NDVI to be calculated at this same resolution. NDVI ranges from -1 to 1 with higher values
representing greater canopy greenness. Low NDVI values typically represent bare ground,
snow, water, cloud cover, or senesced plants. Pettorelli et al. (2005) suggest that NDVI is most
useful as a quantitative tool in areas where the leaf area index (LAI) ranges from 3 to 6. Below
this range, too much noise may be generated from the soil background and above this range the
red spectrum oversaturates and limits the capability of distinguishing various levels of vegetation
(Huete et al. 2002).

In comparison to NDVI, EVI is a newer index developed for implementation with
MODIS data. EVI was designed to give more precise measurements of vegetation than NDVI by
accounting for aerosol scattering using the blue spectrum and adjusting for canopy background

(Huete et al. 2002). EVI is calculated as

EVI = 2.5x (PNiR= Pred)
(pNIR+C1xpred_C2x blue+L
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where pyjr 18 near infrared reflectance, p,.q is the red reflectance, py,e 1s the blue reflectance,
C, and C, are correction coefficients for aerosols, and L is and adjustment accounting for canopy
background (Huete ef al. 1997, Huete et al. 1999). The coefficients C;, C,, and L vary

depending on atmospheric corrections that the reflectance data have undergone (Huete et al.
1997), and on MODIS these coefficients were determined as 6.0, 7.5, and 1.0, respectively
(Huete et al. 1999). EVI exhibits less sensitivity to changes in the red spectrum, which permits
detection of differences in high biomass areas (Huete ef al. 2002). Unfortunately, with MODIS,

Pplue 18 captured with a 500 m resolution, which limits the spatial resolution of EVI.

Both EVI (Zhang et al. 2009) and NDVI (Reed et al. 1994, Yang et al. 1998, Xiao &
Moody 2004) have been used to monitor grassland phenology. Grassland vegetation cover for
the Great Plains region has generally been characterized as exhibiting an LAI ranging between
two and six, which is well within the range of both vegetation indices (Shaw et al. 1997,
Scurlock ef al. 2001, Suyker & Verma 2001, Kucharik et al. 2006). Yet, NDVI does exhibit
more sensitivity to vegetation within this range, making it the better index on MODIS for
examining prairie phenology. Additionally, the finer spatial resolution of the MODIS NDVI
product lends itself to detecting smaller areas of vegetation, which is necessary for fragmented

prairies.

Methods for calculating phenology

From a time series of imagery, specific algorithms can be used to determine phenology
by detecting the start and end of growing seasons. There are three broad types of models used:
threshold, derivative, and moving average. Within these categories, different techniques can be

employed to account for specific biases within the data.
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Preprocessing of Satellite Data

Current phenological algorithms estimate phenological parameters based solely on a time
series of remote sensing imagery, assuming it reflects vegetation growth on the ground.
However, there are many factors that can influence the reflectance of a pixel that may force an
algorithm to delineate the onset or end of the growing season prematurely. To prevent these
occurrences, smoothing algorithms are typically employed to eliminate sudden changes in the
vegetation index while maintaining short- and long-term trends in the data (Reed et al. 2003).
Early phenology studies implemented simple smoothing algorithms such as running medians
(Reed et al. 1994) or best index slope extraction (BISE) (Viovy et al. 1992) techniques. These
techniques are advantageous in that they are simple to implement and preserve the original
values of the NDVI time-series. Modern smoothing techniques such as piecewise logistic
functions (Zhang et al. 2003), asymmetric gaussian (Jonsson & Eklundh 2004), double logistic
functions (Beck ef al. 2006), and high order splines (Hermance ez al. 2007) are more complex
and typically require site-specific coefficients for calculation. These complex techniques have
also shown sensitivity to high noise levels in time-series data causing erroneous phenological
predictions if the contaminated data points are not first removed (Jonsson & Eklundh 2004,
Pettorelli et al. 2005). Special processing of data in areas where prolonged snow cover occurs is
required and typically results in the replacement of snow cover data points with alternative
values that represent previous vegetation conditions or soil reflectance (Zhang et al. 2003, Beck
et al. 2006, Hird & McDermid 2009). Hird and McDermid (2009) conducted a comparison of
select smoothing algorithms, which revealed that the double logistic and asymmetric Gaussian

techniques gave superior results in terms of noise reduction.
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Threshold method

The first phenological detection method to be used was the threshold method developed
by Lloyd (1990). In this method, the user determines a particular NDVI or EVI value to
represent baseline vegetation conditions (Figure 1.6 a). When the time-series data first exceeds
the threshold value in a year, this point is declared to be the start of the growing season, and
when values first fall below it, the end of the growing season is considered to have occurred.
This method is easy to implement, but setting a biologically meaningful threshold is problematic.
Growth dynamics can differ markedly among ecosystems or regions; therefore, the same
threshold cannot be used across large regions. In response to this, White et al. (1997) modified
the threshold method by defining the threshold as the average of the maximum and minimum
NDVI points in the overall time series. In their study, they determined that the averaged NDVI
value correlated with the date at which the fastest increase in greenness occurred. They argued
that this rapid increase in NDVI has more biological relevance than declaring an arbitrarily set
threshold (White et al. 1997). Other studies have created modified versions of this method.
Instead of using the midpoint NDVI for the entire series, Jonsson and Eklundh (2004) developed
a separate threshold for each growing season (Figure 1.6 b). They declared the start and end of
the growing season to be the points when NDVI reached a determined percentage (typically

20%) of the difference between that growing season’s maximum and minimum NDVI values

(Jonsson & Eklundh 2004).
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Derivative method

The derivative method for phenology detection is based on detecting the greatest rate of
increase in vegetative growth (Studer ef al. 2007). Sparse vegetative cover typically produces
low NDVI values because of the strong soil contribution; therefore, increases in vegetation cover
should produce notable increases in NDVI. In this method, the date of greatest NDVI increase is
declared to be the growing season start, while the date with the greatest decrease in NDVI is
declared to be the season’s end (Figure 1.6 ¢). This method has been combined with a piecewise
logistic smoothing algorithm to identify the date of vegetation maturity and start of senescence in

addition to the start and end of the growing season (Zhang et al. 2003).

Moving average method

Developed by Reed et al. (1994), the moving average method detects points at which
NDVI values deviate from a normal vegetation trend (Figure 1.6 d). In their study, Reed et al.
created a moving average from an AVHRR time series, by averaging in a 9 image window to
obtain the “normal trend” in the vegetation. Next, they produced a three point running median
from the same raw data. The point at which the median becomes greater than the moving
average marks the start of the growing season. The end of the growing season is determined by

using the same technique on the reverse ordered data.
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Figure 1.6. A comparison of four remote sensing phenology methods for determining the start
and end of the growing season. (A) Threshold method declares a pre-defined value (“Thresh™)
set by the user to indicate SOS and EOS (Lloyd 1990). (B) TIMESAT method first detects the
maximum NDVI point (MaxV). Then the minimum point on both sides of the curve is found
(MinV1 and MinV?2). The difference between the maximum value and minimum values are then
multiplied by a user specified percentage to obtain the SOS and EOS. SOS was calculated for
this example as: MinV1 + (MaxV — MinV1) * 0.2 (Jonsson and Eklundh 2004). (C) Derivative
method is performed by calculating the slope between each set of points (graphed as dashed
line). The maximum slope detects SOS while the minimum slope detects EOS (Studer ef al.
2007). (D) Moving average method is obtained by creating a secondary curve that is formed by
taking an n-size moving average (shown as dashed line). SOS is obtained when the moving
average is calculated in the forward direction and EOS is obtained by reversing the direction of
the moving average. When raw data exceeds the moving average is where SOS or EOS is
detected. Two growing seasons are shown in this plot to demonstrate the time lapse between the
moving average and the raw data (Reed ef al. 1994).
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Figure 1.6 (cont’d)
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Algorithm Selection

Determining a universal detection method requires the adoption of a technique that
compares well to field observations. However, few studies have been conducted to compare
phenology detection techniques with simultaneous ground data. In such studies, it is clear that
each detection method provides slightly different results while none has proven superior for all
applications (Schwartz et al. 2002, Studer et al. 2007, White et al. 2009). Schwartz et al. (2002)
compared the ability of the moving average method and the midpoint threshold method (White et
al. 1997) to detect the onset of the growing season in deciduous forests by comparing them to a
calculated spring index based from field observations. They concluded that both methods
adequately detected the start of the growing season, but that the moving average technique was
more accurate in southern latitudes (Schwartz et al. 2002). The results of the moving average
method also depend strongly upon the length of the period for which moving average is
calculated. The original moving average period length was set in a subjective manner that would
be difficult to repeat for data from sensors other than AVHRR, for which the original method
was developed. In a comparison between the midpoint threshold and derivative methods, Studer
et al. (2007) found the midpoint threshold method to be less sensitive to snowmelt. This finding
is further supported in a recent comparison of several detection and smoothing algorithms, where
the midpoint threshold method was found to more closely resemble observational data and spring
indicators (White ef al. 2009). Given these results and the occurrence of snow within the
northern Great Plains, it is most likely that the midpoint threshold method would most accurately

detect significant changes in phenological dates in this region.
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V. Weather perturbations in the central North-American prairie
Weather and climate of the Great Plains

Climate (the long-term trends in meteorological events) has been a point of interest in
many recent ecological studies. Alterations in the phenology of birds, insects, and vegetation are
predicted to result from increases in global mean temperatures, and some such changes have
been already observed (Penuelas & Filella 2001). The current climate for the northern Great
Plains is described by mean annual temperatures that range from 1°C to 15°C and mean annual
precipitation that varies between 25 cm and 160 cm (Daly 2009), where snowfall typically
accounts for 20% of the annual precipitation (Barker & Whitman 1988). The temperature and
precipitation in this region are expected to increase by 2—-3°C (Plummer et al. 2006) and 20-40%
(Cook et al. 2008) within the next century, respectively. Although precipitation is expected to
increase, precipitation events are predicted to become both more infrequent and more intense,
which may lead to an increase in the frequency and intensity of droughts in this region
(Christensen et al. 2007, Meehl et al. 2007).

Studying the response of vegetation to climate trends requires an extensive historical
record for vegetation, a record that has not yet been attained by MODIS. However, weather
patterns occur at timescales from days to months, which can be easily observed using MODIS.
Additionally, observing the response of vegetation to short-term weather responses may provide
an indicator of how vegetation may respond under alternate climatic regimes. In the following
sections, I review several meteorological weather variables and the response that prairie

vegetation exhibits to them.
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Precipitation

Correlations between precipitation and vegetative growth in grassland systems have been
well documented (Sims et al. 1978, Webb et al. 1978, Prins 1988, Sala et al. 1988, Lauenroth &
Sala 1992, Briggs & Knapp 1995, Xiao & Moody 2004, Fay et al. 2008). For example, Xiao and
Moody (2004) found that in more arid environments, such as prairies, growth depends more
strongly on precipitation than on temperature values. Reed ef al. (1994) characterized the
vegetation dynamics of several biomes in the U.S. and found that arid grasslands tended to have
more stochastic growth periods than other biomes, which they attributed to the timing of
precipitation events. In a shortgrass prairie, precipitation explained 39—45% of the forage
production variance (Lauenroth & Sala 1992). Additionally, Webb et al. (1978) found that
shortgrass prairie production was correlated with the previous year’s precipitation. They
hypothesized that the precipitation helped to establish more seeds within the soil, as well as to
increase carbohydrate reserves that may aid bud formation. Several other studies have indicated
that spring precipitation is closely related to growing season primary production for the year
(Rogler & Haas 1947, Smoliak 1956). Other responses to precipitation in grasslands include

altering soil respiration (Fay et al. 2008) and flowering phenology (Cleland et al. 2006).

Snow

Only a few studies have examined the effects of snow on vegetative growth of prairies,
particularly within the northern Great Plains, which may receive between 50 — 100 cm of snow
each year (Barker & Whitman 1988). Blumenthal ez al. (2008) found, for example, that
increased spring snow cover can facilitate the establishment of invading species while having

little impact on already-established vegetation. The authors attributed this relationship to the
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increase in available soil moisture (Blumenthal ez al. 2008). With snow cover, the repeated
freezing and thawing of soil has been also shown to increase growing season production
(Kreyling et al. 2007). Kreyling et al. hypothesize that the increase in production may be from
the prevention of damage caused by deep soil freezing. Early spring thawing of soil followed by

snow cover may insulate the soil and prevent further deep-freezing.

Temperature

Temperature has been shown to influence the growing dynamics of prairie vegetation, but
to a lesser extent than precipitation in prairies. Sims et al. (1978) found that belowground
biomass was best estimated using temperature related measures rather than precipitation.
Regarding the aboveground biomass of grasslands, temperature has accounted for up to 40% of
the variability in NPP for grasslands receiving less than 80 cm precipitation, but for only 7% of
the NPP variability in grasslands receiving more (Epstein ef al. 1997a). Several studies have
also indicated that temperature may play a larger role in grassland growth dynamics during the
beginning and end of the growing season (Wang et al. 2003, Jolly et al. 2005). Temperature
may contribute to other ecosystem dynamics such as water use efficiency (Lemmens et al. 2006),
photosynthetic rates (Lemmens et al. 2006), flowering phenology (Cleland et al. 2006), and
carbon cycling (Davidson & Janssens 2006). However, the effects of temperature may depend
upon the species being considered. A study conducted by Nippert ef al. (2009) showed that
Andropogon gerardii may be more influenced by temperature conditions, while Sorghastrum

nutans is regulated primarily through precipitation.
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Drought

The effects of drought on prairies can be seen in reductions in ecosystem primary
production (Sala et al. 1982, Sala et al. 1988, Heitschmidt & Vermeire 2006 ). Such loss of
productivity may be due to the ecophysiological effects that drought has on individual prairie
species, such as decreases in osmotic potential (Knapp 1984), which lead to decreases in
photosynthetic activity. A time lag may occur between the period when a drought occurs and
when the effects are observed in the vegetation. Ji and Peters (2003) suggest that this time lag is
a period of 3 months. However, loss of production in grasslands may also occur in the years
following a drought (Oesterheld et al. 2001) and may influence long term vegetation dynamics
(Haddad et al. 2002).

Drought can be defined in several ways, depending upon the environmental focus:
meteorological drought focuses on the occurrence of abnormally low amounts of precipitation,
hydrological drought uses stream flow as an indicator, and agricultural drought occurs when crop
production is hindered (Dracup et al. 1980 ). Indices have been developed in order to facilitate
comparisons of drought, when it occurs, and how long it lasts. The most frequently used indices
include the Palmer’s Drought Severity Index (PDSI; Palmer 1965) and the Standardized
Precipitation Index (SPI; McKee ef al. 1993).

PDSI uses a budgetary analysis of soil moisture on a monthly basis to determine when a
drought or wet spell has occurred. This budget is developed through a series of equations that
estimate the natural hydrology of the study area. A key element is the equation that describes the
amount of precipitation (P; ;) that is “climatically appropriate for existing conditions”, or CAFEC
precipitation:

Pi j= ajPEi,j+ﬂjPRi,jﬂ/jPROi,j—(SjPLi,j,
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where a is the potential evapotranspiration coefficient, PE is the potential evapotranspiration, 3
is the potential soil moisture recharge coefficient, PR is the potential soil moisture recharge, vy is
the potential run-off coefficient, PRO is the potential run-off, 0 is the potential soil moisture loss
coefficient, PL is the potential soil moisture loss for each year (i) and month (). The coefficients
for each hydrological variable are based upon the long-term averages of each hydrological
variable. Within this equation, Palmer accounts for two major factors that influence soil
moisture: temperature (through PE) and the soil’s ability to hold water (PR). Once CAFEC
precipitation for i, j is calculated, it is then subtracted from the actual precipitation to determine
whether a deficit or surplus of water exists for month j. Next, Palmer normalized the differences
in precipitation and placed them on a scale from -4 to 4 with negative values representing
increasing severities of drought and positive values representing more extreme moisture
conditions. When Palmer tested his original index, he noted differences in the drought extremes
for different regions. To account for these differences Palmer geographically normalized PDSI
using observed data that he gathered in the central U.S.

McKee et al. (1993) developed another index based on the idea that most definitions of
drought relate to a deficiency in moisture or precipitation. The standardized precipitation index
(SPI) is based solely on a time series of precipitation and does not account for other factors that
may influence moisture availability (such as temperature and potential evapotranspiration). SPI
requires at least 30 years of monthly precipitation values and is calculated based on the
precipitation average for the previous set of months (2 — 48 months). A probability is then
associated with each precipitation value and used with its normal inverse value to determine the
difference in precipitation, which is then used as the SPI value. The SPI value ranges from -2 to

0 with lower values representing more severe drought.
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Currently, there is no drought index that has proven superior to all other drought indices
(Heim 2002). Carefully weighing the strengths and weaknesses of the index with the objectives
of the study is the only way to select the most appropriate index. The advantage of PDSI is that
it relies on estimating specific factors such as evapotranspiration and the soil’s available water
content (AWC), factors that are likely to influence the amount of moisture available to
vegetation. However, the multiple factors used to calculate PDSI may not always be readily
available or may be difficult to estimate. Alternatively, SPI is based on relative probability of
precipitation, a relatively common dataset. Yet, the lack of factors within SPI may provide an
overly simplistic model of drought and may fail to accurately portray drought patterns,

particularly if temperatures change.

Weather Summary

Previous work indicates that precipitation seems to be an important factor controlling
vegetation growth for many prairies. If the reason for this correlation is moisture in general, then
it is reasonable to assume that snow and drought would also be important factors to consider.
Studies that establish the effects of snow and drought on prairie vegetation growth are needed.
Predictions from global climate models that indicate an increase in the frequency and severity of

droughts for the Great Plains region highlight the importance of such studies.
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VI Conclusion

Conserving and restoring prairies during a period of climate change will require a
thorough ecological understanding of prairies at a regional scale. Advances in spatial technology
offer methods that may help characterize spatial patterns of ecosystem function across a
terrestrial landscape. Remote sensing is a cost effective method for obtaining spectral
information that can be correlated with vegetative characteristics. MODIS, in particular, is
valuable for studying prairies because of its high temporal frequency, which permits detection of
short-duration changes in vegetation growth, and its moderate pixel size, which permits analysis
of fragmented land covers.

This thesis examines the regional responses of prairie vegetation to weather
perturbations. Since conditions in the Great Plains are expected to become drier, I focus on
responses to drought and moisture conditions. In Chapter 2, I describe the development of a
spatial prairie database and existing associated resources that can be used with the database. In
Chapter 3, I examine the response of different prairies types to drought (calculated as PDSI) over
the period 2000-2008. For the analysis, prairies are grouped by community type, dominant

photosynthetic pathway, and restoration history.
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Chapter 2: Development of a Spatially Explicit Prairie Database for Regional Studies

I. Introduction

Concerns about projected climate changes (Plummer et al. 2006, Christensen et al. 2007,
Meehl et al. 2007) have highlighted the need for understanding fundamental ecological processes
at regional and global scales. In conservation biology, the response of species to climate change
is particularly important because species may need to adapt or migrate within fragmented
landscapes. Endangered ecosystems (Noss ef al. 1995, Noss & Peters 1995) are of further
conservation concern because they support species that are likely to also be endangered.
Additionally, ecosystem services from these endangered sites may be particularly vulnerable to
climate change due to the lower frequency of these systems in the landscape. Development of
more comprehensive data resources to enhance our understanding of regional biotic and abiotic
interactions is critical in conservation planning for mitigation of predicted global changes.

Field studies of regional processes have typically been difficult to conduct due to the
large number of resources required to sample a region. This limitation of field studies has led to
alternative approaches, including spectral remote sensing, which has become a reliable method
for evaluating regional biotic environments (Yang et al. 1998, Ricotta & Avena 2000, Pettorelli
et al. 2005). Indices used in remote sensing, such as the Normalized Difference Vegetation
Index (NDVI; Tucker 1979), have been correlated with vegetative properties including the
fraction of photosynthetically active radiation absorbed by canopies (fPAR; Sellers 1987), leaf
area (Sellers 1987, Law & Waring 1994), and green biomass (Sellers 1987, Butterfield &
Malmstrom 2009), which has helped promote the use of remote sensing in many biological
studies (Reed et al. 1994, Ji & Peters 2003, Xiao & Moody 2004). Landscape attributes,

including geo-location of specific ecosystems, can be combined with remote sensing data within
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Geographic Information Systems (GIS) to evaluate the functional dynamics of specific
ecosystems over time (Reed et al. 1994, Ji & Peters 2003, Xiao & Moody 2004).

One common method for defining ecosystem boundaries for remote sensing analyses has
been to develop land cover maps (Reed et al. 1994, Ji & Peters 2003, Xiao & Moody 2004).
Land cover maps are synthesized by integrating multiple forms of digitized spatial data (such as
remote sensing imagery) to predict or describe the location of ecosystems or land types within a
region (Loveland et al. 1991). Though land cover maps are useful for providing initial
assessments of ecosystem boundaries, they typically have low spatial accuracies. Assessments
of land cover maps have revealed that typical spatial accuracies do not exceed 80% (Xian et al.
2009, Ran et al. 2010). Therefore, studies that rely on land cover maps to delineate ecosystem
boundaries inherit a substantial amount of error that may potentially alter the outcome of
statistical analyses. A better system for determining ecosystem boundaries is needed for remote
sensing applications.

The Global Positioning System (GPS) allows users to accurately trilaterate their position
on the Earth’s surface using a network of satellites (Getting 1993). Obtaining locations of
natural systems using GPS often requires extensive fieldwork to delineate even small land areas.
However, since the initial implementation of GPS into non-military applications in the mid-
1980s, GPS has been harnessed by conservation agencies for monitoring and managing
ecosystems at local scales (Getting 1993). The composite of these local scale efforts presents an
alternative method for producing regional scale maps of ecosystems, which could be used for
analyzing regional ecosystem processes.

To provide a more accurate regional perspective of prairie locations in the northern Great

Plains, we have created a new prairie geodatabase, called the Prairie Spatial Database (PSD).
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The database focuses on prairie ecosystems because of their conservation status (Samson &
Knopf 1994, Noss ef al. 1995, Noss & Peters 1995). This database was created by synthesizing
geospatial vector files and management information from land managers in 43 organizations that
manage natural areas in the northern Great Plains. To prepare the database for use with remote
sensing applications, we also determined which prairies were suitable for analysis with imaging
from the Moderate Resolution Imaging Spectroradiometer (MODIS). The objectives of this
chapter are to document the development of the PSD and to introduce existing spatial datasets
that complement the PSD. With the development of a prairie geodatabase, we hope to increase
understanding of regional processes and spatial differences among prairies to promote their

conservation.

IL. Prairie Database Development
Locating Northern Great Plains Prairies

The historical extent of prairie ecosystems in the North American Great Plains (Figure
2.1) has been documented from south-central Canada to south-central United States (U.S.) and
ranges longitudinally from Colorado to Illinois with pockets occurring as far east as Michigan
and Ohio (Transeau 1935, Weaver & Albertson 1956, Olson et al. 2001). In creating a prairie
database, we aimed to include a large amount of the inherent diversity within the historical
prairie extent. The northern Great Plains encompasses several vegetation communities including

shortgrass, mixedgrass, and tallgrass prairies as well as the transition between C5 and Cy

dominant prairie communities (Ehleringer 1978, Epstein ef al. 1997, Tieszen et al. 1997). A
large range of climatic variability is also included in this region, providing a suitable area of

focus for the development of an initial prairie database.
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Geospatial information about prairie locations within the northern Great Plains was
obtained through collaboration with governmental and conservation agencies within ten states
(see Appendix A). Prairies were defined as ‘areas dominated by grasses’ (Beard 1978, Faber-
Langendoen 2001). Landowner privacy requirements prevented some agencies from sharing all
prairie sites, while other agencies were able to share coordinates of privately owned land with the
understanding that such data would not be made publicly available. To ensure an exact
understanding of the spatial location of prairies, all data received from agencies were conveyed
in the form of coordinate vector files. In some cases, prairie sites were located using online
geographic databases. We located the prairie sites from vector files by conducting keyword

searches of the site attributes with “prairie”, “grassland”, and “savannah.” We ensured that all

data were collected using GPS or through digitizing orthorectified aerial imagery.

Creating a Prairie Database

We constructed a hybrid database using ArcGIS (ESRI Inc.; Redlands, CA) to store
spatial data and Microsoft Access 2003 (Microsoft Corporation; Redmond, WA) to organize and
store ancillary data associated with each prairie. To integrate with later work (Chapter 3), we
prepared the database for use with MODIS spectral data by determining in advance which
MODIS pixels represent reflectances from vegetation at our prairie sites. Additionally, we
obtained information about the physical attributes of the prairies that might influence the results
of remote sensing studies, including percent grass cover and historical management, to increase
database utility. Below we outline further steps we took to prepare the database for use with

MODIS imagery, and how we obtained the information about the additional physical attributes.
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Figure 2.1. Extent of North American grasslands, based on Olson et al. (2001).

51




Decision to Use MODIS Data

To facilitate use of this database in analyses of MODIS imagery, we identified a set of
prairies that would be compatible with MODIS Terra data for analysis (See section IV of this
chapter for a detailed description of MODIS). We chose MODIS over other satellite sensors
because we desired imagery that was widely available, regularly collected, and appropriate for
evaluating relatively small patches in fragmented systems. MODIS is among the few satellite
sensors with freely available, no-cost imagery that allows scientists and land managers to
conduct affordable time-series analysis of prairie vegetation (for descriptive comparison of

satellite sensors, see Chapter 1).

Determining Which MODIS Pixels Represent a Prairie’s Spectral Reflectance

We evaluated the suitability of each prairie for MODIS-based analyses. The first concern
was to ensure that prairie size was compatible with MODIS pixel size. Various land cover types
exhibit different spectral reflectances (Reed et al. 1994) making it difficult to interpret remotely
sensed data when multiple land cover types occupy a single pixel. To avoid error introduced by
non-target land cover types, analysis should consider only pixels that are completely bounded by
the prairie’s border. Evaluating pixel suitability requires determining the placement of pixels
relative to the prairie boundary, and consideration of the geolocation error associated with the
imagery. Geolocation error represents a sensor’s limits of consistently capturing data for a
location with the same pixel with each pass. The geolocation error for MODIS is 50 m at nadir
(Wolfe 2006) and 113 m off-nadir (Knight ez al. 2006).

To determine which MODIS pixels would best represent each prairie in our geospatial

database, we first accounted for the 113 m off-nadir geolocation error in MODIS data by
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drawing a new boundary for each prairie 125 m within the original prairie boundary as
delineated by its vector file (Figure 2.2A). MODIS pixels that fit entirely within this new
boundary were selected and their outlines were vectorized (Figure 2.2B) for further work,

including the determination of herbaceous material within the prairie.

Herbaceous Composition

In our second filtering process, we evaluated whether each site met our definition of
herbaceous dominance for prairies (Transeau 1935, Sims et al. 1978, Axelrod 1985, Sims &
Risser 2000). To do this, we quantified the area of each site that was dominated by herbaceous
species by using a maximum likelihood supervised classification of aerial imagery in ENVI (ITT
2009) to separate images into two categories, “herbaceous” and “other” (Figures 2.2C and 2.2D).
All aerial photos were obtained from the U. S. Geological Survey through MapCard
(www.mapcard.com) and were taken between 2000 and 2006 at a 2 m spatial resolution. The
areal extent of vegetation evaluated was a region that included the vectorized pixels (see
previous section) and a 125 m buffer outside the pixel boundary to account for geolocational
error (Figure 2.2D). Percent herbaceous cover was calculated using the external pixel boundary.
Any prairies with less than 50% herbaceous cover were not considered to fit the definition of

prairie and were not included in the database.

Management History
Third, we sought information about prairie management history and characteristics to
allow categorization of prairies as remnant or restored. Management practices impact diversity

(Allison 2002, Polley et al. 2005, Fuhlendorf et al. 2008), nutrient cycles
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Figure 2.2. The process for selecting MODIS pixels to represent prairies and then determining
the percent cover of herbaceous vegetation. A) The original vector file obtained from
conservation agencies (red) overlaid on a MODIS Terra image. A 125 m interior buffer (blue)
was then created from the original file to account for geolocation error. B) The pixels that are
fully contained by the interior buffer are then selected (purple). C) Aerial imagery was then
obtained and D) classified into herbaceous (red regions) and other (green regions). A 125 m
boundary is formed around the pixels selected in B and the outer boundary is used to determine
the percent herbaceous cover.
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(Baer et al. 2002, Anderson et al. 2006, Han et al. 2008), species evenness (Polley et al. 2005),
and species composition (Towne et al. 2005) of prairies. When possible, based upon information
provided by land managers, we reported information regarding the fire, mowing, or grazing
conducted at each site. Data included the time of year when management was conducted and
how long and frequently such management was implemented at the site. Additionally, we
determined whether the site had ever been converted to another land type, such as crop

agriculture, and what specifically that land type was.

Prairie Spatial Database Description

From our filtering process, we produced a Prairie Spatial Database that contains 261
prairies spread across seven states (Figure 2.3). These prairies have > 50% herbaceous cover and
are suitable for evaluation with MODIS imagery (see section III). Of these prairies, 220 contain
> 80% herbaceous cover and 187 prairies have > 90% herbaceous cover. The mean size of
prairies in the database is 3.5 km? with the smallest prairie measured at 0.46 km? and the largest
prairie measured at 35 km2. Nebraska was the primary source of prairies within the database,
accounting for 165 prairies. Conversely, only four prairies that met our criteria were found in
each of two states: Wisconsin and North Dakota.

Management history was obtained for 25 prairies. Six of these prairies were at some point
used in agriculture and then converted back to prairie. Thirteen sites had historical records
indicating that they were remnant prairie carried over from the pre-settlement era. The
remaining six sites contained areas of both; some areas of agriculture that had been converted

back to prairie and some areas that have always been prairie.
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Figure 2.3. Modeled transition line separating the dominance of C5 and C4 vegetation. The light
gray area to the north represents C; dominance and the dark gray area to the south represents Cy

dominance. Points on this graph represent the positions of prairies within the Prairie Spatial
Database that have been prepared for use with MODIS imagery. Transition line was modeled
based from data in Epstein et al. (1997).
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Of the management techniques analyzed, prescribed burning was the most commonly used. The
frequency of mowing, grazing, or prescribed burning events usually occurred every 4 years or

more, though there were some sites that used these techniques on an annual basis.

III.  Existing Data for Use With the Regional Prairie Database

The main purpose of developing the Prairie Spatial Database was to provide an accurate
tool for locating prairies in the northern Great Plains that could be used in regional ecological
studies, particularly with remote sensing. In the following section, I summarize characteristics of
MODIS imagery and other types of data that may be used in conjunction with this database,

including weather, ecological, and soils resources.

MODIS Imagery

The Moderate Resolution Imaging Spectroradiometer (MODIS) is a spectral sensor
onboard the Terra and Aqua satellites (Salomonson et al. 2006). MODIS collects 36 spectral
bands at three spatial resolutions (250 m, 500 m, and 1,000 m) covering a 2330 km swath width
(Salomonson et al. 2006). After the data are collected, they are prepared for public distribution,
which, for some products, includes correcting the spectral values to account for Rayleigh
scattering, aerosols, gaseous absorption, and adjacency effects (Vermote & Vermeulen 1999).

MODIS and similar sensors have been used with vegetation indexes in numerous studies
to quantify the growth dynamics of vegetation at regional scales (Zhang et al. 2003, Guo et al.
2004). MODIS, in particular, offers near-daily repeat frequency at 250 m spatial resolutions
(Salomonson et al. 2006) and provides a useful dataset for studying temporal trends in spatially

fragmented prairie systems.
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MODIS imagery is regularly submitted to multiple production programs (Masuoka et al.
1998) to yield multiple data products that can be downloaded from the Land Processes
Distributed Active Archive Center (LPDAAC) website. Two indexes easily used for monitoring
vegetation result from this process: the Normalized Difference Vegetation Index (NDVI) and the
Enhanced Vegetation Index (EVI). A comparison of the use of NDVI and EVI within prairie

ecosystems is presented in Chapter 1.

Weather Datasets

Weather variables such as precipitation and temperature influence the net primary
productivity of prairie vegetation (Rogler & Haas 1947, Smoliak 1956, Schimel ef al. 1991,
Lauenroth & Sala 1992, Briggs & Knapp 1995, Yang et al. 1998, Henebry 2003, Wang et al.
2003, Knapp et al. 2006, Fay et al. 2008, Nippert et al. 2009, Zavalloni et al. 2009). There are at
least three sources of weather information that could be used to characterize weather fluctuations
in the central U.S. In the following sections, the strengths and weaknesses of the National
Climatic Data Center (NCDC) weather station database, the North American Regional

Reanalysis (NARR) database, and the PRISM database are presented (see Table 2.1).

NCDC Weather Stations

The National Climatic Data Center (NCDC) associated with the National Oceanic and

Atmospheric Association (NOAA) collects and archives weather information for the
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Table 2.1. Comparison of three weather databases; National Climatic Data Center (NCDC),
North American Regional Reanalysis (NARR), and Parameter-Elevation on Independent Slopes
Model (PRISM).

Dataset NCDC NARR PRISM
Spatial Extent Worldwide North America Contiguous U.S.
Spatial Type Point Raster Raster
Spatial Resolution - 32 km 4 km
Historic Length 1825%* 1979 1895
Temporal Interval Daily 3-hourly Monthly
Variables
Precipitation v v v
Max. Temperature v v v
Min. Temperature v v v
Wind v v -
Pressure v v -
Snow v - -
Other variables v - -

*  Start of weather collection for Pittsburgh, Pennsylvania. Not all stations are this old.
- Does not apply to this dataset

entire world (Center 1995). NCDC offers multiple sources of data relating to weather, including
remote sensing systems, aircraft, and National Weather Service (NWS) cooperative observers
(Center 2008). This overview provides information about surface data measurements obtained
from a network of weather stations.

NCDC'’s daily surface weather data can be downloaded from their website
(http://www.ncdc.noaa.gov/oa/ncdc.html) where over 1.2 petabytes of digital information is
stored (Center, 2008). Within the U.S., there are nearly 8,000 NCDC weather stations spread
across the landscape in a non-uniform pattern (Figure 2.4). Most commonly these stations record
precipitation, temperature, evaporative demand, wind, and snow; however, the weather variables
collected vary from station to station and depend on available equipment. The time frame within
which data are collected also varies by station. Some stations have collected data for more than a

century and continue to collect data; other stations may have only recently started collecting
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data; and yet other stations may have started and stopped collecting data midway in the
timescale. Malfunctions in equipment further complicate the availability of any single weather

variable from a particular station, leaving gaps within the data that may span several months.

NARR

The North American Regional Reanalysis (NARR) dataset was developed by the National
Centers for Environmental Prediction (NCEP), which is a part of the United States National
Oceanic and Atmospheric Administration (NOAA). The NARR raster dataset focuses on the
North American continent and was created to improve upon the spatial and informational
accuracy of the Global Reanalysis dataset (Black 1994), a dataset providing spatially coarse
weather measurements of the entire earth. NARR uses the Eta model to predict weather
variables, which allows for both horizontal and vertical estimates (Black 1994). Data from
NARR are reported from 1979 to present at a 32 km spatial resolution for 45 atmospheric layers,
in 3 hour time increments (Mesinger et al. 2006). The spatial interpolations computed within the
NARR Eta model are performed for precipitation, temperature, pressure, and wind, which are
estimated from rawinsonde, dropsonde, pibal, aircraft, surface, and geostationary satellite data

sets (Kalnay et al. 1996, Mesinger et al. 2006).

PRISM

The Parameter-Elevation Regressions on Independent Slopes Model (PRISM) is used to

generate precipitation and temperature data at monthly time intervals for the
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Figure 2.4. Locations of the weather stations associated with the National Climatic Data Center
within the U.S. Each dot represents one weather station.
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conterminous U.S. (Daly et al. 1994, Daly et al. 2004, Daly et al. 2008). This model has been
used to develop a series of raster layers at a 4 km spatial resolution at monthly time intervals
extending as far back as 1895. The raster dataset was originally designed to provide better
estimations of weather variables in areas with substantial changes in topography, but it is also
suitable for use on smooth topographies (Daly et al. 2008). To enhance data accuracy, the model
incorporates weather data from multiple sources including the National Weather Service
Cooperative Observer Program (COOP), the Weather Bureau Army Navy (WBAN), the USDA
NRCS Snow Telemetry (SNOTEL) network, the USDA Forest Service and Bureau of Land
Management Remote Automatic Weather Stations (RAWS), as well as from several other

sources, older raster layers are more limited in the number of data stations used (Daly et al.

2008).

Selecting a Weather Dataset

Determining the best dataset to use with the prairie database ultimately depends upon the
goals of the study being conducted. Data derived from the NCDC point dataset may be the most
accurate, but its usability is most limited. To harness the accuracy of the NCDC, prairies must
be in close proximity to the weather station. Analysis may be further limited if key data
variables are not recorded at stations of interest during the study period. Although the accuracy
of the interpolated raster datasets (NARR and PRISM) cannot match the accuracy of the NCDC
dataset at the locations of the weather stations, they are likely to have better accuracy at locations
not situated near weather stations.

There are several key factors that influence the choice of whether to use NARR or

PRISM data for prairie response analysis. NARR is superior to PRISM in both its temporal
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resolution and in the weather factors it incorporates. Researchers examining within-day or daily
responses of prairies would find NARR more suitable. Additionally, NARR would be a good
option for studies that incorporate wind or atmospheric pressure. Alternatively, PRISM has a
longer historical record (as early as 1895 as opposed to 1979), as well as a finer spatial resolution
(4 km vs 32 km) in comparison to NARR. Therefore, PRISM would be a better choice for

studies with more extensive timeframes or for studies that require more spatial precision.

Vegetation Commupnities

Composition of vegetation within a prairie influences many ecosystem processes such as
carbon sequestration and net primary productivity (Christian & Wilson 1999, Smith & Knapp
2003). However, it has not been logistically feasible to include field descriptions of vegetation
communities within PSD at this point. Therefore, determining the similarity in community
structure between prairies must rely on the delineation of major vegetation communities
established in land cover maps.

Numerous landcover maps have been generated to characterize the vegetation of North
America and many of them can be found at the Land Cover Institute (LCI -
http://landcover.usgs.gov/index.php), which is associated with the U.S. Geologic Survey
(USGS). One of the land cover maps that portrays the prairie extent according to historical
descriptions (Transeau 1935, Weaver 1954, Weaver & Albertson 1956, Sims & Risser 2000) is
the eco-region map of Olson et al. (2001). This global map of the earth’s eco-regions was
developed using current biotic distributions of animals and plants, as well as published regional

data and personal consultation with experts (Olson et al. 2001). Though this delineation of
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prairie types does not address species associated with each grouping, it provides a general

grouping of similar species.

Dominant Photosynthetic Pathways

Vegetation with different photosynthetic pathways (C5 vs Cy4) has been shown to exhibit

differences in seasonality (Foody & Dash 2007), as well as in response to environmental

perturbations (Ward et al. 1999). Cj species are better adapted to cooler temperatures while Cy

species thrive in warmer temperatures (Tieszen ef al. 1997, Foody & Dash 2007). The relative
dominance of either of these photosynthetic types would be an important consideration for
analysis of temporal differences in vegetation growth (Tieszen et al. 1997).

Within the central U.S., the transition in dominant photosynthetic pathways has been
related to a function of mean annual precipitation (MAP) and mean annual temperatures (MAT)
(Epstein et al. 1997). In their study, Epstein et al. (1997) produced a transition boundary

between areas where C3 and C,4 vegetation dominate that follows the 43° N latitude line and

closely follows other estimates of this transition (Teeri & Stowe 1976, Ehleringer 1978,
Woodward & Lomas 2004, Woodward et al. 2004, vonFischer et al. 2008). The algorithm from
Epstein et al. (1997)can be summarized as:

MAT thresh= —1/3x MAP + 21,
where MATy, ., represents the threshold for mean annual temperature. If the MAT for a prairie
is below MATy, s, then the prairies is considered to be C5 dominated. We applied this

algorithm to the PRISM dataset (Daly 2009), averaged for 1971-2000, for temperature (average
of maximum and minimum) and precipitation. This algorithm generated a similar boundary

located between 43° and 45°N for the central portion of the U.S (Figure 2.3).
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SSURGO Soils

Soil is an important part of ecosystem structure and helps quantify environmental
moisture conditions in indices like Palmer’s Drought Severity Index (PDSI). Accounting for
moisture conditions is especially important in prairies because of the strong correlation in these
systems between moisture and vegetation growth (Rogler & Haas 1947, Smoliak 1956, Schimel
et al. 1991, Lauenroth & Sala 1992, Briggs & Knapp 1995, Yang ef al. 1998, Wang et al. 2003,
Knapp et al. 2006, Fay et al. 2008, Nippert et al. 2009). The Soil Survey Geographic
(SSURGO) database is a polygon-based geospatial representation of soils within the U.S. and
describes, among many other parameters, the available water content (AWC) of soils across the
U.S., which is a measurement of the soil’s ability to hold water (Staff 2009). The information
within the SSURGO database was derived from detailed soil survey maps (Staff 2009). The soil
Map Units (the spatial representation of the data) are composed of multiple soil types each with
several horizons. Spatial placement of the soil Map Units were determined through auger
sampling in the field, statistical analysis of soil transect data, and air-photo interpretation, so the
size and shape of soil Map Units varies (Staff 2009).

The SSURGO database structure is split into three levels of information. Map Units are
the coarsest level of information within SSURGO and describe the spatial distributions of
multiple soil types. The second level within the database describes the individual soil series that
are attributed to each Map Unit. The final level of the database provides data about each
individual horizon in each soil series. The physical properties of the soil, such as AWC, are
contained in the horizon level of the database. Therefore, developing regional estimates of soil

properties requires aggregating across all three levels.
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IV.  Summary

PSD is a geographically explicit database that integrates geospatial and management
information from a diverse pool of conservation agencies. PSD is spatially defined in an
unprojected geographic coordinate system (WGS84 datum using decimal degrees) and contains
261 prairies ready to use with MODIS imagery. Additionally, there are numerous sources of
geographic data that complement PSD and can be used for examining prairie regional processes
occurring across the northern Great Plains. The compilation of PSD represents an important first
step in the development of a larger more comprehensive prairie database.

PSD currently focuses on the northern Great Plains, which is an important transition point
in terms of community type (shortgrass, mixedgrass, and tallgrass) and dominant photosynthetic

pathway (C5 and C4). However, a more comprehensive database should be sought and future

expansions of this database should extend coverage throughout the entire historical extent of
prairies (Transeau 1935, Weaver & Albertson 1956, Olson ef al. 2001). Additionally, there are
more sources of information that could be explored within the current extent of PSD. For
instance, though North Dakota and South Dakota are located in the central Great Plains, very few
prairies were located within these two states. Although this may truly reflect the current status of
GIS resources for prairies in those states, the technology is continually being updated; providing
new sources of information that should be continually examined and updated.

PSD is readily usable with MODIS imagery, aiding the study of vegetation for the 2000-
present time period. However, testing compatibility with other sensors would open up new
opportunities for studying additional prairies, as well as extending the period of time considered.

In comparison to MODIS, Landsat has a much smaller pixel size (30 m vs 250 m), a longer
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acquisition history, and its imagery has recently become freely available. Screening prairies
against imagery from this sensor would likely allow the inclusion of a larger sampling of
prairies, which could be studied for a longer historical period. However, studies of recent prairie
vegetation may be difficult to conduct with Landsat ETM+ due to a breakdown in its scan line
corrector in 2003. The Landsat 5 Thematic Mapper (TM) continues to provide imagery,
however this sensor has encountered several technical difficulties within the past years, which
have disrupted the continuity of data transmission. AVHRR is another sensor from which data
could be made compatible with PSD. AVHRR can provide a longer historical view of prairies
with usable imagery currently being collected. Yet the larger pixel size of AVHRR (1.1 km)
would diminish the number of prairies that could be used with this dataset.

A majority of North American prairies have been lost from the natural landscape and
those that remain may be threatened by future global changes. PSD is an important step to
developing a larger more comprehensive database while providing conservationists with an

important tool for studying prairie ecosystems.
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Chapter 3: Drought Sensitivity of North American Prairie Types: Assessment of MODIS
NDVI Time Series for 221 Sites in the Northern Great Plains
I. Introduction

The relationship between primary production and precipitation in grasslands has long
been an issue of great interest both to ecologists and to managers who graze livestock and/or
maintain conservation properties (Smoliak 1956, Knapp 1984b, Smoliak 1986, Sala et al. 1988a,
Sala et al. 1992, Briggs & Knapp 1995, Knapp et al. 2006). Over the last several decades, field
studies of grassland production dynamics have sought to identify general relationships between
production and moisture availability within North American grasslands and elsewhere (Smoliak
1986, Briggs & Knapp 1995, Oesterheld et al. 2001, Knapp et al. 2006, Smart et al. 2007). These
studies have generated invaluable insight, but also require extensive resources to conduct, which
has limited their frequency and extent.

New developments in remote sensing science, specifically the recent accumulation of
highly detailed time series of low cost imagery (e.g. Salomonson et al. 2006), now allow these
relationships to be reexamined in much more detail and over broader scales than has ever before
been possible. Here we use a time series of 8-day composite imagery from the Moderate
Resolution Imaging Spectroradiometer (MODIS) instrument onboard the Terra satellite to
examine the influence of interannual soil moisture on productivity in 221 prairie communities
within the North American Great Plains region for the period 2000-2008. We use multi-level
modeling (Pinheiro & Bates 2000, Merlo 2003, Gelman & Hill 2009) to analyze relationships
between values of the Palmer Drought Severity Index (PDSI) (Palmer 1965, Weber &
Nkemdirim 1998) experienced by prairie communities over time and their growth response as

captured by the Normalized Difference Vegetation Index (NDVI) (Rouse ef al. 1973, Tucker
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1979). We evaluate relationships between PDSI and two NDVI-based metrics for each growing
season: (1) maximum NDVI values, as a measure of maximum relative photosynthetic activity
(Sellers 1987), and (ii) the integration of NDVI over the growing season, as a proxy for
aboveground productivity (Goward et al. 1985, Paruelo et al. 1997).

The North American prairie region represents an excellent study system for this analysis
because it encompasses several different prairie community types, whose distribution (Figure
3.1a) is strongly shaped by precipitation and temperature gradients (Sala ef al. 1988b, Epstein et
al. 1996, 1997, Xiao & Moody 2004, Bradford et al. 2006, Grosso et al. 2008). Mean annual
precipitation increases from west to east in this region (Figure 3.1c) and strongly influences the
stature, distribution, and mean productivity of prairie types, which are generally categorized--in
order of increasing mean annual precipitation and plant stature--as shortgrass, mixedgrass, and
tallgrass communities (Weaver 1954, Sims & Risser 2000). Mean annual temperature, on the
other hand, generally decreases with increasing latitude (Figure 3.1d) and influences which

photosynthetic pathway (C; or C4) predominates within communities (Epstein ef al. 1997). Over

the last 200 yrs, these prairie communities were reduced to less than 20% of their original extent
(Samson & Knopf 1994), largely because of conversion to agriculture. As a result, restoration of
these prairies is a conservation priority, and the most limited prairie type (tallgrass prairie, ca.
99% converted) is now considered an endangered ecosystem (Noss et al. 1995, Noss & Peters
1995). It is therefore also useful to consider differences among restored and remnant prairie
sites.

Previous field studies indicate that prairie productivity is influenced by yearly weather
patterns, and that responses to weather variability may differ among prairie community types.

For example, production in shortgrass prairie has been found to be more sensitive to moisture
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Figure 3.1. (A) Locations of prairies within the central United States (Olson et al. 2001).
Shortgrass prairie denoted in red, mixedgrass prairies denoted in yellow, and tallgrass prairie
denoted in blue. (B) Distribution of prairies for this study (black dots). Light colors represent
areas dominated by C3 species and darker colors represent areas dominated by C4 species. Red
colors represent shortgrass prairies, yellow represent mixedgrass prairies, blue represents
tallgrass prairies, and gray represents an area not denoted as a prairie dominated region. A
precipitation map (C) and temperature map (D) were created using a 30 year mean for yearly
data between 1971 — 2000 for the region (Daly 2009).
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availability than that in the tallgrass prairie, in which precipitation totals are greater (Lauenroth
& Sala 1992, Briggs & Knapp 1995). Field data also suggest that multi-year relationships may
be important. For example, long-term studies indicate that in shortgrass and mixedgrass prairies
production is influenced by precipitation values in the previous growing season (Smoliak 1986,
Smart et al. 2007). Likewise, in a 50-year analysis, Oesterheld et al. (2001) found that biomass
production in shortgrass and mixedgrass prairie was slightly greater in dry years if the previous
growing season had been wet, but very reduced if the previous year had been dry; in tallgrass
prairie, reduced data availability limited analysis. In a related manner, (Yahdjian & Sala 2006)
likewise found that more of the variance in production data in the Patagonian Steppe could be
explained when production in the previous year was added as an explanatory variable, suggesting
the importance of multi-year feedbacks.

Remote sensing studies offer powerful means to expand investigation of the relationships
between primary productivity and moisture availability. The earliest uses of remote sensing
vegetation indices include innovative monitoring of drought effects in the African Sahel with the
Normalized Difference Vegetation Index (NDVI), which is a measure of vegetation greenness
(Tucker et al. 1986). In the North American Great Plains, grassland dynamics have been
evaluated with several remote sensing approaches, with the most extensive previous studies
examining NDVI time series derived from1-km AVHRR imagery (e.g. Goward et al. 1985,
Paruelo et al. 1997, Tieszen et al. 1997, Yang et al. 1998, Ji & Peters 2003). In this region, time-
integrated NDVTI has been found to serve as a reasonable surrogate for ANPP (Goward et al.
1985, Paruelo ef al. 1997). Quantitative relationships between NDVI and weather variables were

documented by Yang et al. (Yang et al. 1998) for many grassland communities within the Great
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Plains. Ji and Peters (2003) further demonstrated the seasonal dependence of NDVI — moisture
relationships and found that correlations were strongest for June and July.

The development of 250-m MODIS imagery now permits more rigorous evaluation of
relationships between NDVI and moisture dynamics at finer spatial scales than were previously
possible with the coarser 1-km AVHRR data. The improvement in scale offered by MODIS data
promises new insight into the dynamics of the tallgrass prairie community in particular, because
this prairie type has been most fragmented by human activities. The majority of remnant and
restored tallgrass prairies are smaller in size than can be well evaluated at a 1-km scale and thus
have had to be overlooked in most previous remote sensing analyses.

The objective of this study is to evaluate the relationship between growing season soil
moisture conditions and primary production in grasslands in the northern Great Plains prairie
region for the 2000-2008 period of MODIS data availability, with improved spatial precision and
increased focus on tallgrass prairies. To facilitate this analysis, we make use of a new geospatial
database we created that delineates locations of extant prairies. We develop multilevel models to
describe the response of NDVI metrics to inter-annual weather patterns, as a function of prairie

community type (shortgrass, mixedgrass, or tallgrass), dominant photosynthetic pathway (C; or
C,4), and restoration history (restored or remnant); we focus primarily on community types in our

analysis because it was our most robust comparison. In general, we expected that primary
production in grasslands would be most reduced when drought periods extended for more than
one year. Based on previous findings and plant ecophysiology, we further predicted that prairie
dynamics would differ among prairie types, as follows: 1) shortgrass prairies would be most

sensitive to growing season moisture availability and tallgrass prairies least sensitive; 11) Cs-

dominated prairies would respond more strongly to interannual variability in soil moisture than
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C4-dominated prairies, due to their lower water use efficiencies; and iii) restored prairies would

be more sensitive to inter-annual moisture patterns because of their lower biodiversity.

IL. Methods
Identifying Prairie Locations and Categorizing Prairies

To evaluate relationships between soil moisture availability and prairie growth responses,
we examined a group of 221 prairies within the northern Great Plains, which represent a suite of
community types (Figure 3.1¢; Sims & Risser 2000) and dominant photosynthetic pathways
(Epstein et al. 1997). To identify specific prairie locations, we obtained GIS polygon files from
local conservation organizations (Figure 3.1b). We next categorized these 221 prairies by

community type (shortgrass, mixedgrass, or tallgrass), dominance of C5 or C4 species, and

restoration status (restored, remnant or mixed). Classification of shortgrass, mixedgrass and
tallgrass prairies was determined according to the World Wildlife Fund’s eco-region map (Olson
et al. 2001). The eco-region map was constructed by using biogeographic realms, biome
systems, floristic and zoogeographic provinces, and expert consultation (Olson et al. 2001). The
prairie types outlined within the eco-region map follow the same general pattern described from
previous reports of prairie ecosystems (Transeau 1935, Weaver & Albertson 1956). A major
strength of our analysis is that tallgrass prairies are located with precision and represent 61 of the
221 prairies evaluated.

To delineate the regional dominance of C5 and C4 pathways, we used methods developed

by Epstein et al. (1997) who characterized the separation of the dominance of these two
pathways using mean annual temperature (MAT) and mean annual precipitation (MAP). Using

800 m resolution PRISM climate data averaged over 1971-2000 (Daly 2009), we generated a
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map delineating the dominance of photosynthetic pathways in this region. To derive MAT, we
averaged the minimum and maximum temperatures generated by PRISM. We applied the

following algorithm to the precipitation map based on absolute production algorithms in Epstein
et al. (1997):

TEMP hyesh = —1/3x PRECIP + 21,

where PRECIP represents the precipitation (cm) and TEMPyy, o, represents the threshold
temperature in degrees C. When the temperature at a given location exceeded TEMPy;, .., then
that location was considered to be C4-dominated, otherwise it was considered C3-dominated.
This approach delineated a boundary separating C;- and C4-dominated prairies, where locations
south of the 45° N latitude line were classified as C4-dominated. The map generally agrees with
previous studies of C3-Cy4 delineation in this area (Teeri & Stowe 1976, Ehleringer 1978,

Woodward & Lomas 2004, Woodward et al. 2004, vonFischer et al. 2008).

For restoration status, we were able to categorize a subset of the prairie sites (25/221) as
remnant, restored, or mixed, based upon information provided by land managers. An original
goal of this study was to determine restoration status for all prairies considered, but management
information proved more difficult to obtain than we initially thought. We defined restored
prairies as sites that had been converted to another land cover, such as crop agriculture, and then
converted back to prairie. We defined remnant sites as areas that were historically prairie and
had remained so until the present. Since some of the prairies were extremely large, it was also
necessary to consider some prairies as mixed, which means that the prairie has areas of both
restored and remnant prairie within its boundary.

Several constraints influenced the choice of prairies evaluated. Most importantly,

although we were able to consider much smaller prairies than possible in an AVHRR-based
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analysis, we still were required to impose a minimum prairie size for our analysis; we did not
include prairies in our study when they were too small to be fairly compared with 250-m MODIS
pixels. This means that our sample may underestimate the impact of edge effects and other
phenomena most evident in even smaller prairies, but our study nonetheless represents a notable
improvement over coarser analyses. In addition, our sample is weighted more heavily towards

C4-dominated systems (n = 196) than to C5 prairies (n=25), which were less common and largely

restricted to the northern states of Minnesota, South Dakota, and North Dakota (Figure 3.1b). In
addition, relying on conservation managers to provide information about prairie locations may
have increased the chance that the prairie sites we studied are under some form of management,
which might have influenced community compositions or response dynamics. Finally,
categorizing prairies using dominant photosynthetic pathways and community types has potential
to confound these factors with the environmental gradients (e.g, temperature, precipitation) used

to delineate the location of these prairie types.

Examining Prairie Vegetation with MODIS
The MODIS Sensor

To evaluate prairie response to changes in soil moisture availability at a scale finer than
1-km, we assessed vegetation using remotely sensed imagery obtained from MODIS onboard the
National Aeronautic and Space Adminstration (NASA) polar orbiting Terra satellite. MODIS is
a multispectral sensor with a near-daily temporal repeat frequency and spatial resolution ranging
from 250-1000 m. We chose to use MODIS because of its reliable image acquisition, its short
return frequency, and the ease of acquiring its data sets, and because its moderate spatial

resolution permits analysis of many smaller prairie sites. Landsat Thematic Mapper or Enhanced
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Thematic Mapper imagery would offer similar comparisons at an even finer resolution (30 m),
but data gaps and much longer repeat cycles limit the value of Landsat time series for the study
conducted here.

For the MODIS analysis, we obtained 250 m spatial resolution surface reflectance
(MODO09Q1) imagery from the U.S. Land Processes Distributed Active Archive Center
(LPDAAC - Ipdaac.usgs.gov) for the paths and row of v4 h10 and v4 h11 during the period
February 2000 — September 2008. The near-daily imagery was processed by the MODIS team to
correct for rayleigh scattering, acrosols, gaseous absorption, and adjacency effects (Vermote &
Vermeulen 1999). Additionally, the MOD09Q1 product is an 8-day, maximum-value composite,

which reduces the inclusion of low values generated by clouds.

Normalized Difference Vegetation Index

To assess vegetation dynamics, we next calculated the Normalized Difference Vegetation
Index (NDVI) from the MOD09Q1 imagery. We chose NDVI because we were able to calculate
the index at a moderate spatial resolution (250 m) and because NDVI is correlated with the
fraction of photosynthetically active radiation (Sellers 1987, Sellers ef al. 1992) and has been
used as an indicator of vegetation growth and primary production (Tucker 1979, Goward et al.

1985, Paruelo ef al. 1997, Xiao & Moody 2004). NDVI is calculated as:

NDVI= (VIR — Prea)
(oNIR + Prea)

where prq 1S the spectral reflectance in the red spectrum (MODIS Band 1) and pnir is the
reflectance obtained in the near infrared (MODIS Band 2) (Rouse et al. 1973, Tucker 1979). The

Enhanced Vegetation Index (EVI) is an alternative MODIS product with less tendency to
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saturate when vegetation is dense (Huete ef al. 1994, Salomonson et al. 2006), but its pixel size

(500 m) was too coarse for analyses (see below).

Identification of Pixels Representing Prairie

Spectral reflectance patterns captured by satellite imagery differ with land cover (Reed et
al. 1994), so we took several steps to reduce inadvertent inclusion of multiple land cover types
within our study polygons. One potential cause of inclusion of multiple land cover types is
geolocational error associated with the remote sensor. Geolocational error occurs when there are
differences among the geographic placements of images that nominally represent the same
location. For example, a prairie might be represented by a single MODIS pixel during one
satellite overpass but in the next overpass that same pixel may be geographically shifted and now
encompass both prairie and another land cover adjacent to it. The current geolocational error
associated with MODIS has been estimated to be 50 m at nadir (Wolfe 2006) and 113 m off-
nadir (Knight et al. 2006). A second cause of inclusion of multiple land covers is simply that
another land cover may occur within the boundary of a prairie as delineated by geographic
polygons used for management, as is even more likely to be problematic with 1-km AVHRR
images used in previous studies.

We accounted for each of these possibilities by evaluating data only from (i) MODIS
pixels that fell within an interior region of each prairie polygon and (ii) prairies that contained at
least 80% herbaceous vegetation. First, we modified each prairie polygon to account for potential
MODIS geolocational error by creating a new internal boundary for each prairie polygon 125 m
within the original polygon, and then analyzed data only from those MODIS pixels that fell

entirely within this internal boundary. Next, to evaluate vegetation composition within the study
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polygons, we analyzed USDA National Agriculture Imagery Program true color high-resolution
aerial imagery (2m pixels) obtained from MapCard (Billings, MT) taken during the summers of
2002-2006. To account for the MODIS geolocational error in this analysis, we developed a
polygon 125 m outside the group of pixels representing the prairie. With the image processing
software ENVI (ITT 2009), we conducted a supervised classification of the aerial imagery using
maximum likelihood methods to separate herbaceous cover from all other land cover (roads,
water, forest, etc.). We used only sites that contained a minimum of 80% herbaceous vegetation

for further analysis.

Measures of Prairie Response

We developed a time series of vegetation greenness for each prairie, with an 8-day time
step from 2000 to 2008, using MODIS-derived NDVI values that were averaged over all pixels
in each prairie polygon for each time step (Figure 3.2; Appendix B). Time-series curves were
smoothed using a 3-frame moving average. We attempted to use several automated algorithms
to detect the start and the end of the growing season for each prairie (Reed ef al. 1994, Studer et
al. 2007), but these algorithms performed poorly with bi-modal data, which was prevalent within
the western prairies. Therefore, we manually determined the onset and end of the growing
season to avoid extraneous variability due to fluctuations in snow cover, which depresses NDVI
values (Dye & Tucker 2003, Hird & McDermid 2009). We inspected all NDVI time series curve
to determine the earliest seasonal date in all time series at which NDVI exceeded 0 and the latest
date at which NDVI in all time series not drop below 0. Based on this analysis, we defined the
growing season as the period between Julian day 89 (March 29/30) and Julian day 273

(September 29-30) to minimize the effect of snow cover on the NDVI time series. Additionally,
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Figure 3.2. NDVI time series obtained from MODIS 8 day composite images. (A) A single year
time series for one prairie represented by 45 temporally linked images. Time integrated NDVI
(TINDVI), represented by the shaded area, was calculated by summing the values under the
NDVI curve throughout the growing season, where growing season was defined as julian days
89 - 273. The dashed line represents the point obtained for the MaxNDVI. (B) Typical NDVI
curves (solid line) generated from 382 temporally linked MODIS images for tallgrass,
mixedgrass, and shortgrass prairies are presented along with a time series of 108 monthly PDSI
values (dotted line). White regions represent growing season used to estimate TINDVI and
MaxNDVI values while shaded areas were not examined in this study.
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Figure 3.2. (cont’d)
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we also reduced the effects of dates including snow by altering any point below an NDVI value
of 0.1 within the defined growing season to equal 0.1 (Beck et al. 2006, Hird & McDermid
2009). Data were missing for Julian day 217 in 2000 and Julian day 169 in 2001 due to sensor
malfunctions, so we estimated these data points by using the NDVI value from the previous
image in the time series.

To assess the effects of soil moisture availability on prairie dynamics, we examined two
variables derived from the NDVI time-series data for each growing season period: (i) Time-
Integrated NDVI (TINDVI; Figure 3.2a) and (i1)) Maximum NDVI (MaxNDVI). TINDVI
calculated for the growing season period is a measure of total greenness that has been correlated
with yearly net primary productivity (Goward et al. 1985). MaxNDVI is a metric of peak
greenness and was quantified as a measure of maximum relative photosynthetic activity (Sellers

1987, Sellers et al. 1992).

Drought Assessment

The Palmer Drought Severity Index (PDSI) is a monthly drought index calculated by
estimating and comparing monthly anomalies to long term (>30 years) moisture patterns (Palmer
1965, Weber & Nkemdirim 1998). We chose PDSI for this study over other drought indices
because it considers multiple hydrologic parameters that are likely to influence plant growth,
such as evapo-transpiration and soil available water capacity (AWC), in addition to precipitation.
The index contains defined wetness categories for values ranging from -4 to 4 (Table 3.1) with
lower values representing more severe drought, higher values representing increasingly wet
conditions, and values near zero representing normal moisture conditions. This index is

appropriate for our study area
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Table 3.1. Interpretation of Palmer’s Drought Severity Index (Palmer 1965).

PDSI Range Interpretation
> 4.0 Extremely Wet
3.0to0 3.9 Severely Wet
2.0to0 2.9 Moderately Wet
1.0to 1.9 Mildly Wet
-09t0 0.9 Normal Moisture Conditions
-19to-1.0 Mildly Dry
-29t0-2.0 Moderately Dry
-3.0to-3.0  Severely Dry
<-4.0 Extremely Dry

since it incorporates a spatial normalization process that was developed and tested within this
region (Palmer 1965). Additionally, PDSI has a temporal continuity component that accounts
for values of recent months and adjusts the index accordingly. For example, if the previous
month were excessively dry, then the current month requires more moisture in order to attain a
“normal” status for the index. This index is particularly useful because it considers not only
precipitation, but also temperature and soil moisture-holding capacity, and thereby produces
more realistic assessments of the extent to which drought is experienced by vegetation.

To calculate PDSI, we used monthly precipitation and minimum and maximum
temperature values from PRISM raster grids that cover the entire U.S. with a 4 km spatial
resolution (Daly 2009). PRISM weather estimates have been produced for the period 1895--
present by spatial interpolation from an extensive network of weather stations using an algorithm
that accounts for weather differences due to elevation (Daly et al. 1994, Daly et al. 2004). PDSI
requires at least 30 years of data for its calculation, so we used PRISM estimates from 1970-

2008. Weather values were estimated from the pixel located in the center of each prairie

89



polygon; the temperature estimates used for the PDSI calculations were derived by averaging
maximum and minimum temperature values.

The available water-holding capacity (AWC) of the soil was estimated for PDSI
calculations by using the United States Department of Agriculture Soil Survey Geographic
(SSURGO) Database (USDA 2009). SSURGO is a geospatial database that describes the extent,
depth, and other characteristics of soils for the entire U.S. AWC values for prairie soils were not
directly linked to the geospatial layer of the SSURGO database. To derive AWC values it was
necessary to use a weighted average to combine the AWC estimates of locally similar soils as
well as the estimates for each soil horizon. We converted the AWC values from the soil database
to a volumetric measure by multiplying the depth of the soil (150 cm) by the percentage value
listed in the database. We selected 1.5 m as the soil depth for this study because it was the most
common maximum depth reported in the SSURGO database and it is close to the mean rooting
depth typically found in grassland systems (Canadell et al. 1996). To understand the
consequences of this choice for our analysis, we also evaluated the sensitivity of PDSI
calculations to the choice of soil depth, for the different prairie categories.

To assess drought severity for each year for the period 2000-2008, we used several
metrics based on PDSI in a single year: (i) average growing season PDSI (AvgPDSI); (ii)
minimum growing season PDSI (MinPDSI); and (ii1) average PDSI in June and July (JnJIPDSI).
We considered the latter factor because NDVI is sometimes correlated with other measures of
drought in June and July (Ji & Peters 2003). In addition, we considered the extent of growing

season drought in previous years by also evaluating PDSI;,_j), PDSI;, 5, and PDSI;,_3), where n

is the current year.
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Statistical Models
Model Type

The data we analyzed included repeated measurements of a set of subjects (prairies);
therefore, we chose to use a mixed level model for our comparisons (Gelman & Hill 2009). The
mixed level model works differently from normal regression in that it models each subject
separately, producing more accurate estimations for layered (observation level and subject level)
datasets. All analyses were conducted in R (Team 2009) using the /me function within the nlme
library (Pinheiro & Bates 2000). In addition, to account for the influence of temporal
correlation, we used a time-based, autoregressive correlation structure (accounting for year).

The combinations of fixed effects used in our models are listed in Table 3.2.

NDVI Dynamics

To assess differences in overall NDVI patterns among prairie types (community type,
photosynthetic dominance, and restoration history), we conducted multiple mixed-level
ANOVAs with an autoregressive correlation structure for time. TINDVI, MaxNDVI, and the
date of MaxNDVI for all sites and years were modeled using prairie type as the sole explanatory
variable. To estimate the relative variation in NDVI patterns within each prairie type across

years, we calculated the coefficient of variation (CV) across all prairies for all years.
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Table 3.2. List of model structures considered in this study in their general form. Group
represents one of the different prairie grouping methods (community type, C5 or C4 dominance,

or restoration history). PDSI represents one of the three PDSI variables considered (AvgPDSI,
IJnJIPDSI, MinPDSI). Lagl, Lag2, and Lag3 represent drought from one, two, and three years
previous to the current year. The labels from these models will be used in subsequent tables and
the text. To simplify reading models, the interaction term with 'Group' was not included in any
of the models.

Label ModelStructure

A Group+PDSI

Group+PDSI+Lag1+PDSI:Lagl
Group+PDSI+Lag2+PDSI:Lag2
Group+PDSI+Lag3+PDSI:Lag3

Group+PDSI+PDSI2

2
Group+PDSI+PDSI*+Lag1+PDSI:Lag1+PDSI" :Lag1
Group+PDSI+PDSIZ+Lag2+PDSI:Lag2+PDSIZ:Lag2

Group+PDSI+PDSI*+Lag3+PDSI:Lag3+PDSI*:Lag3
Group+Lagl

— o QO m m 9O 0w

Group+Lag1+Lag12
Group+Lag?2
Group+Lag2+Lag22
Group+Lag3

zZ 2 - R —

Group+Lag3+Lag32

Prairie Response to Drought

To determine differences in drought response, we conducted mixed-level, two-way,
repeated measures ANCOVA using the prairie category and PDSI factors to explain NDVI.
Incomplete blocks within the data (Figure 3.3) did not allow developing a model that
simultaneously compared all categories together for this analysis. Therefore, we developed
independent models using three categorical variables describing prairie types (community type,
photosynthetic dominance, and restoration status), two response variables (TINDVI and

MaxNDVI), and three covariates describing drought (AvgPDSI, MinPDSI, and AvginJIPDSI).
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Since moisture does not generally have a strict linear relationship with vegetative growth, we
tested quadratic models in addition to linear models for drought. To avoid correlation between
the linear and quadratic terms, orthogonal polynomials were used. Interpretation of quadratic
coefficients depends on both sign and absolute value. Negative quadratic coefficients indicate a
reduction in the response variable at both low and high water availability, whereas positive
coefficients indicate increases at both moisture levels. A higher absolute value of the quadratic
coefficient indicates more curvature within the response curve, indicating a more rapid response.
We used an arcsine transformation for MaxNDVI to attain normality within the MaxNDVI

dataset (Ahrens et al. 1990).

Model Selection and Variation

We compared models using the Bayesian Information Criterion (BIC) (Lewis et al.
2010). We compared models for each combination of response variable (TINDVI or MaxNDVI)
and prairie category (all prairies, community type, photosynthetic dominance, and restoration
status) (Table 3.2). Once a best-fit model was determined for each combination, we then

quantified the amount of variation explained by the fixed effects of the model using R2.

Sensitivity of Analysis to Operator-Defined Parameters

Within our study there are two types of parameters that were defined by the operator: the
depth of soil used for defining AWC in the PDSI calculations and the growing season length. To
test the sensitivity of our results to these parameters, we re- analyzed the data while slightly

altering these parameters. To examine the influence of soil depth on PDSI values, we
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Figure 3.3. Distribution of prairies within each category. Vertical lines between bars separate the
groupings used within (A) community type, (B) dominant photosynthetic pathway, and (C)
restoration history. Numbers in parentheses next to each heading represents the sum for that
group. Note that the “No Type” group represents prairies that fall outside the grassland region
described in Olson ef al. (2001).
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recalculated AWC using soil depths of 0.5 m, 1.0 m, 2.0 m, and 2.5 m, to compare to our initial
setting of 1.5 m. In regards to the influence of the choice of growing season length, the calendar-
based thresholds that we defined (Julian Days 89 & 273) were more likely to truncate the
growing season than to include too much of the winter season. Therefore, we tested the
sensitivity of PDSI and TINDVI calculations to growing season length by independently
extending the beginning (start one month earlier) and end (end 3 months later) of the growing

s€ason.

III.  Results
Differences in Overall NDVI dynamics
Community Types

MODIS time series captured expected differences in mean growing season NDVI among
prairie communities (shortgrass, mixedgrass, and tallgrass). Averaged across all sites for the
period 2000-2008, mean TINDVI (a measure of ANPP) in tallgrass prairie was about 30%
greater than in shortgrass prairie, and about 12% greater than in mixed grass communities
(ANCOVA: p <0.0001, df =207, £=90.39, Figure 3.4a). MaxNDVI, quantifying maximum
photosynthetic rates, was greatest in tallgrass prairies (0.83), about 24% greater than shortgrass
prairie (0.63), and 11% greater than mixedgrass (0.74), and (ANCOVA: p <0.0001, df =207, f=
88.63, data not shown).

In inter-annual analysis, NDVI time series from tallgrass prairie locations exhibited less
variability in both TINDVI and MaxNDVI values across years (TINDVICV =0.11 &
MaxNDVI CV = 0.06) than did mixedgrass (TINDVI CV = 0.15 & MaxNDVI CV =0.12) or

shortgrass prairies (TINDVI CV = 0.23 & MaxNDVI CV = 0.21; Figure 3.2b), which
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experienced the most. On average, shortgrass sites exhibited their MaxNDVI earlier in the year
(Julian date 184) in comparison to mixedgrass (Julian date 198) and tallgrass (Julian date 191)

communities (ANCOVA: p <0.0001, df =207, f=18.38).

C;- and C-Dominated Prairies

Cs- and C4-dominated prairies exhibited similar mean TINDVI values (averaged for
2000-2008, p = 0.30, Figure 3.4b), but growing season peak values were 9% greater on average
in Cj prairies than in C4 prairies (MaxNDVI = 0.80 vs 0.73; ANCOVA p =0.0032, data not
shown). The inter-annual variability of TINDVI and MaxNDVI was 33% and 50% lower in C;
prairies in comparison to C4-dominated prairies (TINDVI CV: 0.14 vs. 0.21 & MaxNDVI CV:
0.09 vs. 0.18). No differences were observed between C5 and Cy4 prairies in the timing of

MaxNDVI (ANOVA p = 0.45).

Remnant and Restored Prairies

Limited availability of information about restoration histories constrained this
comparison to only a small subsample of sites (25/221), primarily located in South Dakota and
Illinois (Figure 3.2). However, the comparison provides useful preliminary information because
regional comparisons of function between restored and remnant prairies over time have been so
few. In this comparison, mean TINDVI of restored prairies was about 11% greater than in
remnant prairies (Figure 3.4c, p = 0.028), and mean MaxNDVI was about 7% greater (0.86 vs

0.80 values, p = 0.041, data not show).
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Figure 3.4. Average growing season NDVI by (A) community type, (B) photosynthetic pathway
dominance, and (C) restoration history. Different letters above bars represent significant
differences ( Average precipitation received during drought (PDSI < -1), normal (PDSI between
-1 and 1), and wet (PDSI > 1) conditions for (D) community type, (E) photosynthetic pathway
dominance, and (F) restoration history. Data is based from estimates between 2000 and 2008.
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Because shortgrass prairie was not represented among the restored prairies (0/6 restorations vs
9/13 for remnants, Figure 3.3c), we also evaluated differences between restored and remnant
sites within tallgrass prairies alone (N=11). Within this small subset, TINDVI and MaxNDVI
were both slightly greater in restored prairies (TINDVI = 144.84 vs. 140.73; MaxNDVI = 0.88
vs. 0.86), but not significantly so (p = 0.5414 and 0.1412 respectively). Inter-annual variability
was slightly higher for restored prairies for

TINDVI (CV 0.13 vs 0.12), but was 30% lower for MaxNDVI (CV 0.06 vs 0.09). No
differences were observed between restored and remnant prairies in the timing of their

MaxNDVI (ANOVA p = 0.25).

Prairie Response to Drought
Nature of Droughts 2000-2008

Inspection of PDSI times series within the northern Great Plains revealed three major
droughts in the region. In 2000 and again in 2002, extreme growing season droughts (PDSI < -4)
occurred in the western and southern portions of the study area (Nebraska). Another extreme
drought occurred in 2006 within the eastern portion of the study area (Illinois and Wisconsin).
In general, the western prairies encountered drier conditions during the study period, with PDSI
values frequently below -2. Eastern prairies also frequently encountered drought during the

growing season, but its magnitude was not as great as in the western prairies.
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Table 3.5. The models that were used for analysis for each of the response by prairie group
combinations. The variables in Response, Group, and Drought are the terms used within the
selected model from Table 3.2.

Number Response Group Drought Model
1 TINDVI Community AvgPDSI F
2 TINDVI Photosynthesis =~ AvgPDSI F
3 TINDVI Restoration AvgPDSI C
4 MaxNDVI Community JnJIPDSI F
5 MaxNDVI  Photosynthesis  JnJIPDSI H
6 MaxNDVI Restoration JnJIPDSI D

Model Selection

For all comparisons of prairies and response variables, the selected best-fit models
(Tables 3.3, 3.4, and 3.5) included some factor accounting for soil moisture availability in
previous years. However, the inclusion of previous moisture conditions did not increase the
amount of explained variability (measured by R2) within the fixed effects. AvgPDSI best
described TINDVI relationships with drought whereas JnJIPDSI best described MaxNDVI
dynamics. Soil moisture effects were most evident in analyses across prairie community types
(TINDVI R2 = 0.47 and MaxNDVI R2 = 0.45) followed by analyses across restoration history
(TINDVI R2 = 0.24 and MaxNDVI R2 = 0.36). Moisture effects were least evident in

comparisons of C3 and Cy4 prairies (TINDVI R2 = 0.09 and MaxNDVI R2 = 0.15).

Community Type

Overall, ANCOVA results indicated that TINDVI-drought relationships differed among
communities (ANCOVA p =0.0001, df =207, £=90.45). Shortgrass prairies were most
different in their responses from tallgrass and mixedgrass prairies (Table 3.6), and their TINDVI

showed the greatest drought response, fluctuating nearly 40 TINDVI
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Figure 3.5. Modeled TINDVI response for different restoration histories using the best-fit model.
Model has ‘F’ structure (Table 3.2) and uses average growing season PDSI (AvgPDSI) values as
the current and previous drought (PDSI(n-1); previous year) prediction variables (R2 = 0.47).
Predictions and R values are based on fixed effects of model.

Tall Short

TINDVI
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units from peak to depression (cf. tallgrass ~10 TINDVTI units and mixedgrass ~ 30 TINDVI
units).

For all community types, best-fit models indicated that TINDVI was lowest in a dry year
that was preceded by a wet year (dry<—wet) (Figure 3.5). TINDVI values for all other two-year
patterns (including dry«—dry, wet«—dry, wet«—wet) were notably greater. In tall and mixedgrass
prairies, TINDVI values for the dry«—dry, wet«—dry, and wet«—wet patterns were similar,
whereas in shortgrass prairies TINDVI was greatest when a wet year followed a dry year
(wet«—dry, Figure 3.5).

The best-fit model of MaxNDVI likewise exhibited both dependency on previous year
moisture conditions and differences among community types (ANCOVA p = 0.0001, df =207, f
=92.38). The responses of shortgrass and tallgrass prairies differed most notably. When the
previous year was wet, tallgrass prairies exhibited a curvilinear response to current year drought
while shortgrass prairies displayed a linear response to current year drought (Figure 3.6). Of the
three communities, shortgrass prairies showed the largest differences in MaxNDVI with a range

~0.25 MaxNDVI units (Figure 3.6)

C;- and C-Dominated Prairies

Multi-year models of drought and TINDVI showed differential responses between

dominant photosynthetic pathways (ANCOVA, p = 0.1, df = 218, £ =2.73). Cs- and Cy-

dominated prairies shared similar responses for most multi-year combinations, but TINDVI for

Cs-dominated prairies was significantly reduced when conditions were consistently dry (Figure
3.7). In comparison, TINDVI values for C4-dominated prairies were reduced most when a dry

year followed a wet year (dry«—wet), as in the community type comparison (Figure 3.5).
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Additionally, C;-dominated prairies showed greater sensitivity to fluctuations in drought
patterns, varying by as much as 80 TINDVI units (C4-dominated prairies ~ 35 TINDVI units).

Although there was general similarity, some differences were observed between
dominant photosynthetic pathways for the multi-year model of MaxNDVI (ANCOVA, p =
0.001, df =218, f=11.22). C; prairies exhibited a more linear relationship whereas the function

describing C4 dominated prairies were more curvilinear when previous moisture conditions were

wet (Figure 3.8). For both community types, MaxNDVI was best predicted by drought

conditions from the growing season three years previous.

Remnant and Restored Prairies

Best-fit models of responses of TINDVI and MaxNDVI in remnant and restored prairies
described similar relationships to those seen in the analysis of community types. Restored
prairies, which are mostly tallgrass prairies, resembled tallgrass prairie drought dynamics while
remnant prairies, which are predominantly shortgrass prairies, resembled shortgrass prairie
trends. For MaxNDVI, the pronounced curvature within community type models is due to the
inclusion of the quadratic form of PDSI within the model, which is lacking in the management
history models. Despite this difference between community types and management histories, the
overall response surfaces share general similarities. Differences among management histories
for MaxNDVI were limited to the influence of the previous year’s drought, whereas none of the
differences among restoration histories for TINDVI was statistically significant (Table 3.6).
Additionally, the best-fit models for the comparison between remnant and restored prairies

(Figures 3.9
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Figure 3.6. Modeled MaxNDVI (arcsine transformed) response for different community types
using the best-fit model. Model has ‘F’ structure (Table 3.2) and uses average June and July
PDSI (JnJIPDSI) values as the current and previous drought (PDSI(n-1); previous year)
prediction variables (R2 = 0.45). Predictions and R? values are based on fixed effects of model.

Tall Short
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Figure 3.7. Modeled TINDVI response for different dominant photosynthetic pathways using the
best-fit model. Model has ‘F’ structure (Table 3.2) and uses average growing season PDSI
(AvgPDSI) values as the current and previous drought (PDSI(n-1); previous year) prediction
variables (R2 = 0.09). Predictions and R2 values are based on fixed effects of model.

C3
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Figure 3.8. Modeled MaxNDVI (arcsine transformed) response for different dominant
photosynthetic pathways using the best-fit model. Model has ‘H’ structure (Table 3.2) and uses
average June and July PDSI (JnJIPDSI) values as the current and previous drought (PDSI(n-3); 3
years previous) prediction variables (R2 = 0.15). Predictions and R2 values are based on fixed
effects of model.

C3
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and 3.10) used drought conditions from two (TINDVI) and three (MaxNDVI) years previous.

Sensitivity of Analysis to Operator-Defined Parameters
The choice of soil depth used to calculate PDSI did not strongly influence predictions of
relationships between TINDVI and soil moisture conditions. In our sensitivity tests, the TINDVI

from each prairie group (except C3-dominated prairies) continued to be the most reduced in a dry
year that followed a wet year (dry<—wet). Additionally, shortgrass and C;-dominated prairies

continued to be those most sensitive to soil moisture conditions.

However, the TINDVI analysis was sensitive to the choice of growing season length,
particularly to the choice of the date for the growing season start (Figure 3.11); the choice of date
for the end of the growing season was less consequential (Figure 3.12). If the growing season
start is moved earlier in the year (e.g., from JD 89 to JD 49), three relationships are altered: (i)
TINDVI in tallgrass and mixedgrass prairies is now substantially reduced when a wet year
follows a dry year (wet«—dry). (ii) Tallgrass prairies no longer exhibit a strong reduction in
TINDVI when a dry year follows a wet year (dry«—wet), although this pattern remains evident in

mixedgrass communities. (ii1) The TINDVI response of C;—dominated prairies becomes more
similar to that of C4 prairies, with the greatest reduction in TINDVI evident in dry years

following wet years (dry<—wet).
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Figure 3.9. Modeled TINDVI response for different restoration histories using the best-fit model.
Model has ‘C’ structure (Table 3.2) and uses average growing season PDSI (AvgPDSI) values as

the current and previous drought (PDSI(n-2); 2 years previous) prediction variables (R2 = 0.24).
Predictions and R2 values are based on fixed effects of model.

Restored Remnant
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Figure 3.10. Modeled MaxNDVIT (arcsine transformed) response for different restoration
histories using the best-fit model. Model has ‘D’ structure (Table 3.2) and uses average June and
July PDSI (JnJIPDSI) values as the current and previous drought (PDSI(n-3); 3 years previous)
prediction variables (R2 = 0.36). Predictions and R? values are based on fixed effects of model.
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Figure 3.11. Sensitivity analysis of the effects of extending the start of the growing season.
Growing season for this analysis encompasses Julian dates 49-273. Top row of graphs depict the
three community types, the middle row of graphs depict the dominant photosynthetic pathway,
and the bottom row of graphs depict the management histories.
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Figure 3.12. Sensitivity analysis of the effects of extending the end of the growing season.
Growing season for this analysis encompasses Julian dates 89-365. Top row of graphs depict the
three community types, the middle row of graphs depict the dominant photosynthetic pathway,
and the bottom row of graphs depict the management histories.
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Iv. Discussion

Our MODIS-based analysis of soil moisture sensitivity of northern Great Plains prairies
found notable differences in drought responses among prairie communities and offers new
insight into the dynamics of tallgrass prairies in particular. Consistent with previous field studies
(Sala et al. 1992, Briggs & Knapp 1995, Edwards et al. 2010), we found the drought sensitivity

of TINDVI (a surrogate for ANPP) to be greatest in shortgrass and C3-dominated prairies. Best-

fit models indicated that for all prairie types considered TINDVI and MaxNDVI were influenced
by moisture conditions in preceding years, as has also been suggested by field studies (Smoliak
1986, Oesterheld et al. 2001, Yahdjian & Sala 2006, Smart et al. 2007). For most prairie
categories, our analysis of TINDVI for JD 89-273 indicated that TINDVI was lowest in drought
years that followed very wet years (dry<—wet). This relationship was reversed (TINDVI lowest
in wet«—dry years) in tallgrass prairies when the growing season start was advanced from JD 89
(March 29/30) to JD 49 (February 18), but this reversal is likely to reflect artifactual depression
of TINDVI values by spring snow cover. The finding that TINDVT is reduced in dry years
following wet years (dry<—wet) is most striking in tallgrass prairies, which typically are less
moisture-limited and thus show less direct responsiveness to inter-annual variation in soil
moisture. The phenomenon observed here thus may represent feedbacks to productivity mediated
through secondary factors such as detritus and/or pathogens that accumulate in preceding wet
years and exert effects that cannot be entirely overcome when the following year is dry. Our
findings differ from field studies in more westerly shortgrass prairies in which increased
production in a previous year increases production in the current year irrespective of current year
moisture dynamics (Oesterheld et al. 2001). The capabilities of recent remote sensing systems,

such as that used in this study, provide new ways of quantifying spatio-temporal dynamics of
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ecosystems and may detect relationships not previously evident in field studies or coarser

resolution remote sensing analyses.

Prairie Group Response Comparison
C4-Dominated Prairies Are More Drought Tolerant Than C3-Dominated Prairies

Differences in drought sensitivity between Cs- and C4-dominated prairies agreed with
expectations. C4 plants perform better than C; plants under higher temperatures when there 1s
more evaporative demand because they concentrate CO, within bundle sheath cells which allows
rubisco to bind more efficiently (Chaves et al. 2003, Edwards et al. 2010). As a result better
water use efficiency is typically found within Cy4 plants. Spatial studies of C5 and Cy4 species
distribution also indicate that C4 vegetation tends to outcompete C; plants in southern areas of
the U.S., where there is a potentially higher moisture demand during the growing season (Teeri

& Stowe 1976, Ehleringer 1978, Epstein ef al. 1997). Within our study, we observed more

variability in the TINDVI of C3-dominated prairies, indicating a higher sensitivity to drought and

correspond with the studies mentioned above.

Dry Prairies Are More Responsive to Drought Conditions

Our analysis confirms the relative sensitivities of prairie communities to drought that
have been observed in previous studies. Of the three prairie types (shortgrass, mixedgrass, and
tallgrass), shortgrass prairie biomass has been observed to be the most sensitive to availability of
precipitation (Lauenroth & Sala 1992, Smart ef al. 2007). However, temporal variance in
tallgrass prairie ANPP has not previously been associated strongly with precipitation fluctuations

except in cases in which management practices or topographical position allow precipitation to
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be the limiting factor in this system (Briggs & Knapp 1995). Although our data suggest that
tallgrass prairie TINDVI is sensitive to drought, the tallgrass prairies showed less sensitivity than
shortgrass prairies.

Although shortgrass prairies were the most sensitive to changes in soil moisture, this does
not necessarily mean that these prairies will be reduced in their extent if soil moisture becomes
drier in the future. Reducing ANPP during times of insufficient water availability may be an
adaptive trait of shortgrass vegetation rather than an indication that this community is unable to

cope with dry environmental conditions.

Potential Differences in TINDVI Between Prairies with Different Management Histories

Our comparison of restored and remnant prairies, which was limited by sample size, did
not detect significant differences in mean levels of TINDVI or drought responses. Both prairie
types exhibited a large decrease in TINDVI when a drought year followed a wet year (as seen in
the community types) and the fluctuation of TINDVI values was relatively similar between both
management groups. Larger management datasets are needed to permit more definitive

comparisons.

Multi-year Studies Uncover Relationships Between ANPP and Available Moisture
Single Year Relationships Between Grassland and Precipitation

Previous studies have demonstrated that current year precipitation can be an important
determining factor for ANPP for some grassland community types. Shortgrass prairie ANPP has
been correlated with growing season and annual precipitation (Lauenroth & Sala 1992) whereas

the ANPP of tallgrass prairies is often not significantly correlated with precipitation unless the
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site is upland with a continued history of burning (Briggs & Knapp 1995, Knapp et al. 2006).
Grassland communities in regions beyond the North American Great Plains also seem to exhibit
variability in their relationship with precipitation. For example, the Patagonian steppe is similar
to the shortgrass prairie both in its climate and in its ANPP response to annual precipitation
(Lauenroth & Sala 1992, Yahdjian & Sala 2006), whereas production in South African
grasslands was more closely linked to precipitation than that in tallgrass prairies despite the

systems’ similar climates (Knapp et al. 2006).

Drought Response Depends on Drought Conditions of Previous Year

Our best fit models indicated that the relationship between TINDVI and drought within
the current year depends on the moisture conditions from a previous year. The most consistent
pattern among the modeled TINDVI of prairies in our study was the prediction that the lowest
TINDVI values occurring during dry years that follow wet years (dry <— wet). This pattern was

observed in all prairie groups except for C5-dominated prairies, which showed diminished

TINDVI values during two consecutive dry years. Extension of the growing season start slightly

altered these patterns. For example, C5-dominated prairies then manifested the pattern of dry <

wet TINDVI depression and tallgrass prairies exhibited an alternate response (TINDVI most
reduced when wet «— dry). Despite these group-specific responses, the general pattern that
TINDVI is most reduced in dry years following wet years (dry «— wet) was most prevalent
throughout our analyses.

Reduction of TINDVI in dry years following wet years (dry < wet) differs from the
pattern that Oesterheld et al. (2001) identified in an analysis of field measurements in western

shortgrass prairie. In this system, production was slightly greater in years following wet years
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(wet/dry «— wet), and somewhat reduced following a dry year (wet/dry «<— dry). This difference
in results may reflect either a difference in the systems studied or a methodological difference in
vegetation sampling. Biomass estimates from Oesterheld et al.’s study included both standing
live and dead biomass, which may artificially inflate the biomass production for the current year
by also including that from the previous year. In contrast, standing litter in our study was more
likely to reduce NDVI values by obscuring green growth.

In tallgrass prairies, our analysis indicates that TINDVI is relatively unchanged unless a
dry year follows a wet year (dry «— wet), in which case TINDVI drops significantly. This finding
agrees in many respects with previous studies that have found little direct connection between
productivity and precipitation fluctuations in tallgrass prairie under most conditions. For
example, single-year studies within tallgrass prairies in Kansas demonstrate only weak
correlations between biomass and precipitation unless the site is upland and annually burned
(Briggs & Knapp 1995, Knapp et al. 2006). Likewise, when Oesterheld et al. (2001) re-
examined a time series of data from the same tallgrass prairie site, they found no significant
relationships between production and precipitation. The much expanded spatial extent of our
dataset (61 tallgrass prairies considered) allows our analysis to uncover an otherwise hidden
relationship within tallgrass prairies that is evident only for the specific case of the dry «— wet
pattern; further extension of the MODIS time series would permit more robust tests of this
relationship.

The reduction of TINDVI in dry years following wet (dry «— wet) may be explained by
indirect negative feedbacks resulting from moisture-sensitive processes such as accumulation of
detritus or pathogens. During wet years, for example, a thicker layer of detritus may accumulate

which can potentially reduce vegetation growth the following year by 1) blocking
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photosynthetically active radiation (Knapp 1984a), ii) reducing photosynthesis rates (Knapp &
Gilliam 1985), and iii) reducing the amount of inorganic nitrogen supplied by precipitation
(Seastedt 1985, Knapp & Seastedt 1986). Alternatively, wet years may promote disease, such as
root infections. Widespread pathogen pressure in a previous year would then further strain
vegetation during a year of severe drought and could contribute to the drop in TINDVI observed
across prairie types.

Our study monitors changes in soil moisture availability as opposed to changes in
precipitation alone. Soil moisture availability is a better indicator of water stress within plants
than precipitation, as documented in studies that have manipulated precipitation timing while
maintaining overall precipitation amounts. Results indicate that precipitation timing has
considerable influence on the amount of soil moisture available to plants throughout the growing
season (Heisler-White et al. 2009) and demonstrates the need to consider soil moisture
availability measurements. However, most studies of grassland response to moisture have
considered only precipitation values and none have explicitly analyzed the link between soil
moisture and ANPP. For instance, Flanagan and Johnson (2005) graphically showed the
similarities in pattern between biomass and soil moisture patterns but did not statistically link
these two variables.

Additionally, our study also showed that our multiyear patterns for TINDVI within
tallgrass prairies depends upon how the growing season is defined. In order to determine which
of these growing season scenarios (start JD = 49 versus start JD = 89) is more likely, it is
necessary to compare slices of the current year trends within the three dimensional models in our
study to the single year studies that currently dominate the literature. When the previous year is

wet, the extended growing season start (JD = 49) exhibits no relationship between TINDVI and
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PDSI whereas the growing season start for the main analysis (JD = 89) produces a positive
relationship (Figures 3.5 & 3.11). Alternatively, when the previous year is dry, the extended
growing season start (JD = 49) exhibits a negative relationship, whereas the growing season start
used in the main analysis (JD = 89) exhibits no relationship. The relationship between tallgrass
vegetation production and precipitation observed in other studies shows a positive relationship
with these variables (Briggs & Knapp 1995), which supports using the results from the main
analysis (JD = 89) as opposed to the extended growing season (JD = 49). The difference
between the two growing season analyses may be response from including more snow

contaminated NDVI when extending the growing season start.

Qualifications

The TINDVI results of this analysis were determined to be sensitive to the date of the
start of the growing season was declared. The differences observed among individual prairie
groups in their response to changing the start of the growing season suggest that an algorithm is
needed to determine growing season for each individual prairie for each year. However, when
we initially attempted to use several of the currently used algorithms (Reed ef al. 1994, Studer et
al. 2007) to do this, much of the growing season was cut off for prairies that had a bi-modal
NDVI curve. The method we used, detecting the portion of the NDVI curve that was
uninfluenced by large drops in NDVI, obtains the main vegetation response during the growing
season while minimizing the effects of snow cover. This procedure is likely the ideal method to
use until an algorithm is determined to consistently detect the major vegetation changes within

these grassland systems.
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Next Steps

Our broad-area MODIS- based analysis has uncovered evidence of a multi-year
dependency between soil moisture and NPP within tallgrass prairies that has not been previously
detected in field studies or coarse-grain remote sensing analysis. Previous field studies that have
considered multiyear relationships of moisture and ANPP have focused on few locations and the
vegetation sampling done within those studies were conducted in relatively small plots, whereas
previous remote sensing studies were conducted at spatial resolutions that are too coarse to
permit consideration of the tallgrass prairie fragments we identified. We recommend further
study of the multi-year dependencies identified, perhaps in field studies that consider multiple

tallgrass prairie sites and monitor both precipitation and soil moisture.
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APPENDIX A
Appendix A acknowledges all the people, offices, and organizations that helped in
producing the data to create the Prairie Spatial Database described in Chapter 2. The data in this

appendix is presented as a series of tables.
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Table A.1. Organizations contacted in the development of the Prairie Spatial Database.

Agencies

Ann Arbor City Parks

Army Corps of Engineers

Audubon

Augustana College

Ducks Unlimited

Fisheries and Wildlife Service

Illinois Department of Natural Resources
Indiana Department of Natural Resources
Indiana University

Institute of Natural Resource Sustainability
Iowa Department of Natural Resources
Iowa Natural Heritage Foundation

Iowa Prairie Network

Iowa State University

Michigan Department of Natural Resources
Michigan Department of Technology Management and Budget
Michigan Natural Features Inventory
Michigan State University

Minnesota Department of Natural Resources
National Park Service

Natural Resources Trust

Nebraska Department of Natural Resources
Nebraska Game and Park Commission
Nebraska Wildlife Federation

North Dakota Game and Fish Department
North Dakota State Government

Ohio Department of Natural Resources
Ohio Office of Information Technology
Ohio Metroparks

Pheasants Forever

Prairie Plains Resource Institute

South Dakota Department of Environment and Natural Resources
South Dakota State University

Southern Illinois University

The Nature Conservancy
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Table A.1 (cont’d)

The Prairie Enthusiasts

United States Department of Agriculture (USDA)
United States Geological Service (USGS)
University of Michigan

University of North Dakota

University of Wisconsin

Wisconsin Department of Natural Resources
Wisconsin State Cartographer's Office
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Table A.2. Table of agencies and offices that were contacted during the development of the
Prairie Spatial Database. NWR stands for National Wildlife Refuge.

State Agency Office

IL Army Corps of Engineers Rock Island

IL Augustana College Dziadyk Lab

IL Department of Natural Resources Main Office

IL Department of Natural Resources Natural History Survey

IL Department of Natural Resources  Office of Reality and Environment

IL Fisheries and Wildlife Service Upper Mississippi River NWR

IL Fisheries and Wildlife Service Savanna District

IL Fisheries and Wildlife Service Lost Mound

IL Fisheries and Wildlife Service Crab Orchard NWR

IL Institute of Natural Resource Illinois Natural History Survey
Sustainability

IL National Park Service Lincoln Home National Historic Site

IL Pheasants Forever Main Office

IL Southern Illinois University Baer Lab

IL The Nature Conservancy Chicago Office

IL The Nature Conservancy Nachusa Grasslands

IL United States Department of Natural Resource Conservation Service
Agriculture (USDA)

IL United States Geological Service =~ Main Office
(USGS)

IN Department of Natural Resources  Parks and Reservoirs - Indianapolis Central

Office

IN Fisheries and Wildlife Service Main Office

IN Indiana University Letsinger Lab

IN Pheasants Forever Main Office

IN The Nature Conservancy Indiana Field Office

IN United States Geological Service  Main Office
(USGS)

IA Department of Natural Resources Iowa Department of Natural Resources

IA Fisheries and Wildlife Service Rock Island Field Office - Ecological

Services

IA Fisheries and Wildlife Service Neal Smith National Wildlife Refuge

IA Fisheries and Wildlife Service McGregor Office

IA Iowa Natural Heritage Foundation Iowa Natural Heritage Foundation
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Table A.2 (cont’d)

IA Iowa Prairie Network Iowa Prairie Network
IA Iowa State University GIS Support and Research Facility
IA Iowa State University Otis Lab
IA Iowa State University Debinski Lab
IA National Park Service Effigy Mounds National Monument
IA National Park Service Herbert Hoover National Historic Site
IA Pheasants Forever Main Office
IA The Nature Conservancy Iowa Office
IA United States Geological Service  Iowa Geological Survey
(USGS)
MI  Ann Arbor City Parks Parks and Recreation

MI Fisheries and Wildlife Service Shiawassee Office

MI  Fisheries and Wildlife Service Kirtland Warbler Refuge
MI  Fisheries and Wildlife Service Michigan Islands NWR
MI Fisheries and Wildlife Service Harbor Island NWR

MI Fisheries and Wildlife Service Whitefish Point NWR
MI  Fisheries and Wildlife Service Seney NWR

MI Fisheries and Wildlife Service Huron NWR

MI Fisheries and Wildlife Service Detroit River IWR

MI  Michigan Department of Center for Geographic Information
Technology Management and
Budget
MI  Michigan Natural Features Michigan Natural Features Inventory
Inventory
MI  Michigan State University Remote Sensing and Geographic
Information Science Research and
Outreach Services
MI  National Park Service Sleeping Bear Dunes National Lakeshore
MI  The Nature Conservancy West Michigan Field Office
MI  The Nature Conservancy East Michigan Field Office
MI  The Nature Conservancy Shiawassee River Program Office
MI  University of Michigan Spatial and Numeric Data (SAND) Services
MN  Army Corps of Engineers Environmental and Economic Resources

Branch
MN  Department of Natural Resources Minnesota DNR
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Table A.2 (cont’d)

MN

MN

MN
MN

NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
ND
ND
ND
ND
ND
ND
ND
ND
ND

Department of Natural Resources
Fisheries and Wildlife Service

Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
National Park Service
Pheasants Forever

The Nature Conservancy

The Nature Conservancy

The Nature Conservancy
Audubon

Department of Natural Resources
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Game and Park Commission
National Park Service
National Park Service
National Park Service
National Park Service
National Park Service
National Park Service
Nebraska Wildlife Federation
Pheasants Forever

Prairie Plains Resource Institute
The Nature Conservancy
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service

Minnesota DNR Data Deli

Upper Mississippi National Wildlife and
Fish Refuge Headquarters

Habitat and Population Evaluation Team
Northern Tallgrass Prairie NWR

Realty Division

Pipestone National Monument

Main Office

Minnesota Office

Northern Tallgrass Prairie Ecoregion Office

Tallgrass Aspen Parkland Office
Wachiska

Nebraska DNR GIS Processing
Nebraska Ecological Services Field Office
Nebraska Fisheries and Wildlife Office
Nebraska Game and Park Commission
Scotts Bluff National Monument
Niobrara National Scenic River

Scotts Bluff National Monument
Agate Fossil Beds National Monument
Homestead National Monument
Niobrara National Scenic River
Nebraska Wildlife Federation

Main Office

Prairie Plains Resource Institute
Nebraska Field Office

Arrowwood Wildlife Refuge

Audubon NWR

Chase Lake Prarie Project

Dakota Prairie Grasslands

J. Clark Salyer NWR

Long Lake NWR

Lostwood NWR

Tewaukon NWR

Upper Souris NWR
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Table A.2 (cont’d)

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
OH

OH
OH
OH
OH
OH
OH
OH
OH
OH
OH
OH
SD

Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Game and Fish Department
National Park Service

National Park Service

National Park Service

National Park Service

National Park Service

National Park Service

National Park Service

Natural Resources Trust

North Dakota State Government
Pheasants Forever

The Nature Conservancy
United States Geological Service
University of North Dakota
Department of Natural Resources

Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
National Park Service

National Park Service

Office of Information Technology
Ohio Metroparks

Ohio Metroparks

Pheasants Forever

The Nature Conservancy

The Nature Conservancy
Department of Environment and
Natural Resources

Chase Lake Prairie Project Wetland

Kulm Wetland Management District
Crosby Wetland Management District
Habitat and Population Evaluation Team
Devils Lake Wetland Management District
Private Lands

Regional Office

Game and Fish Main Office

Devils Lake State Park

Ft. Abraham Lincoln State Park

Fort Union Trading Post NHS

Knife River Indian Villages NHS
Theodore Roosevelt National Park - North
Theodore Roosevelt National Park - South
Inventory and Monitoring Program

North Dakota Natural Resources Trust
North Dakota GIS

Main Office

North Dakota Office

Northern Prairie Wildlife Research Center
Beeri Lab

Geographic Information Management
Systems

Ohio DNR Division of Wildlife

Division of Natural Areas and Preserves
Ohio Natural Heritage Program

Cuyahoga Valley National Park

Hopewell Culture National Historical Park
GIS Support Center

Columbus Metroparks

Toledo Metroparks

Main Office

Ohio Chapter

Oak Openings Region

Main Office
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Table A.2 (cont’d)

SD
SD
SD
SD
SD
SD
SD
SD
SD
SD
SD
SD
SD
SD
SD
SD
SD
SD

WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI

WI
WI

Ducks Unlimited

Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
National Park Service
National Park Service
National Park Service
Pheasants Forever

South Dakota State University
South Dakota State University
South Dakota State University
South Dakota State University
The Nature Conservancy

The Nature Conservancy

The Nature Conservancy

The Nature Conservancy

United States Geological Service

(USGS)

Department of Natural Resources
Department of Natural Resources

Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Pheasants Forever

State Cartographer's Office

The Nature Conservancy
The Prairie Enthusiasts

Goebel Ranch

Wildlife Division

Parks and Recreation

Custer State Park

Newton Hills State Park
Badlands National Park
Wind Cave National Park
Spirit Mound Historic Prairie
Main Office

O'Neill Lab

Gritzner Lab

Larson Lab

Toelstrup Lab

Samuel H. Ordway Prairie
Prairie Coteau Office

South Dakota Nature Conservancy
Western Dakotas Program
Earth Resource Observation & Science
(EROS) center

Wisconsin DNR

GIS Services

Gravel Island NWR

Horicon NWR

Necedah NWR

Trempealeau NWR

Fox River NWR

St. Croix NWR

Whittlesey Creek NWR

La Crosse

Madison

Main Office

Wisconsin Land Information Clearinghouse

Madison Field Office
The Prairie Enthusiasts
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Table A.2 (cont’d)

WI  United States Geological Service ~ Upper Midwest Environmental Sciences

(USGS) Center
WI  University of Wisconsin GIS and Geospatial Data
WI  University of Wisconsin Herbarium
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Table A.3. Table of contacts who provided assistance during the development of the Prairie

Spatial Database.
State Agency Name
IL Army Corps of Engineers Chuck Gerdes
IL Augustana College Bohdan Dziadyk
IL Department of Natural Resources John Buhnerkempe
IL Department of Natural Resources William Handel
IL Department of Natural Resources Mary Honer
IL Department of Natural Resources Tara Kieninger
IL Department of Natural Resources Dan Sallee
IL Department of Natural Resources Diane Szafoni
IL Department of Natural Resources Renee Thakali
IL Department of Natural Resources John Wilker
IL Department of Natural Resources Sheryl Oliver
IL Fisheries and Wildlife Service Alan Anderson
IL Fisheries and Wildlife Service Ed Britton
IL Fisheries and Wildlife Service Deb Green
IL Fisheries and Wildlife Service Thomas Palmer
IL National Park Service Randy Heidorn
IL National Park Service Bill McClain
IL National Park Service Tim Townsend
IL National Park Service Karen Witter
IL Pheasants Forever Matt Bradshaw
IL Southern Illinois University Sara Baer
IL The Nature Conservancy Bill Kleiman
IL The Nature Conservancy Karen Tharp
IL The Nature Conservancy Josh Thompson
IL The Nature Conservancy Jeff Walk
IL United States Department of Agriculture Terry Conway

(USDA)

IL University Illinois Urbana Champain Diane Szafoni
IL Unknown Don Gardner
IN Department of Natural Resources Ron Hellmich
IN Indiana University Sally Letsinger
IN Pheasants Forever Brian Grossman
IN The Nature Conservancy Chip O'leary
IN The Nature Conservancy Helen Rowe
IN The Nature Conservancy Chip Sutton
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Table A.3 (cont’d)

IA
IA
IA
IA
IA
IA
IA
IA
IA
IA
IA
IA
IA
IA
IA
IA
IA
IA
IA
IA
IA
IA
MI
MI
MI
MI
MI
MI
MI

MI
MI
MI
MI
MI
MI

Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Iowa Natural Heritage Foundation
Iowa Prairie Network

Towa Prairie Network

Towa Prairie Network

Towa Prairie Network

Iowa State University

Iowa State University

Iowa State University

National Park Service

National Park Service

National Park Service

Pheasants Forever

Pheasants Forever

Pheasants Forever

The Nature Conservancy

Ann Arbor City Parks

Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service

Michigan Department of Technology

Management and Budget

Michigan Natural Features Inventory

National Park Service
The Nature Conservancy
The Nature Conservancy
The Nature Conservancy
University of Michigan
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Kathryne Clark
Casey Kohrt
John Pearson
Pauline Drobney
Mary Mitchell
Karen Viste-Sparkman
Tim Yager
Kathryne Clark
Judy Felder

MJ Hatfield
Cindy Hildebrand
Jean Wiedenheft
Diane Debinski
Rolf Koford
Dave Otis

Ken Block

Sherry Middlemis-Brown

Rodney Rovang
Tom Fuller
John Linquist
Dave Van Waus
Jennifer Filipiak
Dave Borneman
Greg Corace
Jim Dastyck
Steve Dushane
Steve Kahl
Dave Olson
Everrett Root

Ed Schools

Ken Hyde

Rebecca Hagerman
Mike Parker

Lara Rainbolt

Jen Green



Table A.3 (cont’d)

MN

MN

MN

MN
MN

MN

MN
MN

MN

MN
MN
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE

Army Corps of Engineers
Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Pheasants Forever

Pheasants Forever

The Nature Conservancy

The Nature Conservancy

The Nature Conservancy

The Nature Conservancy
Audubon

Audubon

Audubon

Audubon

Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Game and Park Commission
Game and Park Commission
Game and Park Commission
Game and Park Commission
Game and Park Commission
National Park Service

National Park Service
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Dan Wilcox
Jason Eckstein
Jaime Edwards
Jason Garmes
Lisa Joyal

Matt Mecklinberg
Alice Hanley
Rex Johnson
Sean Killen

Eric Nelson

Lisa Pember
Mary Stefanski
Tom Worthington
Aaron Kuehl
Eran Sandquist
Erik Anthonisen
Meredith Cornett
Sandi Edmunds
Rich Johnson
Tim Knott
Arnold Mendenhall
Arlys Reitan
Ernie Rousek
Tim Hermansen
Gerry Steinauer
Mahendra Bansal
Kim Menke
Andy Bishop
Jarren Kuipers
Emily Munter
Rick Schneider
Rachel Simpson
Gerry Steinauer
Scott Taylor
Jesse Bolli
Robert Manasek



Table A.3 (cont’d)

NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
NE
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

National Park Service
National Park Service
National Park Service
National Park Service
Nebraska Wildlife Federation
Pheasants Forever

Pheasants Forever

Prairie Plains Resource Institute
Prairie Plains Resource Institute

The Nature Conservancy

The Nature Conservancy
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Game and Fish Department
National Park Service
National Park Service
National Park Service
National Park Service
National Park Service
National Park Service
National Park Service
National Park Service

Natural Resources Trust
Natural Resources Trust

North Dakota State Government
North Dakota State Government

Lil Mansfield
David Peitz
Pam Sprenkle
Stephen Wilson
Penny Perkins
Keith Brus
Drew Larsen
Mike Bullerman
Bill Whitney
Chris Helzer
Mardell Jasnowski
Dave Azure
Cami Dixon
Mike Estey
Todd Grant
Tim Kessler
Wayne King
Chuck Loesch
Connie Mueller
Scott Ralston
Ron Reynolds
Phil Sjursen
Kevin Willis
Scott Peterson
Marsha

Andy Banta
Sean Dekeyser
Taryn Flesjer
Bob Gibson
Scott Ralston
Chad Sexton
Rod Skullsky
Terry Albee
Karen Kreil
Bob Nutsch
Rebecca Phillips



Table A.3 (cont’d)

ND
ND
ND
ND
ND
ND
ND
Ohio
Ohio
Ohio
Ohio
Ohio
Ohio
Ohio
Ohio
Ohio
Ohio
SD
SD
SD
SD
SD
SD
SD
SD
SD
SD
SD
SD
SD
SD
SD
SD
SD
SD
SD

Pheasants Forever

The Nature Conservancy

The Nature Conservancy

United States Geological Service
United States Geological Service
United States Geological Service
University of North Dakota
Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
National Park Service

National Park Service

National Park Service

National Park Service

Pheasants Forever

Ducks Unlimited

Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
National Park Service

National Park Service

National Park Service

National Park Service

Pheasants Forever

South Dakota State Government
South Dakota State University
South Dakota State University
South Dakota State University
South Dakota State University
The Nature Conservancy

The Nature Conservancy

The Nature Conservancy

The Nature Conservancy

The Nature Conservancy
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Dan Hare

Rich Johnson
Eric Rosenquist
Larry Igl

David Mushet
Larry Strong
Ofer Beeri
Jennifer

Tom Arbour
David Crecelius
Rick Gardner
Jennifer Windus
Anthony Gareau
Darlene Kelback
Carrie Morrow
Tim Schetter
Jim Inglis
Bruce Toay
Gary Brundige
Dave Ode

Eric Stouwe
Eddie Childers
Marie Curtin
Brian Kenner
Eric VanderStouwe
Ben Bigalke
Erik Nelson
Janet Gritzner
Gary Larson
Mary O'Neill
Nels Troelstrup
Pete Bauman
Joe Blastick
Rich Johnson
Mary Miller
Bob Paulson



Table A.3 (cont’d)

SD
SD
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI
WI

United States Geological Service
United States Geological Service
Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
Department of Natural Resources
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Fisheries and Wildlife Service
Pheasants Forever

State Cartographer's Office

The Nature Conservancy

The Prairie Enthusiasts

United States Geological Service
University of Wisconsin
University of Wisconsin

Jennifer Rover
Bruce Wylie
Armund Bartz
Julie Bleser
Catherine Eleser
Harvey Halvorsen
Dawn Hinebaugh
Randolph Hoffman
Deborah Konkel
Mark Martin
Thomas Meyer
Rori Paloski
Kenneth Parsons
Emily Rusch

Jerry Sullivan
Craig Thompson
Katie Goodwin
Vickie Hirschboeck
Rich King

David McConnell
Darienne McNamara
Jim Nissen

Sadie O'dell
Shawn Papon
Wendy Woyczik
Jeff Gaska

Jim Lacy

Steve Richter

Rich Henderson
James Rogala

Tim Cochrane
John A. Harrington




APPENDIX B

Graphs describing the time-series of NDVI, drought, precipitation, maximum
temperature, and minimum temperature for each prairie considered within the analysis for
Chapter 3. The title from each graph includes the unique alpha-numeric code that identifies each
prairie in the PSD. NDVI is estimated at an 8 — day timescale and was obtained from Moderate
Resolution Imaging Spectroradiometer (MODIS). Weather variables were estimated at a
monthly temporal frequency and were based on data from the PRISM Group (Daly 2009). The
drought index is represented by the calculation of the Palmer’s Drought Severity Index (PDSI;
Palmer 1968). The dashed lines in these graphs mark 1 and -1, the index values that indicate the
onset of higher moisture conditions or below normal moisture conditions respectively (Palmer,

1968).
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Figure B.1. Time series curves for iam.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie is Remnant.
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Figure B.2. Time series curves for iba369.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Restored.
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Figure B.3. Time series curves for ibh.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Restored.
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Figure B 4. Time series curves for ibr.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie is Remnant.
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Figure B.5. Time series curves for ical174.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.

VWY

I I I I I
2000 2002 2004 2006 2008

Time (Years)

150

PDSI

MaxT (C)



Ppt. (cm) NDVI

MinT (C)

1.0

0.5

0.0

60

30

30

-30

Figure B.6. Time series curves for idp.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie is Remnant.

I I I I I
2000 2002 2004 2006 2008

Time (Years)

151

PDSI

MaxT (C)



Ppt. (cm) NDVI

MinT (C)

1.0

0.5

30

-30

Figure B.7. Time series curves for ife.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.8. Time series curves for igr.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.9. Time series curves for igs.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Restored.
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Figure B.10. Time series curves for 1jo16.

The community type for this prairie 1s Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.11. Time series curves for ijr.

The community type for this prairie 1s Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Restored.
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Figure B.12. Time series curves for ilb.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.13. Time series curves for ilo1330.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.14. Time series curves for ipr3452.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.15. Time series curves for ipr654.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.16. Time series curves for ire3461.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.17. Time series curves for isp.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.18. Time series curves for iwa605.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Restored.
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Figure B.19. Time series curves for mag0.

The community type for this prairie is NoType.

The dominant photosynthetic pathway for ti,us prairie is C3.
The restoration status for this prairie 1s Unknown.

I I I I I
2000 2002 2004 2006 2008

Time (Years)

164

PDSI

MaxT (C)



Ppt. (cm) NDVI

MinT (C)

1.0

0.5

60

30

30

-30

Figure B.20. Time series curves for manl.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.21. Time series curves for mbl2.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie 1s Unknown.
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Figure B.22. Time series curves for mfo4.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie 1s Unknown.
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Figure B.23. Time series curves for mhol4.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.24. Time series curves for mke6.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie 1s Unknown.
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Figure B.25. Time series curves for mma20.

The community type for this prairie is NoTﬁpe.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.26. Time series curves for mmas.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie 1s Unknown.
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Figure B.27. Time series curves for mmi9.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.28. Time series curves for mno33.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Mixed.
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Figure B.29. Time series curves for mno36.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie is Mixed.
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Figure B.30. Time series curves for mr.12.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie 1s Unknown.
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Figure B.31. Time series curves for mre37.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.32. Time series curves for msc42.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.33. Time series curves for mtw17.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie 1s Unknown.
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Figure B.34. Time series curves for mup1097.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.35. Time series curves for mup1163.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.36. Time series curves for mup1262.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.37. Time series curves for mup1281.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.38. Time series curves for mup1289.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.39. Time series curves for mup1348.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B .40. Time series curves for mup1355.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.41. Time series curves for mup1363.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.42. Time series curves for mup1376.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.43. Time series curves for mup1397.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B .44. Time series curves for mup1399.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.45. Time series curves for mup1426.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.46. Time series curves for mup1442.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.47. Time series curves for mup2255.

The community type for this prairie is oTﬁpe.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B .48. Time series curves for mup2263.

The community type for this prairie is oTﬁpe.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.49. Time series curves for mup412.

The community type for this prairie is oTﬁpe.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.50. Time series curves for mup704.

The community type for this prairie is oTﬁpe.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.51. Time series curves for mup979.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.52. Time series curves for mwel8.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie 1s Unknown.
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Figure B.53. Time series curves for mwp1533.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.54. Time series curves for nbr0.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie is Remnant.
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Figure B.55. Time series curves for nda2.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie is Remnant.
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Figure B.56. Time series curves for neal31.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.57. Time series curves for neal46.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.58. Time series curves for nea419.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.59. Time series curves for nea420.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.60. Time series curves for nea424.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.61. Time series curves for nea425.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.62. Time series curves for nea426.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.63. Time series curves for nea427.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.64. Time series curves for nea431.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.65. Time series curves for nea433.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.66. Time series curves for nea434.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.67. Time series curves for nea435.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.68. Time series curves for nea436.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.69. Time series curves for nea462.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.70. Time series curves for nea470.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.71. Time series curves for nea471.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.72. Time series curves for nea479.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.73. Time series curves for nea482.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.74. Time series curves for nea491.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.75. Time series curves for nea510.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.76. Time series curves for nea511.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.77. Time series curves for nea530.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.78. Time series curves for nea541.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.79. Time series curves for nea542.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.80. Time series curves for nea543.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.81. Time series curves for nea598.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.82. Time series curves for nea636.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.83. Time series curves for nea640.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.84. Time series curves for nea641.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.85. Time series curves for nea642.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.86. Time series curves for nea655.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.87. Time series curves for nea689.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.88. Time series curves for nea690.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.89. Time series curves for nea692.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.90. Time series curves for nea694.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.91. Time series curves for nea695.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.92. Time series curves for nea696.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.93. Time series curves for nea701.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.94. Time series curves for nea703.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.

1.0

0.5

30
|

-30

I I I I I
2000 2002 2004 2006 2008

Time (Years)

239

PDSI

MaxT (C)



Ppt. (cm) NDVI

MinT (C)

Figure B.95. Time series curves for nea705.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.96. Time series curves for nea710.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.97. Time series curves for ngn45.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.98. Time series curves for ngn47.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.99. Time series curves for ngn56.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.100. Time series curves for ngn71.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.101. Time series curves for ngn84.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.102. Time series curves for ngn94.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.103. Time series curves for ngn96.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.104. Time series curves for ngn99.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.105. Time series curves for nlo252.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.106. Time series curves for nlo680.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.107. Time series curves for nlo838.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.108. Time series curves for nlo852.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.109. Time series curves for nno1003.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.110. Time series curves for nno143.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.111. Time series curves for nno3.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.112. Time series curves for nno311.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.113. Time series curves for nno596.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.

I I I I I
2000 2002 2004 2006 2008

Time (Years)

258

PDSI

MaxT (C)



Ppt. (cm) NDVI

MinT (C)

Figure B.114. Time series curves for nno64.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.115. Time series curves for nno732.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.116. Time series curves for nno740.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.117. Time series curves for nno741.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.118. Time series curves for nno83.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.119. Time series curves for nno846.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.120. Time series curves for nno866.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.121. Time series curves for nnor97.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.

I I I I I
2000 2002 2004 2006 2008

Time (Years)

266

PDSI

MaxT (C)



Ppt. (cm) NDVI

MinT (C)

1.0

0.5

0.0

60

30

30

-30

Figure B.122. Time series curves for nsal007.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.123. Time series curves for nsal51.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.124. Time series curves for nsal66.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.125. Time series curves for nsal73.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.126. Time series curves for nsa210.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.127. Time series curves for nsa267.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.128. Time series curves for nsa28.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.129. Time series curves for nsa281.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.130. Time series curves for nsa310.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.131. Time series curves for nsa39.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.132. Time series curves for nsa42.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.133. Time series curves for nsa421.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.134. Time series curves for nsa439.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.135. Time series curves for nsa445.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.136. Time series curves for nsa447.

The community type for this prairie is NoTﬁpe.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.137. Time series curves for nsa474.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.138. Time series curves for nsa681.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.139. Time series curves for nsa69.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.140. Time series curves for nsa719.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.141. Time series curves for nsa720.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.142. Time series curves for nsa743.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.143. Time series curves for nsa767.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.144. Time series curves for nsa778.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.145. Time series curves for nsa792.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.146. Time series curves for nsa809.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.147. Time series curves for nsa873.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.148. Time series curves for nsa890.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.

I I I I I
2000 2002 2004 2006 2008

Time (Years)

293

PDSI

MaxT (C)



Ppt. (cm) NDVI

MinT (C)

1.0

0.5

0.0

60

30

30

-30

Figure B.149. Time series curves for nsa895.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.150. Time series curves for nsa95.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.151. Time series curves for nsan144.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.152. Time series curves for nsh77.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.153. Time series curves for nta362.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.154. Time series curves for nta377.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.155. Time series curves for nta383.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.156. Time series curves for nta406.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.157. Time series curves for nta408.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.158. Time series curves for nta409.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.159. Time series curves for nta413.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.160. Time series curves for nta501.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.161. Time series curves for nta573.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.

I I I I I
2000 2002 2004 2006 2008

Time (Years)

306

PDSI

MaxT (C)



Ppt. (cm) NDVI

MinT (C)

1.0

0.5

0.0

60

30

30

-30

Figure B.162. Time series curves for nta621.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.163. Time series curves for nta783.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.164. Time series curves for nta791.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.165. Time series curves for nta835.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.166. Time series curves for nta906.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.

I I I I I
2000 2002 2004 2006 2008

Time (Years)

311

PDSI

MaxT (C)



Ppt. (cm) NDVI

MinT (C)

1.0

0.5

0.0

60

30

30

-30

Figure B.167. Time series curves for nta934.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.168. Time series curves for nta941.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.169. Time series curves for nty186.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Restored.

I I I I I
2000 2002 2004 2006 2008

Time (Years)

314

PDSI

MaxT (C)



Ppt. (cm) NDVI

MinT (C)

1.0

0.5

0.0

60

30

30

-30

Figure B.170. Time series curves for nw30.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.171. Time series curves for nw40.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.

Pl Ay

WAVAVAVAVAVAVAVAY

I I I I I
2000 2002 2004 2006 2008

Time (Years)

316

PDSI

MaxT (C)



Ppt. (cm) NDVI

MinT (C)

1.0

0.5

0.0

60

30

30

-30

Figure B.172. Time series curves for nwell9.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.173. Time series curves for nwel61.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.174. Time series curves for nwel75.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.175. Time series curves for nwe?2.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.176. Time series curves for nwe21.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.177. Time series curves for nwe25.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.178. Time series curves for nwe351.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.179. Time series curves for nwe354.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.180. Time series curves for nwe38.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.181. Time series curves for nwe400.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.182. Time series curves for nwe475.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.183. Time series curves for nwe496.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.184. Time series curves for nwe607.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.185. Time series curves for nwe685.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.186. Time series curves for nwe721.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.187. Time series curves for nwe723.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.188. Time series curves for nwe724.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.189. Time series curves for nwe725.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.190. Time series curves for nwe726.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.191. Time series curves for nwe728.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.192. Time series curves for nwe744.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.193. Time series curves for nwe745.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.194. Time series curves for nwe747.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.195. Time series curves for nwe748.

The community type for this prairie is NoTﬁpe.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.196. Time series curves for nwe759.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.197. Time series curves for nwe762.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.198. Time series curves for nwe765.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.199. Time series curves for nwe780.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.200. Time series curves for nwe794.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.201. Time series curves for nwe811.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.202. Time series curves for nwe854.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.203. Time series curves for nwe898.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.204. Time series curves for nwe93.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.205. Time series curves for nwe940.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.206. Time series curves for nwe964.

The community type for this prairie is Mixed.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.207. Time series curves for s7.0.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.208. Time series curves for sba2.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.209. Time series curves for sdol.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.210. Time series curves for sgo0.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie 1s Unknown.
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Figure B.211. Time series curves for sgol.

The community type for this prairie is oTﬁpe.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie 1s Unknown.
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Figure B.212. Time series curves for smel6.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie is Remnant.
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Figure B.213. Time series curves for sor0.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie is Mixed.
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Figure B.214. Time series curves for sorl.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie is Mixed.
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Figure B.215. Time series curves for sorl0.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie 1s Unknown.
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Figure B.216. Time series curves for sorl1.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie is Mixed.

I I I I I
2000 2002 2004 2006 2008

Time (Years)

361

PDSI

MaxT (C)



>
A
Z

| WYV

Ppt. (cm)

MinT (C)

Figure B.217. Time series curves for sorl5.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie is Remnant.
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Figure B.218. Time series curves for sorl9.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie is Mixed.
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Figure B.219. Time series curves for sor21.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie is Remnant.
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Figure B.220. Time series curves for sor4.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie is Remnant.
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Figure B.221. Time series curves for sor6.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie is Remnant.
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Figure B.222. Time series curves for sor7.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie is Remnant.
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Figure B.223. Time series curves for sor8.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie is Remnant.
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Figure B.224. Time series curves for sor9.

The community type for this prairie is Short.

The dominant photosynthetic pathway for this prairie is C3.
The restoration status for this prairie is Remnant.
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Figure B.225. Time series curves for ssi7.

The community type for this prairie is Tall.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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Figure B.226. Time series curves for wfc.

The community type for this prairie is NoTﬁpe.

The dominant photosynthetic pathway for this prairie is C4.
The restoration status for this prairie 1s Unknown.
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