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INTRODUCTION

CHAPTER

1

This report presents the results of a 3-year project to identify and map climate resilient
sites across the Great Lakes and Tallgrass Prairie region of the United States and
Southern Canada. This work was made possible by a grant from the Doris Duke
Charitable Foundation (DDCF), along with matching funds from the many State
Chapter and Regional Offices of The Nature Conservancy (TNC) within this geography.
It is the first of three analyses to identify a comprehensive and connected network of
resilient lands across the Great Lakes, Tallgrass Prairie, and Great Plains region. The
second and third reports, focusing on mapping resilient sites in the Great Plains, and on
identifying a resilient and connected network of sites across both geographies,
respectively, will be completed in 2018.

Project History and Scope
In November of 2014, The Nature Conservancy received an award from the Doris Duke
Charitable Foundation (DDCF) to identify climate resilient sites in the Central United
States. At that time, the Conserving Nature’s Stage (CNS) approach had already been
applied to the United States Northeast, Southeast, and Pacific Northwest regions
(Anderson and Ferree 2010; Anderson et al. 2012; Anderson et al. 2014; Anderson et al.
2016; Buttrick et al. 2015). All three geographies were analyzed using CNS methods
pioneered by Dr. Mark Anderson and his colleagues, and further refined in each
geography by teams of TNC scientists supported by regional Steering Committees.
In this project, we expanded the CNS approach to the Central US, identifying the
enduring geophysical drivers of biodiversity and the land characteristics that create
resilience, and mapping a suite of places that capture these features across the region.
In subsequent reports, we will identify important pathways that connect these places
to allow for dispersal and migration. We envision developing a blueprint for
conservation priorities across this broad region, creating a resilient network that can
link to similar networks previously identified in the northeastern, southeastern, and
northwestern regions of the US, ultimately building resilience at a continental scale
(see Saxon et al. 2005).
All results in this report are presented within a framework of ecological regions or
“ecoregions” as defined by TNC based on the subsections delineated by the US Forest
Service (USDA Forest Service 2007) and Canadian Provinces (Ecological Stratification
Working Group 1995). Because each ecoregion represents an area of similar
physiography and landscape features, it is an appropriate natural unit in which to
evaluate geophysical representation and to compare sites. Within each ecoregion, the
final datasets map resilience at the scale of 30 meter cells.
Applying CNS methods in the Central US posed some major challenges, including the
subtle topography, fragmented nature, and sheer size of this expansive geography.
However, the importance of tackling these challenges was clear. Climate change
projections suggest that some of the most severe seasonal temperature increases and
1-Introduction
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increases in precipitation extremes in the US will occur here in the “heartland,” far
away from coastal regions or mountains that might provide climatic refugia for
sensitive species. From a biodiversity standpoint, the urgency to develop adaptation
strategies in the Central US has been further heightened by widespread land cover
change across this region over the last century.
The focal geography of this study was the Great Lakes and Tallgrass Prairie region that
includes all or part of several midwestern states (Figure 1.1). The region is defined by
the boundaries of seven TNC ecoregions, and encompass the four states of MN, WI,
MI, and IA in their entirety as well as portions of 10 states: ND, SD, NE, KS, MO, IL, IN,
OH, PA and NY (Figure 1.1). We analyzed these ecoregions in their entirety, which led
us to include the southern edges of two Canadian provinces, Ontario and Manitoba, in
our assessment (Figure 1.1). Scientists and conservation planners from these states
and provinces served on our Steering Committee, and played an essential role of
helping us to adapt the CNS methods to ecological drivers, biodiversity patterns, and
land use characteristics that define this geography. Please see the acknowledgements
section for a list of all contributors.

Figure 1.1: Study Area. This map shows the seven TNC ecoregions comprising the
Great Lakes and Tallgrass Prairie study area (in orange) as well as the 16 states and
provinces fully or partially included. The green areas are previously completed
resilience analysis projects. The Great Plains study area (yellow) is currently underway,
to be completed in 2018.
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Fertile soils and a historically mild climate contributed to this region becoming “the
nation’s breadbasket,” one of the most productive agricultural regions in the world.
Making way for agricultural production also led to widespread land conversion and
dramatic losses of natural habitats, especially grasslands and wetlands (Figure 1.2).
The ecological systems that remain vary in their expected responses to climate
change. For example, surface-water-fed wetlands and many forest types may become
more stressed from increasing temperatures and drought, while these same changes
may benefit prairie systems, which evolved with fires and high rates of disturbance.
Losses of key services, such as flood attenuation by Great Lakes coastal wetlands, are
likely to exacerbate climate change risks to both people and nature as the cities and
agricultural lands that took the place of these natural systems are exposed to higher
intensity storms. Despite challenges, the Heartland continues to hold great promise for
nature conservation. For example, large tracts of mostly connected forests remain a
prominent feature of the Great Lakes landscape, helping to protect roughly 20 percent
of the world’s available freshwater.
Our ability to conserve the biodiversity and services associated with these natural
systems will be more effective if we understand how variations in the regions soil,
topography, and other enduring features increase the land’s resilience to climate
change and improve the potential for species to adapt and re-assemble into new
communities as conditions change.

1 - I nt r o d u c t i o n
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Figure 1.2: Land Use in the Great Lakes and Tallgrass Prairie Region. Land use in the
study area is characterized by a distinct transition between a more natural landscape
with highly connected forests and wetlands to the north, and intensive agriculture
dominating the southern part of the region. Major cities such as Toronto, Chicago,
Indianapolis, Columbus, and Detroit are indicated in shades of red. The majority of
grasslands and prairies, and high percentages of many wetland types such as Great
Lakes coastal wetlands, have been converted to agriculture and other humandominated types in this region.
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Process
To complete this study, we formed a core team of Conservancy scientists to complete
the technical analysis and enlisted a Steering Committee to work with us to co-develop
all the map products described in this report. To assemble the Steering Committee, we
recruited colleagues representing each TNC state chapter and regional program within
the study region. Working in partnership with these individuals, and relying on their
professional networks, we then reached out to external partners, representing state
and federal agencies, academic institutions and non-profit organizations. The purpose
of assembling such a large steering committee was two-fold. First, we needed the
expertise and deep knowledge of fellow scientists across this broad geographic area to
help us understand how the CNS concepts should be implemented here, given the
geologic history, ecology, land use, and data availability in this region. Second, we
wanted to develop a cohort of people from across the region that were invested in the
process and products, and thus would be likely to use them in their own work, and
share the products with colleagues across their networks. The roles of the Steering
Committee included:
•
•
•
•

Advising the core team to identify the most appropriate data sources and
approaches for CNS implementation, promoting confidence in methods.
Providing technical review of results and products (tools, maps, and reports).
Connecting the TNC team with existing and future conservation applications.
Assisting with outreach to additional partners to seek input and promote use of
products.

We held the first Steering Committee call on June 25, 2015 and followed with an
additional 16 Steering Committee meetings (roughly every other month) through
October 12, 2017. Each 2-hour online conference call used an interactive format, in
which preliminary results from the spatial analysis were shown and each participant
offered a time to comment on specific pre-identified questions. We also had a few
optional calls in which committee members could participate in smaller working
groups focused on specific topics (e.g., wetlands, soils, conservation portfolios, and
outreach or partnership opportunities).
At about the half-way point in our project, we held a two-day in-person meeting at
TNC’s Minneapolis office. At this meeting, we provided more context for the project,
while engaging in in-depth discussions on topics related to key decisions in the
analyses. We also interacted with the Steering Committee for a parallel project in the
Great Plains region, which allowed us to identify similarities and differences across the
two regions, and to make initial steps towards finding methods that could work
seamlessly across neighboring ecoregions in the two project areas. A high point was
hearing directly from the Steering Committee members about how they intended to
use the products to inform their work, and what resources would be needed in addition
to the reports and datasets to support engagement with, and use by, additional
partners. The meeting strengthened our connections with the Steering Committee, and
helped facilitate strong support and extensive peer review for the project.

1 - I nt r o d u c t i o n
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Summary of Concepts and Approach
The CNS approach to developing a network of resilient sites for the Central US is based
on several key observations. First, species diversity is highly correlated with
geophysical diversity (Anderson and Ferree 2010, Lawler et al. 2015). We know abiotic
factors, like soils and geology, shape ecosystems and their biodiversity, and historical
evidence, along with studies from other climatic regions, suggest that these drivers will
continue to influence the distribution and abundance of species even as climatic
conditions change (Beier et al.2015). Second, under a changing climate, species take
advantage of local microclimates to persist in the landscape (Weiss et al. 1988, Suggitt
et al. 2011, Roth et al. 2014, Albano et al. 2015). Yet, species populations can use
microclimates and adjust to change only if the area is permeable and well connected
(Heller and Zavaleta 2009). The idea of protecting examples of all geophysical settings,
prioritizing those sites with the most microclimate diversity, and highest landscape
permeability is the core concept of this research. Background on the approach and
detail on how the results relate to current biodiversity patterns can be found in
Anderson and Ferree (2010), Anderson et al. (2014), Anderson et al. (2016) and the
papers included in Beier et al. (2015).
We use the term site resilience to refer to the capacity of a site to adapt to climate
change while maintaining diversity and ecological function (modified from Gunderson
2000). We assume that if conservation succeeds, each geophysical setting will support
species that thrive in the conditions defined by the physical properties of the setting,
although the site may contain different species in the future than are present now. For
example, sandy sites will continue to support species that benefit from well-drained,
nutrient-poor conditions, while sites in fertile calcareous loams will support species
that thrive in alkaline nutrient-rich conditions. In the acidic granitic bedrock of the
Border Lakes region, at the northern edge of the Great Lakes geography, fire-adapted
species associated with rocky, shallow soils will continue find suitable habitat.
Geophysical setting is thus broadly defined to refer to the variety of upland and
wetland habitats that occur on a similar substrate—either based on bedrock or surficial
soil texture, depending upon soil depth in this glaciated region.
A climate-resilient conservation portfolio includes sites representative of all
geophysical settings selected for above-average levels of microclimatic variation and
proportion of natural land cover. Chapter 2 describes how we mapped geophysical
settings across the entire study area, using data on geology and soil characteristics in
combination with rare species and natural community locations to map all physical
environments that had a distinct biotic expression. In the Great Lakes region, this
involved delineating the region into areas most influenced by surficial sediments (e.g.,
calcareous loams, loess, sand), and areas more closely tied to underlying geology (e.g.,
acidic granite, acidic sandstone, calcareous limestone).
The value of conserving a spectrum of physical settings is based on empirical evidence
(Anderson and Ferree 2010), but there are many choices to make as to how this is
accomplished. For example, out of all the possible sand plains that could be conserved,
which ones are the most likely to remain functional and sustain biological diversity into
the future? Chapter 3 describes the site-based characteristics that promote function
6 |Pa ge
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and diversity and the methods we used to assess and map them. The first, landscape
diversity, is an estimate of the number of microclimates and climatic gradients
available within a given area. It is measured by counting the variety of landforms, and
the density, configuration, and connectivity of wetlands. Microclimate diversity buffers
species against regional climatic effects by providing them with a range of local
climates many of which might suitable for persistence. Thus, the diversity and
persistence of species within a given area increases with high landscape diversity
relative to other examples of the same geophysical setting (Weiss et al. 1988). Local
connectedness, the second factor, is defined as the number of barriers and the degree
of fragmentation within the same area. A highly permeable landscape promotes
resilience by facilitating population movements and the reorganization of communities.
Roads, development, agriculture, dams, and other structures create resistance that
interrupts or redirects movement and, therefore, lowers the permeability. Maintaining
a connected landscape is the most widely cited strategy in the scientific literature for
building resilience (Heller and Zavaleta 2009) and has been suggested as an
explanation for why there were few extinctions during the Quaternary (2.5 million
years BCE to present) in periods of comparable rapid climate change (Botkin et al.
2007).
The organization of this report follows this basic structure. In Chapter 2, we describe
mapping and classification methods used to identify all the distinct geophysical
settings in the region. Chapter 3 introduces methods designed to quantify the physical
and structural aspects of landscapes using models that measure a site’s physical
complexity including variety of microclimates (landscape diversity), natural cover
(local connectedness), and combined resilience factors (integration of landscape
diversity and connectedness). Finally, in Chapters 4 and 5 we present the results,
identifying resilient sites across individual ecoregions and the full study area,
respectively.
Importantly, the use of geophysical settings and ecoregions ensured that landscape
diversity and local connectedness were ranked relative to sites of the same underlying
type within an ecoregion. Thus, the resulting maps of resilient sites are always relative
to the setting and ecoregion. Some geophysical settings, such as calcareous loams
have subtler microclimates and are more fragmented (i.e. have less resilience) than
other settings, but our goal was to identify the most resilient sites for each geophysical
type. This ensured that we were mapping a blueprint of resilient sites that could
sustain all biological diversity, and was not biased towards a particular type of soil or
bedrock. The analysis was performed within each of the seven ecoregions, and the
regional map is a composite of the individual ecoregions map
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CHAPTER
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This chapter describes the process of characterizing and classifying the study region
into distinct geophysical settings based on physical properties – geology and soil- that
underlies and corresponds to differences in the associated flora and fauna. The
physical, chemical, and structural differences between the geophysical settings drives
differences in the ecological systems they sustain, and also correlates with human land
use patterns, as these same factors influence the value and suitability of sites for
agriculture, development, or mining.
Specific geophysical environments tend to share both topographic characteristics and
land use properties: key components of our site resilience metric. For example, in the
Great Lakes ecoregion, the shallow-to-bedrock environments are topographically
complex and have relatively intact natural landcover, whereas the deep soil
environments are generally flat and heavily converted to other land uses, particularly
agriculture. Natural areas that remain within the deep soil environments tend to be
small fragments but they often have more topographic diversity than the surrounding
farmlands. The correlation between the type of geophysical settings and the strength
of the resilience factors highlight the second important role for our settings delineation
step: ensuring fair comparisons between sites. As we determined how to divide our
study area into geophysical settings, we were considering the dual roles of using these
delineations as both (1) “coarse filters” for capturing the full range of abiotic conditions
that support biodiversity, and (2) “stratification” to ensure we divide the landscape
into comparable geophysical environments prior to identifying examples of each that
have the most microclimatic variety and natural cover (i.e., are most resilient.).
Without a stratification to ensure “apples to apples” comparisons, our results would be
biased towards acidic bedrock-based settings and their associated flora and fauna.

Ecoregions

We assessed the geophysical settings within the larger context of natural ecoregions.
Ecoregions are large contiguous units of land with similar environmental conditions,
especially landforms, geology, and soils, which share a similar climate and a distinct
assemblage of natural communities and species. The term “ecoregion" was coined by
J.M. Crowley (1967) and later popularized by Robert Bailey of the US Forest Service
(USFS). In recent decades, ecoregions have become a defining construct of larger
conservation efforts because they provide a needed ecological context for
understanding landscape-scale conservation activities by enabling the evaluation of
properties considered critical to conserving biodiversity such as representation,
redundancy, ecological function, and endemis.
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The TNC ecoregions used for this analysis are a modification of Bailey (1995), and were
based on the subsections delineated by the US Forest Service (USDA Forest Service
2007) and the Canadian Provinces (Ecological Stratification Working Group, 1995). In
comparison to Bailey’s ecoregions, TNCs grouping of subsections puts more emphasis
on physical characteristics and natural communities and less on climatic patterns. The
Great Lakes and Tallgrass study area encompasses seven complete TNC ecoregions
and part of an eighth (Figure 2.1):
1.
2.
3.
4.
5.
6.
7.
8.

Superior Mixed Forest
Great Lakes
North Central Tillplain
Prairie-Forest Border
Central Tallgrass Prairie
Northern Tallgrass Prairie
Dakota Mixed Grass Prairie
Aspen Parkland (in part)

The US portion of the Aspen Parkland ecoregion was included to ensure a
comprehensive coverage of North Dakota which contains a small portion of this mostly
Canadian ecoregion.
By and large, agriculture is the dominant vegetation in the included ecoregions,
although the northern portions of Superior Mixed Forest and the Great Lakes ecoregion
retain large areas of natural forests and wetland cover (Figure 1.2).
A Modification to the Great Lakes Ecoregion
Based on input from the Steering Committee, we further divided the Great Lakes
ecoregion into North and South sub-units for this analysis (Figure 2.2). This was done
to address the distinct geophysical and climate differences between the Northern and
Southern portions of this ecoregion created by the somewhat artificial nature of this
ecoregion. The boundaries of the Great Lake ecoregion were originally formed by
selecting all the USFS subsections and Canadian ecodistricts that bordered the major
Great Lakes, and while this effectively captured the large influence of the lakes on their
adjacent shoreline it also linked two regions (North and South) that were
geomorphically distinct. Recognizing two distinct subregions made these units more
consistent with the other ecoregions used in this analysis.
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Figure 2.1: Ecoregions. TNC Ecoregions included in this study. Only the US portion of
the Aspen Parklands was included in this assessment.
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Figure 2.2: Ecoregional Stratification. The Great Lakes ecoregion was split into
northern and southern sections.
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Geophysical Settings
This section is divided into five parts:
1. Introduction to the Concepts and Data
2. Delineating the Surficial and Bedrock Zones
3. Classifying and Mapping the Bedrock Geology
4. Classifying and Mapping the Surficial Sediments
5. Integrating Bedrock Geology and Soil Texture
In each section, we discuss the data sources, thresholds, and definitions of each
geophysical setting and provide maps to help users understand how the characteristics
are arranged on the landscape. These sections are followed by a characterization of
each geophysical setting with respect to the species and communities that are typically
found within it.
Introduction to the Concepts and Data
The Great Lakes and Tallgrass Prairie region is distinct in North America for its
concentration of deep fertile calcareous loams that constitute some of the richest
agricultural land in North America. The origin of these soils goes back to the
Cretaceous epoch when the region was a vast seaway which eventually gave rise to the
limestone and dolomite bedrock that underlies most of the region. Current topography
and soils are the result of glacial activity during the Pleistocene when multiple
glaciations over 2.5 million years created and shifted massive amounts of sediment
resulting in today’s deep surficial tills. Glacial melting produced the abundant lakes and
streams of this region as well as the deep outwash and loess deposits near the
terminus of the ice sheets (Kissel and Perry 2017).
To map the geophysical settings, we first divided the region into areas of deep surficial
soils and areas of shallow soils with exposed bedrock. The latter, shallow-to-bedrock,
areas are dominated by species adopted to thin soils and exposed conditions. Natural
communities like granite cliffs, limestone talus slope, and sandstone prairies
characterize these regions and provide habitat for cliff-dwelling ferns, sturdy conifers,
and small mammals such as the Eastern Heather Vole (Phenacomys ungava). Bedrock
settings were further divided based on the texture and alkalinity of the bedrock.
Surficial soils are far more common in the region than bedrock and range from deep
deposits of pure quartz sand to wind-blown silty loess to widespread calcareous loams.
Deposits vary in depth but are often over 50 feet and in places are over 600 feet deep.
Many of the region’s iconic communities - prairies, dunes, sand barrens, loess hills, and
clay plains – are associated with these surficial deposits. Species and communities vary
with the texture and alkalinity of the soil, and these factors were used to divide the
surficial materials in to distinct geophysical settings.
In contrast to our analysis in other regions, elevation was not used as stratification
factor in this study area, because of the lack of influence of elevation change on the
biota. The region has a relatively small elevation range with most of the area lying
between 20’ and 1700’, and the few places that rise higher (the Prairie Coteau, points
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along the Great Lakes shoreline, and the far western edge of the region) do not show
distinct biological changes related to higher elevation.
To map the geophysical settings and confirm the biological distinctiveness, we
compiled and overlaid 93,204 locations of natural communities and rare species on the
soil and geology datasets (sources listed in Element Occurrence Data Sources at the
end of this chapter). The biotic information consisted of points and polygons called
“element occurrences” (i.e. element of natural diversity) and were contributed by the
State Natural Heritage Programs who track and collect this information using ground
inventory within each state. In contrast to many other regional or national datasets, the
precision on these locations is extremely high. This precision allowed us to determine
important thresholds within each geophysical characteristic as well as gauge the
resolution and value of other datasets that were coarser in scale.
Each element occurrence (EO) represented an area of land or water where a species
population or distinct natural community type was present (NatureServe 2002).
Natural Heritage Programs generally create EOs for native species that are considered
at-risk within their jurisdictions and for all representative natural communities. The
mapped location of an element occurrence usually has a recorded level of mapping
accuracy ranging from highly precise to low precision. The species data are more
complete for vertebrates and vascular plants, but include selected species of
invertebrates from groups such as freshwater mussels, crayfishes, and butterflies.
Natural Communities are described and mapped in accordance with a state natural
community classification most of which are published and available on-line. A natural
community is defined as an assemblage of interacting plants, animals, and other
organisms that repeatedly occurs under similar environmental conditions across the
landscape and is predominantly structured by natural processes rather than modern
anthropogenic disturbances (NatureServe 2002). Because natural communities are
often linked to distinct geophysical settings (for example: limestone cliff or loess hill
prairie), the natural community data were invaluable in evaluating the accuracy of
framework datasets and correctly mapping the distribution of the settings. The species
and natural communities characteristic of each geophysical setting are summarized
later in this chapter in the section “Characterizing the Geophysical Settings”.

Delineating the Surficial and Bedrock Zones
Our first step in mapping the geophysical settings, was to separate the region into
areas of deep surficial deposits and areas of shallow soils with exposed bedrock. The
natural communities, associated species, and ecological processes differ markedly
between these two environments which separate the prairies, clay plains, loess hills,
dunes, and floodplains from the more restricted areas of bedrock outcrops, bluffs,
glades, and talus slopes.
To identify and map the surficial/bedrock split we reviewed seven separate datasets
and evaluated their resolution and accuracy by comparing them to the natural
community locations. Specifically, we reviewed three SURGO datasets (depth to
restrictive layer, depth to bedrock, and root zone depth) (Natural Resources
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Conservation Service. 2014a), one STATSGO dataset (depth to bedrock) (Natural
Resources Conservation Service. 2014b), one SOILGRID dataset (global absolute depth
to bedrock) (Hengl et al. 2017) and two USGS datasets (DS 425 Surficial Sediment
Depth (Soller et al 2009) and DS 656 Surficial Material Thickness (Biewick 2011)). We
compared these datasets to each other and to the high precision locations of 1,011
bedrock-based natural community occurrences (e.g. bluffs, cliffs, glades, outcrops,
talus, and shale barren slopes) and calculated the correspondence of these community
locations to shallow depth classes. Although all seven of the soil depth datasets were
highly correlated, the USGS 656 surficial material thickness provided the best fit to the
community locations and the most consistent and accurate representation of soil
depth across this large project area. Thus, we mapped bedrock areas as those area
classified as “exposed or patchy” in Biewick 2011 dataset (Figure 2.3).
The surficial material thickness dataset covered only the US portion of the study region
and Ontario’s Windsor Peninsula leaving rest of Canada and small sections of the
Dakotas unclassified. To fill these gaps, used the globally comprehensive SOILGRID
Global Absolute depth to bedrock data (Hengl et al. 2017). This showed the Great
Lakes Ecoregion’s Canadian shield area to be mostly shallow-to-bedrock soils (less
than 50 feet in depth) with deeper soils in the Canadian Tallgrass Aspen Parkland
Ecoregion and the western Superior Mixed Forest area. To merge this information with
Soller et al. (2012), we summarized the SOILGRID data for each Canadian ecodistrict
(Canada Ecological Stratification Working Group, 2011) and assigned each ecodistrict a
dominant class - surficial or bedrock influence. To fill in the missing sections of the
Dakotas we integrated and coded bedrock influence from USGS Surficial Sediment Map
425 that were labeled “Discontinuous, or patchy in distribution”. The USGS Surficial
Sediment Map 425 data is similar in scale to USGS 656 Surficial Material Thickness but
is a national dataset, with fewer thickness categories. In total, we assigned 15% of the
region to bedrock influenced areas, and assigned the rest of the region to surficial
areas (Figure 2.4).

2 - De f i n i n g t he Ge o p h ys i c a l S et t i n gs

P a g e | 15

Great Lakes and Tallgrass Prairie Resilience

Figure 2.3: Surficial Material Thickness. USGS 656 (Biewick 2011)

Figure 2.4: Bedrock vs. Surficial Influenced Zones. This map integrates Soller et al.
2009, Biewick 2011, and Hengl et al. 2017.
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Classifying and Mapping the Bedrock Geology
We created a spatially comprehensive regional dataset of bedrock geology by
obtaining digital bedrock layers in vector format from states, provinces, and federal
sources and compiling them into a unified coverage (data sources listed at the end of
this chapter). Individual bedrock geology source maps were at scales ranging from
1:125,000 to 1:1,000,000, and we gridded them into a single regional dataset at 30
meter resolution.
We classified hundreds of geologic units in each state or province into a simplified set
of six ecologically relevant classes following the scheme of Anderson and Ferree
(2012). These six classes had been found to support relatively distinct flora and faunas
in the Eastern US and overlay of element occurrences in the Central US supported the
relevance of the six classes to the study region (details below). Using attributes in the
compiled geology dataset, we reviewed each geologic taxonomic type based on name
and description, and assigned it to one of the six classes using information on the
bedrock’s genesis, chemistry, weathering properties, and texture. We resolved
apparent discrepancies in the assignment of geologic taxonomic types by overlaying
Natural Heritage Program rare species and natural community locations known to be
associated with a particular geology type, and reviewing whether the match was
consistent with, or contradicted, a geology class assignment.
The six bedrock classes are described below and the results shown in Figure 2.4.
Acidic Sedimentary: Fine to coarse-grained, acidic sedimentary or meta-sedimentary
rock. This group included: mudstone, claystone, siltstone, non-fissile shale, sandstone,
conglomerate, breccia, greywacke, and arenites. Metamorphic equivalents included
acidic slates, phyllites, pelites, schists, pelitic schists, and granofels.
Calcareous Sedimentary: Alkaline, soft, sedimentary or metasedimentary rock with
high calcium content. This group included: limestone, dolomite, dolostone, marble, and
other carbonate-rich clastic rocks.
Moderately Calcareous Sedimentary: Neutral to alkaline, moderately soft sedimentary
or meta-sedimentary rock with some calcium but less so than the calcareous rocks.
This group included: calcareous shales, pelites and siltstones, calcareous sandstones,
lightly metamorphosed calcareous pelites, quartzites, schists and phyllites, and calcsilicate granofels. This category also includes mixed sedimentary rocks with a
substantial calcareous component.
Acidic Granitic: Quartz-rich, resistant acidic igneous and meta-igneous rock including
very high grade meta-sedimentary rock. This group includes: granite, granodiorite,
rhyolite, felsite, pegmatite, granitic gneiss, charnockites, migmatites, quartzose gneiss,
quartzite, and quartz granofel.
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Mafic/Intermediate Granitic: Quartz-poor alkaline to slightly acidic igneous and metaigneous rock. This group includes: (ultrabasic) anorthosite (basic), gabbro, diabase,
basalt (intermediate), quartz-poor: diorite/ andesite, syenite/ trachyte, greenstone,
amphibolite, epidiorite, granulite, bostonite, and essexite.
Ultramafic: Magnesium-rich alkaline igneous and meta-igneous rock. This group
includes: serpentine, soapstone, pyroxenites, dunites, peridotites, and talc schist.
Figure 2.5: Bedrock Geology. Results of the compilation and classification of statebased geology datasets into a single regional map.
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Classifying and Mapping the Surficial Sediments
We created a spatially comprehensive regional dataset of surficial substrates using
Soller et al. (2009) as our base map. This dataset maps the thickness and character of
Quaternary sediments in the glaciated United States east of the Rocky Mountains and
was produced by the U.S. Geological Survey at a 1:1,000,000 scale.
The USGS Surfical Substrate dataset was not comprehensive for the entire study area,
and overlay of natural communities revealed limits in its resolution for mapping smaller
surficial deposits, and for estimating alkalinity. Thus, we enhanced and modified it as
described below using the following supplemental datasets:
o County-level USDA soil surveys database (SSURGO, NRCS 2014a)
1:24,000 scale
o State level USDA soil surveys (STATSGO, NRCS 2014b)
250,000 scale
o Coterminous U.S. data from “Map database for surficial materials
in the conterminous United States” U.S. Geological Survey Data
Series 425 (Soller and Reheis 2009) 1:5,000,000 scale
o Canadian national data from Soil Landscapes of Canada (Version
3.2, 2011) 1:1,000,000 scale. (Soil Landscapes of Canada Working
Group 2011)
o Canadian Provincial Detailed Soil Surveys (Version 3, 2010),
1:100000 scale
o Global SoilGrids (Version 0.5 2017) 1 km and 250 m spatial
resolution (Hengl et al. 2017)
To create a unified surficial material map, we first classified all data into four
categories based on soil texture: sand, clay, loess and loam (Figure 2.5). We tested the
accuracy and ecological relevance of these categories by comparing them with the
location of natural communities that required specific soil types. These included: sand
(sand barrens, sand flats, beaches, dunes, and sand prairies), clay (clay plain forests
and clay floodplains), loess (loess prairies) and loam (mesic prairies). Loam was
further split into calcareous or acidic loam based on the estimated pH of the units.
The definition and mapping method for each surficial category are described below,
and the results shown in Figure 2.5.
Sand: Sand is composed of loose rock particles smaller than gravel but larger than silt
(>0.2 mm). Sand substrates are typically well drained and nutrient poor, and some
parts of the study region are known for their pure quartz based sand. For the US, we
mapped sand as equivalent to the “coarse surficial material” category in Soller et al
(2012) enhanced by adding areas mapped as >80% sand in the STATSGO or SSURGO
dataset. For the Canadian portion of the study area we mapped sand as equivalent to
the “sand” and “loamy sand” categories in the Canadian Detailed Soil Surveys for
Manitoba and Ontario. Sand patches less than 500 acres in size in the SURGO or
STATSGO datasets were not incorporated.
Silt/Clay: Silt and clay are very fine-grained substrates (<0.2 mm) typically transported
by water and deposited during evaporation. Silt and clay substrates are often poorly
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drained and retain water. For the US, we mapped this category as equivalent to “fine
surficial substrate” in Soller et al 2012 augmented by areas mapped as >40% clay in
STATSGO. For Canada, we mapped this as equivalent to clay, clay loam, silty clay, and
silty clay loam in the Canadian Detailed Soil Surveys Manitoba and Ontario.
Loess: Loess is unconsolidated silt-sized material transported and deposited by wind.
Our mapped of loess was guided by on a non-digital map from Bettis et al. (2003 –
Figure 2) that showed areas with greater than 5 meters of loess. To match the
distribution shown on the reference map we selected polygons >60% silt in the
STATSGO dataset if they occurred in the Central Tall Grass Prairie ecoregion or the
southern half of the Prairie Forest Border ecoregion. Some hand editing was used to
trim the results slightly so that the distribution matched the reference map.
Loam: Loam is a relatively fertile soil reflecting a mix of sand, silt, and clay. We mapped
all the remaining area not classed as in one of the above categories (sand, clay, loess),
as loam. In this region loams are derived from glacial till and vary in their fertility and
biota based on their alkalinity and we further split them into two alkalinity types:
Calcareous Loam: Most loams in the study were derived from calcareous parent
materials. The datasets we reviewed (SSURGO, STATSGO, SOILGRID) agreed on the
high calcium content and high pH for most of the region, although they differed
somewhat in spatial detail. Overlays of the Natural Heritage species and community
locations also confirmed the calcareous nature of the loamy soils. To map calcareous
loams for US, we selected any loam with a maximum pH >= 6.2 at any depth based on
STATSGO, and for Canada we selected any loam where the global SOILGRID data
showed pH >= 6.1 (61 in the pH x 10 in H2O at the depth of 100 cm value).
Acidic Loam: Acidic loams are uncommon in the region although they do occur in the
Superior Mixed Forest Ecoregion where the underlying bedrock is largely granitic. Our
mapping criteria was the opposite of the calcareous criteria: for the US, any mapped
loam with a maximum pH <= 6.2 at any depth based on STATSGO or for Canada, any
loam where the global SOILGRID data showed pH <= 6.1 (61 in the pH x 10 in H2O at
the depth of 100 cm value).
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Figure 2.6: Surficial Geology. The five classes of surficial substrates.

Integrating Bedrock Geology and Surficial Substrates
To create the final geophysical setting map for the study area, we took the bedrock
geology types within the bedrock influence zone and the surficial substrate types
within the remaining area, and combined them into a single dataset. This resulting map
displays 11 geophysical settings (Figure 2.6). We smoothed the final results by
eliminating tiny occurrences of individual settings less than 5 acres in size (except for
islands in the Great Lakes). The cells were reclassified to the dominant neighboring
settings. The resulting map indicates that the region is 85% deep surficial substrates
and 15% shallow-to-bedrock soils. Calcareous loams make up 46% of the region
(Figure 2.6 and Table 2.1).
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Figure 2.7: Geophysical Settings. The eleven major settings in the study area.
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Table 2.1: Acres of each Geophysical Setting within the Study Area

Bedrock Based

Surficial Based

Setting
Acidic Sedimentary
Calcareous Sedimentary
Mod. Calcareous Sedimentary
Acidic Granitic
Mafic/Intermediate Granitic
Ultramafic
Sand
Clay/Silt
Deep Loess
Calcareous Loam
Acidic Loam

Acres
Percent
6,831,869
2.03
11,315,587
3.37
10,453,069
3.11
14,932,744
4.44
7,527,085
2.24
37,769
0.01
77,505,150
23.05
20,565,199
6.12
22,336,917
6.64
156,143,388
46.44
8,603,609
336,252,387

2.56
100.00

Characterizing the Geophysical Settings
The following descriptions of the geophysical settings highlight the key characteristics
of each physical environment, and the associated species and communities.
The setting we describe here are all found within the 20’ to 1700’ elevation range. In a
previous analysis of Eastern ecoregions (Anderson et al. 2012), this elevation zone was
subdivided into very low (20’ to 800’) and low (800’ to 1700’) but in this study, we did
not find evidence for substantial biotic changes correlated with the 800’ threshold.
Similarly, the handful of places that rise higher than 1700’ (the Prairie Coteau, a few
points along the Great Lakes shoreline, and the far western edge of the region) do not
show a distinct vegetation change associated with elevation. Thus, elevation zones
were not differentiated in this study.
Geophysical Settings and their Current Biota
The land’s geologic substrate influences the type and diversity of natural communities
and species found on the site. We assessed the current associations between the
current biota and each geophysical setting by overlaying 93,204 locations of species
and natural communities provided by the State Natural Heritage Programs and
described above. The results are summarized to give users an indication of the type of
biodiversity that each geophysical setting favors. We expect the future species
composition to be of a similar ecological character but perhaps not the same taxa.
Evidence from other climate zones suggest that the geophysical settings will continue
to support distinct flora and fauna even under different climatic regimes. For example,
around the globe and under many climates, limestone areas favor cave-adapted
species and a distinct alkaline-tolerant flora, and these differ from the drought and fireadapted species more common in sand (Kruckeberg, 2002). Familiar ecosystem and
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community types may be present in some form in the future but their exact
composition and structure could vary widely from their current expression.
The summaries below list the species and communities that occur in the described
geophysical setting more than any other setting. The lists were developed by
overlaying the Natural Heritage Program element occurrences and using a simple chisquare test to determine the species that occurred in the setting more than would be
expected by chance. This translates to roughly 60-100% of the known occurrences
being found in the setting.

SURFICIAL SETTINGS

Surficial Setting: CLAY/SILT
Silt and clay are fine-grained substrates with individual grain sizes less than 0.2 mm.
Transported by water or deposited during evaporation, they may indicate ancient lakes and
wetlands. Soils are typically very poorly drained and abundant with wetlands and waterbodies.
Communities
Marsh
Swamp:

Prairie:

State Names
Inland Salt Marsh, Inland salt pond, Deep and Shallow Emergent Marsh,
Riverine marsh, Northern Tallgrass Saline Wet Meadow
Silver Maple-Ash Swamp, Northern White Cedar Swamp

Slough grass-bluejoint prairie

Birds
Gadwall (Anas strepera), Redhead (Aythya americana), Ruddy Duck (Oxyura jamaicensis),
Green-winged Teal (Anas crecca).
Reptiles
Eastern Fox Snake (Elaphe vulpina gloydi), Melanistic Garter Snake (Thamnophis sirtalis), Lake
Erie Water Snake (Nerodia sipedon insularum).
Invertebrates
Purple Wartyback (Cyclonaias tuberculata), Eastern Pondmussel (Ligumia nasuta), Blue-tipped
Dancer (Argia tibialis), A Triaenode Caddisfly (Triaenodes flavescens).
Plants
Vasey's Rush (Juncus vaseyi), Wapato (Sagittaria cuneata), Crowfoot (Ranunculus gmelinii),
Flat-stemmed Spike-rush (Eleocharis compressa), Smooth Rose (Rosa blanda), Tuckerman's
Panic Grass (Panicum tuckermanii), Arrow-leaved Sweet-coltsfoot (Petasites sagittatus), Seaside
Crowfoot (Ranunculus cymbalaria), Tea-leaved Willow (Salix planifolia var. planifolia), Lesser
Fringed Gentian (Gentianopsis virgata), Downy Hawthorn (Crataegus mollis), Basil-balm
(Monarda clinopodia), Clustered Bur-reed (Sparganium glomeratum), Shore Sedge (Carex
lenticularis), Seaside Bulrush (Bolboschoenus maritimus ssp. paludosus), Black Sedge (Carex
nigra), Log Fern (Dryopteris celsa).
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Surficial Setting: SAND
Sands are composed of loose rock particles smaller than gravel, and deposits are welldrained and nutrient poor. Sand deposits often support fire-adapted communities.
Communities:
Barrens:
Dunes:
Sand Prairie:
Savannahs:
Bogs & Fens:
Swamps:
Marshes:

State Names
Pine Barrens, Oak Barrens, Oak-Pine Barrens,
Wooded Dune and Swale Complex, Open Dunes,
Dry-mesic Sand Prairie, Wet-mesic Sand Prairie, Sand Prairie, Wet Sand Prairie,
Dry-mesic Sand Savanna, Dry Sand Savanna, Dry-Mesic Oak Woodland
Muskeg, Circumneutral Bog, Poor Fen,
Silver Maple Floodplain Forest, Alder swamp shrubland
Reedgrass marsh, Coastal Plain Marsh, Sedge Meadow

Amphibians
Northern Leopard Frog (Lithobates pipiens), Blue-spotted Salamander (Ambystoma laterale),
Central Newt (Notophthalmus viridescens), Gray Treefrog (Hyla versicolor).
Birds
Greater Prairie-chicken (Tympanuchus cupido), Lark Sparrow (Chondestes grammacus), Piping
Plover (Charadrius melodus), Interior Least Tern (Sternula antillarum athalassos),
Prothonotary Warbler (Protonotaria citrea), Kirtland's Warbler (Setophaga kirtlandii), Yellowheaded Blackbird (Xanthocephalus xanthocephalus), Common Nighthawk (Chordeiles minor).
Mammals,
Plains Pocket Gopher (Geomys bursarius), Plains Pocket Mouse (Perognathus flavescens),
Woodland Jumping Mouse (Napaeozapus insignis), American Water Shrew (Sorex palustris),
Star-nosed Mole (Condylura cristata).
Reptiles
Blanding's Turtle (Emydoidea blandingii), Gophersnake (Pituophis catenifer), Eastern Hognose
Snake (Heterodon platirhinos), Eastern Massasauga (Sistrurus catenatus), Spotted Turtle
(Clemmys guttata), Plains Hog-nosed Snake (Heterodon nasicus), Western Ribbon Snake
(Thamnophis proximus proximus), Wood Turtle (Clemmys insculpta), Smooth Softshell (Apalone
mutica),Prairie Skink (Plestiodon septentrionalis), Ornate Box Turtle (Terrapene ornata ornata),
Common Musk Turtle (Sternotherus odoratus), Yellow Mud Turtle (Kinosternon flavescens).
Invertebrates
Dakota Skipper (Hesperia dacotae), Butterfly (Ellipsaria lineolata), Karner Blue (Lycaeides melissa
samuelis), A Tiger Beetle (Cicindela patruela patruela), Leonard's Skipper (Hesperia leonardus
leonardus), A Moth (Macrochilo absorptalis), Garita Skipperling (Oarisma garita),Cobweb
Skipper (Hesperia metea),Ringed Boghaunter (Williamsonia lintneri).
Plants
Wild Lupine (Lupinus perennis), Beach Heather (Hudsonia tomentosa), Golden Puccoon
(Lithospermum caroliniense), Canada Frostweed (Helianthemum canadense), Hairy Pinweed
(Lechea villosa), Lance-leaved Violet (Viola lanceolata), Autumn Fimbry (Fimbristylis
autumnalis), Sand Cherry (Prunus pumila var. cuneata), Dwarf Milkweed (Asclepias ovalifolia),
Sweet Fern (Comptonia peregrina), Bearberry (Arctostaphylos uva-ursi), Ball Cactus (Escobaria
vivipara), Jack Pine (Pinus banksiana), Seabeach Needlegrass (Aristida tuberculosa), Blunt Sedge
(Carex obtusata), Baltic Rush (Juncus balticus var. littoralis), Northern Panic Grass (Panicum
boreale).
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Surficial Setting: LOESS
Loess is a silt-sized sediment transported and deposited by wind. In this region, Loess
deposits can be over 20 meters in depth and weather to a productive soil.
Communities:
Prairie:
Grassland:
Forest:
Woodland:

State Names
Central Tallgrass Big Bluestem Loess Prairie,
Bluestem-Indian grass-Porcupine grass Loess Hills Grassland,
White Oak - Hickory Forest,
Dry-Mesic Bur Oak Woodland

Birds
Buff-breasted Sandpiper (Calidris subruficollis.
Reptiles
Western Massasauga (Sistrurus catenatus tergeminus), Yellow-bellied Kingsnake (Lampropeltis
calligaster), Speckled Kingsnake (Lampropeltis holbrooki), Great Plains Skink (Eumeces
obsoletus), Western Wormsnake (Carphophis vermis).
Invertebrates
Leonard's Skipper (Hesperia leonardus), Zebra Swallowtail (Eurytides marcellus), Sleepy Dusky
Wing (Erynnis brizo), Harvester (Feniseca tarquinius), Juvenal's Duskywing (Erynnis juvenalis),
Henry's Elfin (Callophrys henrici).
Plants
Cobaea Beardtongue (Penstemon cobaea), Ten Petaled Mentzelia (Mentzelia decapetala),
Narrow-leaved Green Milkweed (Asclepias stenophylla), Scarlet Globe-mallow (Sphaeralcea
coccinea), Cutleaf Water-milfoil (Myriophyllum pinnatum), Low Hairy Ground-cherry (Physalis
pubescens), Sicklepod (Arabis canadensis), Mullein Foxglove (Dasistoma macrophylla), Glades
Gayfeather (Liatris squarrosa var. hirsuta), Ranunculus recurvatus var. recurvatus (Ranunculus
recurvatus var. recurvatus), American Bladdernut (Staphylea trifolia), Downy Serviceberry
(Amelanchier arborea), Maryland Senna (Senna marilandica), Bristly Buttercup (Ranunculus
hispidus var. caricetorum), Hairy Hedge-nettle (Stachys tenuifolia var. hispida), Midland Fawnlily
(Erythronium mesochoreum), Showy Orchis (Galearis spectabilis), Bearded Shorthusk
(Brachyelytrum erectum), Crested Sedge (Carex cristatella), Black-fruit Mountain-ricegrass
(Piptatherum racemosum), Hitchcock's Sedge (Carex hitchcockiana), Narrowleaf Wild Leek
(Allium burdickii).
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Surficial Setting: CALCAREOUS LOAM
Most tills in the study area are derived from calcareous parent materials and weather
to calcareous loams. These soils can be extremely productive for agriculture.
Communities
Prairie:
Fens and Swamps:
Shrublands:
Forests:

Flatwoods:

State Names
Dry Hill Prairie, Big bluestem prairie. Northern Tallgrass prairie
Calcareous Fen, Buttonbush shrub swamp
American Silverberry Shrubland,
Mesic Upland Forest, Basswood - Bur Oak - (Green Ash) Forest,
Mesic Maple-basswood Forest, Beech-sugar maple forest,
Sugar Maple - Basswood - (Aspen) Forest, Beech-oak-red maple forest,
Southern Mesic Oak-Basswood Forest, Sugar Maple Forest (Big Woods)
Central Tillplain Flatwoods

Amphibians
Tiger Salamander (Ambystoma tigrinum), Cope's Gray Treefrog (Hyla chrysoscelis), Wood Frog
(Lithobates sylvaticus), Crawfish Frog (Rana areolata).
Birds
Cerulean Warbler (Dendroica cerulea), Worm-eating Warbler (Helmitheros vermivorus),
Ferruginous Hawk (Buteo regalis), Veery (Catharus fuscescens), Common Loon (Gavia immer),
Swamp Sparrow (Melospiza georgiana).
Mammals
Plains Spotted Skunk (Spilogale putorius interrupta), Southern Red-backed Vole (Clethrionomys
gapperi), Bat Colony.
Reptiles
Butler's Garter Snake (Thamnophis butleri), Speckled Kingsnake (Lampropeltis getulus).
Invertebrate
Mulberry Wing (Poanes massasoit), Two-spotted Skipper (Euphyes bimacula), Acadian
Hairstreak (Satyrium acadicum), Arctic Fritillary (Boloria chariclea).
Plants
Slender Ladies'-tresses (Spiranthes lacera), Earleaf Foxglove (Tomanthera auriculata), Buffalo
Grass (Buchloe dactyloides), Hairy Waterclover (Marsilea vestita), Broom Sedge (Andropogon
virginicus), Bog Birch (Betula pumila), Lance-leaf Ragweed (Ambrosia bidentata), Alpine Rush
(Juncus alpinus), Striped Maple (Acer pensylvanicum),Arrowwood (Viburnum molle), Prairie
Wake-robin (Trillium recurvatum), Fineberry Hawthorn (Crataegus chrysocarpa), American
Chestnut (Castanea dentata), Narrow-leaved Toothwort (Cardamine dissecta), Turk's-cap Lily
(Lilium superbum), Small-flowered Evening-primrose (Oenothera parviflora), Deam's Threeseeded Mercury (Acalypha virginica var. deamii), Showy Milkweed (Asclepias speciosa),
Narrow-leaved Blue-eyed-grass (Sisyrinchium mucronatum), Field Dodder (Cuscuta pentagona),
Prairie Dropseed (Sporobolus heterolepis), Harebell (Campanula rotundifolia), Running Buffalo
Clover (Trifolium stoloniferum), Toad Rush (Juncus bufonius), Cowbane (Oxypolis rigidior), Wild
Quinine (Parthenium integrifolium), Bluestem Goldenrod (Solidago caesia), Slender Plantain
(Plantago elongata), Pumpkin Ash (Fraxinus profunda), Carolina Grass-of-Parnassus (Parnassia
glauca), Cattail Gayfeather (Liatris pycnostachya), Hairy Beardtongue (Penstemon hirsutus),
Wafer-ash (Ptelea trifoliata ssp. trifoliata, Spreading Rock Cress (Arabis patens), Yellow Prairie
Violet (Viola nuttallii), Wood Anemone (Anemone quinquefolia), Nodding Trillium (Trillium
cernuum), Case's Ladies' Tresses (Spiranthes casei var. casei).
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Surficial Setting: ACIDIC LOAM
Acidic loams occur exclusively in the Superior Mixed Forest Ecoregion where the
underlying bedrock is granitic.
Communities
Wetlands:
Forest:
Lakes/Ponds

State Names
Black Spruce Bog, Spring Fen, North Central White Cedar Swamp
Mesic Cedar Forest,
Soft Bog Lake, Ephemeral Pond

Mammals
Canada Lynx
Invertebrates
Nabokov's Blue (Plebejus idas nabokovi), West Virginia White (Pieris virginiensis), A Water
Scavenger Beetle (Agabetes acuductus), Taiga Alpine (Erebia mancinus), Purple Lesser Fritillary
(Boloria chariclea grandis), A Water Scavenger Beetle (Helophorus latipenis), Headwaters
Chilostigman Caddisfly (Chilostigma itascae), A Predaceous Diving Beetle (Agabus discolor),
Plants
Angel's Hair Lichen (Ramalina thrausta), Textured lungwort (Lobaria scrobiculata), Curvedleaved golden moss (Tomentypnum falcifolium), Ground-plum (Astragalus crassicarpus), Dwarf
Bilberry (Vaccinium cespitosum), Canada Gooseberry (Ribes oxyacanthoides ssp.
oxyacanthoides), Knotty Pearlwort (Sagina nodosa ssp. borealis), Squashberry (Viburnum edule),
Heartleaf Foamflower (Tiarella cordifolia), New England Sedge (Carex novae-angliae), Coast
Sedge (Carex exilis), Goblin Fern (Botrychium mormo), Narrow Triangle Moonwort (Botrychium
lanceolatum ssp. angustisegmentum),
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BEDROCK SETTINGS
Bedrock Setting: ACIDIC SEDIMENTARY
Shallow soil settings on sandstone, siltstone, and conglomerate, usually overlain with
shallow till.
Communities
Cliffs:
Prairies:
Woodlands:
Forest:

State Names
Sandstone Lakeshore Cliff, Mesic Sandstone Cliff, Dry Sandstone Cliff
Dakota Sandstone Tallgrass Prairie, Great Plains Gravel/Cobble Prairie,
Needle-and-Thread - Blue Grama Mixedgrass Prairie
Dry Barrens Oak Savanna, Jack Pine Woodlands, Dry Hill Oak Savanna,
Sandstone Upland Bur Oak Woodland, Dry Upland Bur Oak Woodland,
Black Oak - White Oak Woodland
Southern Dry-Mesic Oak Forest, Southern Wet-Mesic Hardwood Forest

Birds
Eastern Whip-poor-will (Antrostomus vociferus), Common Poorwill (Phalaenoptilus nuttallii).
Invertebrates
Elusive Clubtail (Stylurus notatus), A Rolled-winged Winter Stonefly (Zealeuctra narfi),
Snaggletooth Snail (Gastrocopta rogersensis), Ebonyshell (Fusconaia ebena).
Plants
Rusty Woodsia (Woodsia ilvensis), Wherry's Catchfly (Silene caroliniana ssp. wherryi), Slenderleaved Scurfpea (Psoralidium tenuiflorum), Large-Flower Fameflower (Talinum calycinum), Bulbbearing Water-hemlock (Cicuta bulbifera), Canadian Gooseberry (Ribes oxyacanthoides),
Longleaf Stitchwort (Stellaria longifolia), Berlandier's Yellow Flax (Linum berlandieri var.
berlandieri), Prairie-dweller Sedge (Carex praticola), Ross' Sedge (Carex rossii).

Bedrock Setting: MODERATELY CALCAREOUS
Shallow soils over calcareous shales or mixed bedrock types. Flora and fauna can be
similar to calcareous but is less distinctive.
Communities
Cliff:
Shrubland:
Woodland:
Forest:
Wetland:

State Names
Shale Cliff and Talus Community
Alder-leaf shadbush shrubland
Quercus macrocarpa mixedgrass till sparse woodland
Paperbirch/hazelnut forest.
Northern Sedge Wet Meadow

Plants
False Scurf-pea (Orbexilum pedunculatum), Juniper Sedge (Carex juniperorum), American Aloe
(Manfreda virginica), Carolina Buckthorn (Rhamnus caroliniana), Virginia Ground-cherry
(Physalis virginiana), Appendage Waterleaf (Hydrophyllum appendiculatum), Cliff Cudweed
(Pseudognaphalium obtusifolium ssp. saxicola), Dwarf Ground-cherry (Physalis pumila), Pale
Umbrella-wort (Mirabilis albida), Round-head Prairie-clover (Dalea multiflora), Yellow
Mountain-saxifrage (Saxifraga aizoides), Cattail Gayfeather (Liatris pycnostachya var.
pycnostachya), Hairy-fruit Chervil (Chaerophyllum tainturieri var. tainturieri), Western Hairy Rock
Cress (Arabis hirsuta var. pycnocarpa), Narrow-leaved Dayflower (Commelina erecta var.
deamiana), Least Duckweed (Lemna minima), Upright Greenbrier (Smilax ecirrhata).
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Bedrock Setting: CALCAREOUS
Shallow soils over limestone or dolomite that typically support an array of distinctive
communities and rare species.
Communities
Cliff:
Talus:
Woodland:
Forest:

State Names
Maderate Cliff (Limestone and Dolomite Subtypes), Mesic Limestone Dolomite Cliff, Limestone Lakeshore Cliff, Southern Mesic Cliff, Dry
Limestone - Dolomite Cliff
Southern Open Talus, Calcareous Talus Slope Woodland
Limestone Woodland
White Pine - Sugar Maple - Basswood Forest (Cold Slope)
Aspen – Bur Oak – Wild Sarsaparilla forest.

Amphibian and Reptiles
Great Plains Narrow-mouthed Toad (Gastrophryne olivacea), Red-bellied Snake (Storeria
occipitomaculata).
Plants
Pink Shinleaf (Pyrola asarifolia), Eastern Green-violet (Hybanthus concolor), Downy Solomon's
Seal (Polygonatum pubescens), Rough Bedstraw (Galium asprellum), Walter's Violet (Viola
walteri), Large-leaf White Violet (Viola incognita), Grape-stemmed Clematis (Clematis
occidentalis), Pearly Everlasting (Anaphalis margaritacea), Ground Pine (Lycopodium
dendroideum), Partridge Berry (Mitchella repens), Long-beaked Arrowhead (Sagittaria australis),
Wall-rue (Asplenium ruta-muraria), Tennessee Bladder Fern (Cystopteris tennesseensis), Beaked
Snakeroot (Sanicula trifoliata), Leedy's Roseroot (Rhodiola integrifolia ssp. leedyi), American
Gromwell (Lithospermum latifolium), Yerba-de-tajo (Eclipta prostrata), Licorice Bedstraw
(Galium circaezans var. hypomalacum), Wild Crane's-bill (Geranium maculatum), Nottoway
Brome Grass (Bromus nottowayanus), Wilcox's Panic Grass (Dichanthelium wilcoxianum), Purple
False Oats (Trisetum melicoides), Lobed Spleenwort (Asplenium pinnatifidum).

Bedrock Setting: ACIDIC GRANITIC
Rocky bedrock-based acidic granite settings. Associated with hills, outcrops and poorly
drained wetlands.
Communities
Cliffs and Glades:
Woodland:
Forest:
Wetland:

State Names
Granite Cliff, Granite Bedrock Glade
Red Pine - White Pine Woodland
White Pine - Red Pine Forest
Submergent Marsh, Black Ash - Mountain Maple Swamp (Northern)

Mammals
Eastern Heather Vole (Phenacomys ungava).
Invertebrate
Laurentian Tiger Beetle (Cicindela denikei), Vernal Stone (Perlinella ephyre), A Caddisfly (Goera
stylata).
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Plants
Lichen (Caloplaca parvula and Cladonia pseudorangiformis)), Dung Moss (Splachnum
ampullaceum), Bug-on-a-stick (Buxbaumia aphylla), American Shore Plantain (Littorella
americana), Awlwort (Subularia aquatica ssp. americana), Spiny Hornwort (Ceratophyllum
echinatum), Torrey's Mannagrass (Torreyochloa pallida), Necklace Sedge (Carex ormostachya),
Fragrant Fern (Dryopteris fragrans), Spreading Woodfern (Dryopteris expansa).

Bedrock Setting: MAFIC
Setting on volcanic basalts, or other mafic rocks such as trap rock ridges or old ring
dikes; often with a richer flora and fauna than the more acidic igneous settings.
Communities
State Name
Glade:
Rich Glade, Upper Midwest Type
Cliff:
Volcanic Cliff, Volcanic Lakeshore Cliff
Forest:
Sugar Maple Forest, Upland White Cedar Forest, Red Oak - Sugar Maple Basswood - Forest, White Cedar - Yellow Birch Forest, Lowland White Cedar
Forest, Aspen - Birch Forest; Paper Birch - Sugar Maple Forest
Shore:
Lake Superior Rocky Shore, Volcanic Bedrock Lakeshore, Volcanic Cobble Shore
Mammals
Rock Vole (Microtus chrotorrhinus), Smoky Shrew (Sorex fumeus).
Invertebrates
Jumping Spiders (Habronattus calcaratus maddisoni, Paradamoetas fontanus), A Purse
Casemaker Caddisfly (Ochrotrichia spinosa), Extra-striped Snaketail (Ophiogomphus anomalus),
A Perlodid Stonefly (Isogenoides frontalis), Eastern Flat-whorl (Planogyra asteriscus), Boreal Top
(Zoogenetes harpa).
Plants
Fan lichen (Peltigera venosa), Pixie Foam Lichen (Stereocaulon pileatum), Hanging fringe lichen
(Anaptychia crinalis), Concentric Ring Lichen (Arctoparmelia centrifuga), Brittle Horsehair Lichen
(Bryoria lanestris), Spiny Gray Horsehair Lichen (Bryoria nadvornikiana), A Species of Rim-lichen
(Lecanora epanora), A Species of Lichen (Parmelia stictica), Luminous Moss (Schistostega
pennata), Red Parasol Moss (Splachnum rubrum), Dotted Ramalina (Ramalina farinacea), Black
Hawthorn (Crataegus douglasii), Blunt-fruited Sweet Cicely (Osmorhiza depauperata), Franklin's
Phacelia (Phacelia franklinii),Bitter Fleabane (Erigeron acris var. kamtschaticus), Long-leaved
Arnica (Arnica lonchophylla), Sticky Locoweed (Oxytropis viscida), Small-flowered Woodrush
(Luzula parviflora), One-flowered Muhly (Muhlenbergia uniflora), Pale Sedge (Carex pallescens),
Narrow Reedgrass (Calamagrostis lacustris), Purple Reedgrass (Calamagrostis purpurascens),
Rough-fruited Fairybells (Prosartes trachycarpa), Alpine Woodsia (Woodsia alpina), Appalachian
Clubmoss (Huperzia appalachiana), Smooth Woodsia (Woodsia glabella).
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BEDROCK GEOLOGY STATE AND PROVINCIAL SOURCES
IA: Hershey H. G. 1969, Geologic Map of Iowa: Iowa Geological Survey, scale 1:500K;
USGS
IL: Willman, H.B., and others, (compilers), 1967, Geologic Map of Illinois: Illinois
State Geological Survey, scale= 1:500,000, paper.
IN: Gray, Henry H., Ault, Curtis, H., and Keller, Stanley, J., 1987, Bedrock geologic
map of Indiana: Dept. of Natural Resources, Indiana Geological Survey,
Miscellaneous Map 48, scale = 1:500,000
KS: Ross, Jorgina A., 1992, A digital representation of the Geological map of Kansas:
Kansas Geological Survey, Map M-23 scale 500,000, http://gisdasc.kgs.ku.edu/
Manitoba: Manitoba Mineral Resources 2013:
http://web33.gov.mb.ca/mapgallery/mgg-gmm.html Geological Map of Manitoba,
Bedrock Geology
MI: Milstein, Randall L. (compiler), 1987, Bedrock geology of southern Michigan:
Geological Survey Division, Michigan Dept. of Natural Resources, scale= 1:500,000
Reed, Robert C., and Daniels, Jennifer (compilers), 1987, Bedrock geology of northern
Michigan: Geological Survey Division, Michigan Dept. of Natural Resources, scale=
1:500,000
Sims, P.K., 1992, Geologic map of Precambrian rocks, southern Lake Superior region,
Wisconsin and northern Michigan: U.S. Geological Survey Miscellaneous Investigations
Map I-2185, scale= 1:500,000
Cannon, W.F., Kress, T.H., Sutphin, D.M., Morey, G.B., Meints, Joyce, and BarberDelach, Robert, 1997, Digital Geologic Map and mineral deposits of the Lake Superior
Region, Minnesota, Wisconsin, Michigan: USGS Open-File Report 97-455 (version 3,
Nov. 1999), on-line only
MN: Morey, G.B., and Meints, Joyce, 2000, Geologic map of Minnesota - Bedrock
Geology: Minnesota Geological Survey, State Map Series, S-20, 3rd edition, scale
1:1,000,000. available online at: http://www.geo.umn.edu/mgs/currentpubs.htm
MO: Missouri Department of Natural Resources, Geological Survey and Resource
Assessment Division, 2005, Bedrock geology, State of Missouri: Missouri Department
of Natural Resources.; http://msdisweb.missouri.edu/datasearch/ThemeList.js.
NE: Burchett, R. R., 1986, Geologic Bedrock Map of Nebraska: Nebraska Geological
Survey. Scale 1:1 Million.
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ND: Bluemle, John P., 1983, Geologic and Topographic Bedrock Map of North Dakota,
NDGS Miscellaneous Map 25, 1:670,000 Digital version of North Dakota Geological
Survey Miscellaneous Map 25, Geologic Bedrock Map of North Dakota NY: NYS
Museum, NYS Geological Survey, NYS Museum Technology Center, 1999, 1:250,000
Bedrock geology of NYS, data is distributed in ARC/INFOr EXPORT format (with
".e00" extension) in 5 seperate files based on printed map sheets,
http://www.nysm.nysed.gov/gis.html.
NY: NYS Museum, NYS Geological Survey, NYS Museum Technology Center, 1999,
1:250,000 Bedrock geology of NYS, data is distributed in ARC/INFOr EXPORT format
(with ".e00" extension) in 5 seperate files based on printed map sheets,
http://www.nysm.nysed.gov/gis.html.
OH: Digital Ohio map from CD produced as a result of a contract between the U.S.
Geological Survey and the Ohio Geological Survey. Released with permission of the
Ohio Geological Survey, June 2005. USGS Open-File Report 2005-1324 Preliminary
integrated geologic map databases for the United States: Kentucky, Ohio, Tennessee,
and West Virginia http://pubs.usgs.gov/of/2005/1324/
Ontario: Ontario Geological Survey 2011. 1:250 000 scale bedrock geology of Ontario;
Ontario Geological Survey, Miscellaneous Release---Data 126-Revision 1. ISBN 978-14435-5704-7 (CD) ISBN 978- 1-4435-5705-4 [zip file]
PA: Berg, T. M., Edmunds, W. E., Geyer, A. R., and others, compilers, 1980, Geologic
map of Pennsylvania: Pennsylvania Geological Survey, 4th ser., Map 1, 2nd ed., 3
sheets, scale 1:250,000.
SD: Bedrock - Eastern SD (from Open Data) Shared by Danielle.Guthrie
http://opendata-sdbit.opendata.arcgis.com/datasets?q=bedrock++eastern+sd&sort_by=relevance
WI: Mudrey, M.G., Jr., Brown, B.A., and Greenberg, J.K., 1982, Bedrock Geologic Map of
Wisconsin: University of Wisconsin-Extension, Geological and Natural History Survey,
scale= 1:1,000,000
Other
Cannon, W.F., Kress, T.H., Sutphin, D.M., Morey, G.B., Meints, Joyce, and BarberDelach, Robert, 1997, Digital Geologic Map and mineral deposits of the Lake Superior
Region, Minnesota, Wisconsin, Michigan: USGS Open-File Report 97-455 (version 3,
Nov. 1999), on-line only
Kissel, R. and Perry, S.A. 2017. The Teacher-Friendly Guide to the Earth Science of the
Midwestern US. National Science Foundation.
Sims, P.K., 1992, Geologic map of Precambrian rocks, southern Lake Superior region,
Wisconsin and northern Michigan: U.S. Geological Survey Miscellaneous Investigations
Map I-2185, scale= 1:500,0
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DATA SOURCES
Portions of this document include intellectual property of Esri and its licensors and are
used herein under license. Copyright ©2017. Esri and its licensors.
Biewick, L.R.H., 2011, Geodatabase of Wyoming statewide oil and gas drilling activity
to 2010: U.S. Geological Survey Data Series 625.
Ecological Stratification Working Group. 1995. A National Ecological Framework for
Canada. Agriculture and Agri-Food Canada, Research Branch, Center for Land and
Biological Resources Research and Environment Canada, State of the Environment
Directorate, Ecozone Analysis Branch, Ottawa/Hull. Report and national map at
1:7,500,000 scale. http://sis.agr.gc.ca/cansis/nsdb/ecostrat/index.html
Hengl T, Mendes de Jesus J, Heuvelink GBM, Ruiperez Gonzalez M, Kilibarda M,
Blagotić A, et al. (2017) SoilGrids250m: Global gridded soil information based on
machine learning. PLoS ONE 12(2): e0169748.
https://doi.org/10.1371/journal.pone.0169748
Natural Resources Conservation Service. 2014a. United States Department of
Agriculture. Soil Survey Geographic (SSURGO) Database.
Natural Resources Conservation Service. 2014b. United States Department of
Agriculture. State Soil Geographic (STATSGO) Data Base for the Conterminous United
States.
Soller, D.R., Reheis, M.C., Garrity, C.P., and Van Sistine, D.R., 2009, Map database for
surficial materials in the conterminous United States: U.S. Geological Survey Data
Series 425, scale 1:5,000,000 [https://pubs.usgs.gov/ds/425/].
USDA Forest Service. 2007. Ecological Subregions: Provinces, Sections, and Subsections
of the Conterminous United States.
http://fsgeodata.fs.fed.us/other_resources/ecosubregions.php.
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ELEMENT OCCURRENCE DATA SOUCES
Iowa
Iowa Department of Natural Resources. November 2016
Iowa Statewide Prairie Inventory and Fen Survey. Iowa Department of Natural
Resources. Nov. 2016
Illinois
Illinois Department of Natural Resources, Illinois Nature Preserves Commission, Illinois
Endangered Species Protection Board, and the Natural Heritage Database. Nov. 2016
Indiana
Indiana Natural Heritage Data Center. Indiana Department of Natural Resources. Nov.
2016
Kansas - Northeast Kansas Spatial Data
Kansas Natural Heritage Inventory. Kansas Biological Survey. Lawrence, Kansas. Nov.
2016
Michigan – Natural Community Spatial Data
Michigan Natural Feature Inventory. 2017. Biotics 5-Michigan’s Natural Heritage
Database. Lansing, Michigan. (Accessed February, 2017)
Minnesota
Data included here were provided by the Division of Ecological and Water Resources,
Minnesota Department of Natural Resources and were current as of October, 2016.
These data are not based on an exhaustive inventory of the state. The lack of data for
any geographic area shall not be construed to mean that no significant features are
present.
North Dakota
North Dakota Natural Heritage Inventory. North Dakota Parks and Recreation
Department. Nov.2017
Nebraska – Eastern Nebraska Spatial Data
Nebraska Natural Heritage Program, 2016, Nebraska Game and Parks Commission,
Lincoln, NE.
Ohio
Ohio Natural Heritage Database. June, 2007
South Dakota
South Dakota Natural Heritage Program. Natural Heritage Database and Game, Fish
and Parks Department. Nov. 2016
Wisconsin – NHI Data Custodian-John Wagner
Wisconsin Natural Heritage Inventory. Nov. 2016
Northeast States set from 2008 – See Anderson et al. 2012
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ESTIMATING SITE
RESILIENCE

CHAPTER

3

The physical structure of a site—its topography, soil, and wetlands —can buffer
resident species from the direct effects of climate change. Plants and animals
experience climate at extremely local scales (centimeters to meters) such that a
topographically diverse landscape is experienced not as a single climate but as a mix of
microclimates that can range from cool to hot or wet to dry within a short distance.
The range of microclimates allows species to find pockets of suitable moisture and
temperature even where the average background climate appears unsuitable. Intact
sites with a large variety of microclimates may enable species to persist indefinitely,
with individuals and populations shifting their locations to take advantage of the
microclimate variation.
Sites with many connected microclimates are hypothesized to have high site resilience
because the climatic variation allow them to retain diversity and ecological functions
longer than flat and fragmented sites. In this section, we describe the concepts,
methods, and data used to estimate the relative resilience of any given site. The two
factors important to the estimate—landscape diversity and local connectedness—are
discussed separately, because the tools for assessing and measuring them are
distinctly different.

Section 1: Landscape Diversity
By the end of the century, climate models predict the Great Lake and Tallgrass Prairie
regions be warmer and wetter. Temperature is estimated to increase 3-120 F (avg. 7.50
F) up from an average annual temperature of 460 F to potentially as high as 580F.
Precipitations could also increase by 6%, up to 34 inches year, however precipitation
estimates vary widely from -17% drier to 30% wetter (Girvetz et al. 2009). These
potential climatic patterns were estimated from ensembles of climate models and refer
to regional averages, but what they don’t explain is how temperature and moisture
variation will be distributed across and within the region’s local landscapes. It is
modeling this local climatic variation that is the focus of this section.
Landscape-based climatic variation is substantial, on par with, and in many cases
much greater than expected climatic changes for a region. For example, in the gentle
landscapes of Northern England, climatic data loggers placed across gradients of slope,
aspect and elevation revealed maximum temperature differences exceeding 340 F
(200C, (Suggitt et al. 2011)), three times the maximum temperature change expected
for the Great Lakes and Tallgrass region. Microtopographic thermal climates in a
California serpentine grassland showed a similar difference between slope maximums
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(340 F, (Dobkin et al. 1987)) and areas of high local landscape diversity are important
for long-term population persistence of grassland butterfly species and their host
plants under variable climatic conditions (Weiss et al. 1988). Variation in aspect and
topography can create large temperature differences even in heavily forested
landscapes. For instance, in South Carolina’s Blue Ridge Mountains, the temperature on
a south-facing slope was measured at 1040 F (400 C) in July, while a few hundred yards
away the sheltered ravine was a cool 790 F (260 C, P. McMillan, personal
communication, October 2010).
Moisture gradients are also correlated with topographic position and aspect. On
Appalachian slopes, Yeakley et al. (1998) found 15%-18% fractional soil moisture
differences from upper slope to valley bottom with topography explaining 40%-72% of
the moisture variation. Bennie et al. (2008) and Bennie et al, (2006)found that aspect
alone explained as much as 20% of differences in soil moisture content in England’s
chalk grasslands. These and many other studies of landscape-based climate variation
(Ashcroft et al. 2009, Dobrowski 2011, Heller and Zavaleta 2009, Pincebourde et al.
2016, Yeakley et al. 1998) emphasize that at the scale in which species respond to
climate, local variation can be much greater than the regional changes expected over
the next century.
Topography redistributes temperature and precipitation so dramatically that in some
landscapes no areas experience the “average” regional climate: basins are wetter,
summits are dryer, south-facing slopes are hotter, and north-facing slopes are cooler.
For example, (Randin et al. 2009) found that coarse-scale models predicting the loss of
all suitable habitats for plants in the Swiss Alps conversely predicted the persistence of
suitable habitats for all species when they were rerun at local scales that captured
topographic diversity. The term “microclimatic buffering” (Willis and Bhagwat 2009)
has been coined for the situation where climate interacts with topography to create
suitable combinations of temperature and moisture for species in areas where coarsescale climate models suggest unsuitable climate. In effect, microclimates created by
topography offer thermal and moisture options to resident species. In response to
climatic changes, populations shift their locations to take advantage of this variation
and stay within their preferred climatic habitats.
The topography of the Great Lakes and Tallgrass Prairie region is more equivalent to
Northern England than to the Swiss Alps but the same concepts apply, albeit with
gentler gradients in the flatlands. People living in the Great Lakes region are familiar
with the temperature buffering effect that the lakes have on regional climates, and
especially on patterns of snow accumulation and soil moisture near the lakes ((Henne
et al. 2007, Notaro et al. 2013a, Notaro et al. 2013b), (Notaro et al. 2013a). The effects
of topography on individual species is most noticeable on vegetation, and it can be
subtle or indirect. For example, Kashian et al. (2003) found that the spatial position of
landforms, microclimate, and soil texture in Lower Michigan affects the favorability of
sites for Jack Pine (Pinus banksiana), which in turn affects the timing and duration of
local occupancy by Kirtland’s Warbler (Dendroica kirtlandii), an endangered songbird.
Of course, vegetation structure itself can reinforce local microclimates, but vegetation
structure can change with climate and here we are focusing on stable enduring
features that will persist regardless of the changes in the climate.
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By mapping the diversity of topography, elevation, and wetlands, we can incorporate
proxies for microclimate variations into conservation planning. Specifically, the number
and variety of topographically-derived microclimates present at a site—its landscape
diversity—can be used to estimate the capacity of the site to maintain diversity and
functions over time (Anderson et al. 2014). Here we describe our methods to quantify
landscape diversity at a relatively fine scale across the study area, and to estimate the
number of species-relevant microclimates around each 30-m cell. Our spatial models
were built from continuous surfaces of digital elevation data, and the landscape
diversity estimates were derived from three integrated analysis:
1. Landform Variety: the number and types of topographic landforms
a. Coastal Lake Effect: temperature moderation around the Great Lakes.
2. Wetland Influence: the density, patchiness, and connectedness of wetlands.
Landform Variety
Landforms are natural features of the earth’s surface created by topography and
collectively comprising a region’s terrain. Landforms determine local vegetation
patterns because they present physically stable combinations of temperature,
moisture, exposure, nutrient availability, and soil depth, and they influence individual
species distributions through the variation they create in these factors (Barnes et al
1982, Forman 1995). Landforms may create distinct ecological habitats that support
characteristic communities and species (e.g. concave toe slope versus an upper
shoulder of a bluff). The basic landform unit (a.k.a. ecological land unit, land facet, land
segment, elementary landform, or relief unit) is the smallest homogeneous division of
the land surface at a given scale, and is characterized by attributes such as elevation,
slope, aspect, exposure, and soil depth. Because each landform represents a local
expression of solar radiation and moisture availability, a site with a variety of landforms
also has a variety of meso- and microclimates available to species.
To quantify the microclimates, we developed a GIS model that divides and classifies a
continuous surface into one of 17 elementary landforms. Our methods are described in
detail elsewhere (Anderson 1999, Anderson et al. 2012) and are based on those of Fels
and Matson (1997). In brief, the landform model was built from a 30-m digital elevation
model (DEM; Gesch 2007, Canada Digital Elevation Data 2011), and metrics derived
from the DEM were used to estimate the variables of: slope, aspect, land position, and
moisture accumulation. Thresholds were used to partition the ranges of each variables
into zones that corresponded with recognizable distinctions between component
landforms that could be verified in the field (Figures 3.1 and 3.2). Major divisions in the
model were based on relative land position and slope, with slopes further subdivided
by aspect, and flats further subdivided by moisture accumulation (Figures 3.1-3.3).
To create the landform model, we generated the following initial datasets as grids from
the 30-m DEM:
•

Topographic Position Index: we evaluated the elevation differences between
any cell and the surrounding cells within a specified search radius and scored it
using a topographic position index (TPI). For example, if the model cell was, on
average, higher than the surrounding cells, then it was considered closer to the
hill top (a more positive position value), and conversely, if the model cell was,
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•
•
•

on average, lower than the surrounding cells, then it was considered closer to
the slope bottom (a more negative position value).
Slope: Degree of slope was calculated as the difference in elevation between two
neighboring cells, expressed in degrees.
Aspect: Aspect was calculated using the GIS Aspect tool which fits a plane to
the z-values of a 3 x 3 cell neighborhood around a center cell. The direction the
plane faces is the aspect for the center cell.
Moisture index: We calculated a moisture index using a flow accumulation
model which maps variation in moisture accumulation and soil residence time
using the equation: Moist index = ln [(flow accumulation + 1) / (slope + 1)].

We used National Wetlands Inventory datasets (U. S. Fish and Wildlife Service 2017) to
calibrate the moisture index and set a threshold for dividing flat areas by moisture
availability. Wet areas with confirmed NWI wetlands were labeled as “wet flats” while
the remaining wet areas were labeled “moist flats.” Individual grids were combined in a
structured way to create the landforms (Figure 3.2). For example, a south-facing sideslope was defined by land position, slope and aspect, whereas a wet flat was defined
by land position, slope and moisture accumulation. The landform model can
distinguish any number of units, but we used a 17-unit model that matched
recognizable environments in the field that show differences in vegetation, especially
in the herbaceous layer. We tested whether these captures the major differences in
temperature and moisture by looking at the current distribution of the biota in the
region (Figure 3.3).
To identify areas with the highest diversity of microclimates, we calculated the variety
of landforms in a 40.4 ha (100 acre) circle surrounding every 30-m cell (Figure 3.4)
using a focal variety analysis. The search area was based on a radius that provided the
best discrepancy between cells (highest between-cell variance), and the assumption
that local population movements could access a 40.4 ha (100 acre) neighborhood.
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Figure 3.1: Distribution and Definitions of Landforms.
Northeast

Southw est

SS-NE
SS-SW

C - Cliff: a high, steep or overhanging face of
rock or earth. Cliffs provide nesting places
for birds and crevice-rooting ferns.
S - Steep slope (SW and NE aspects): a
steeply sloping escarpment, headwall,
ledge, or bluff, less vertical than a cliff. The
accumulation of rock fragments at the base
creates talus slopes.
SU -Summit/ridgetop: the topographically
highest position of a hillslope profile with a
nearly level surface. Typically, summits
have thin soils and extreme winds.
SC -Slope crest: a slope crest or shoulder is
the hillslope position that forms the convex,
erosional surface near the top of a hillslope,
transitioning from summit to sideslope.
SS – Sideslope (SW and NE aspects): the
hillslope profile position that forms the
moderately steep middle portion of the hill
or mountain. Bounded by convex shoulder
and concave footslope.
CF - Cove/footslope (SW and NE aspects):
refers to the hillslope profile position that
forms the concave surface at the base of a
hillslope. A moist, nutrient-rich,
depositional setting.

SBF - Slopebottom flat: the flat channel in a
narrow steep-sided ravine, commonly Vshaped in cross section. Slopebottom flats
usually contain streams.
HF - Hilltop flat: the level top of a low hill
with low local relief, rising slightly above
surrounding lowlands.
HG - Hill gentle slope: the sloping sides of a
hill or rounded land surface with low local
relief, rising slightly above surrounding
lowlands.
DF - Dry flat: a level plain or flat land surface
in a low landscape position that does not
accumulate water.
MF - Moist flat: a level plain or flat land
surface in a low landscape position that
accumulates some water.
WF - Wet flat: the nearly level to gently
concave bottom surface of a flat basin that
accumulates substantial water. Most
wetland habitats are found in wet flats.
OW - Water/lake/river: open waterbodies,
often in the center of a wet flat and large
river segments.

VT - Valley/toeslope: the hillslope position
that forms the gently inclined
surface at the base of a hillslope. Toeslopes
in profile are commonly gentle and linear,
forming depositional environments.
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Figure 3.2: The Underlying Slope and Land Position Model used to Map Landforms.
Adapted from Fels and Matson 1997.
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Figure 3.3: The 17-unit Landform Model. These images show how the landform model
partitions the landscape based on slope, aspect, land position, and moisture
accumulation. A) The area in shaded relief, B) with an overlay of the landforms. C) The
dashed oval indicates the region with the highest number of landform units
encompassing wet flats to summits and upper slope crests. Mount Mansfield VT.
A

B

C
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Figure 3.4: Landforms. This map shows the 17 unit landform model used to
characterize the region’s topography and to calculate the landform variety metric.
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Landform and Species Relationships
The thresholds delineating one landform from another were based on observable
relationships between topography, plant communities, and rare species (Figure 3.5,
Table 3.1). For example, concave toe slopes where moisture and nutrients accumulate
tend to support nutrient-demanding species, while sideslopes, which transport
moisture, tend to support species tolerant of soil creep and drier conditions. The point
on a slope where transport ends and accumulation begins forms the split between
sideslope and cove landforms, delineating two distinct thermal-moisture
environments.
We were interested in how the individual components of the land’s topography
(position, moisture, slope, and aspect) combine to create relatively discrete
environments that could be verified in the field and tested for evidence of distinct
species compositions. To examine the latter, we overlaid 93,204 locations of rare
species and natural communities found in the region, and calculated the importance
value of each landform to each species (Importance Value = the % of the known
locations that occur on this landform more than expected by chance multiplied by the
number of locations). The Importance Value is a measure of the strength and
confidence of the species-landform association. We defined a preferential species as
one that occurred more often than expected on the landform of interest compared to
any other landform (Importance Value > 1, Anderson et al. 2015), and then examined
how they were distributed across landforms.
Figure 3.5: Generalized Distribution of Natural Communities across Landforms.
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Table 3.1: Landforms and Preferential Rare Species. Examples of preferential rare
species, defined as species found more often than expected on this landform
compared to any other in the Great Lakes and Tallgrass Prairie region.
Landform

Characteristics

Flats or Gently Sloping
Dry flat
(9%)
Moist flat
(16%)
Wet flat
(13%)
Open water
(18%)
Slope crest
(<1%)
Valley/Toe
(8%)
Slope-base flat
(<1%)
Hilltop flat
(19%)
Gentle slope
(10%)

Dry, deep soils

Cliff
(<1%)
Steep slope SW
(<1%)
Steep Slope NE
(<1%)
Sideslope SW
(3%)
Sideslope NE
(3%)
Cove SW
(<1%)
Cove NE
(<1%)

Slopes

Preferential Species Examples
Athene cunicularia
Tympanuchus cupido
Sternula antillarum
Geomys bursarius
Emydoidea blandingii
Rallus elegans
Littorella Americana
Polyodon spathula
Physaria ludoviciana

Burrowing Owl
Greater Prairie-chicken
Interior Least Tern
Plains Pocket Gopher
Blanding's Turtle
King Rail
American Shore Plantain
Paddlefish
Bladderpod

Moist ravines

Liochlorophis vernalis
Myotis sodalist
Lupinus perennis

Smooth Green Snake
Indiana Bat
Sundial Lupine

Dry, moderate
soils
Mesic, moderate
soils

Bartramia longicauda
Taxidea taxus
Ammodramus henslowii
Terrapene ornate

Upland Sandpiper
American Badger
Henslow's Sparrow
Ornate box turtle

Dry, bedrock,

Saxifraga aizoide:
Yellow Mt. saxifrage
Dryopteris marginalis:
Marginal Shield Fern
Crotalus horridus
Timber Rattlesnake
Pellaea atropurpurea
Purple Cliff Brake
Equisetum scirpoides
Dwarf Scouring-rush
Huperzia appalachiana Appalachian Fir Moss
Eptesicus fuscus
Big Brown Bat
Helmitheros vermivorus Worm-eating Warbler
Glaucomys volans
Southern Flying Squirrel
Dendroica cerulean
Cerulean Warbler
Dodecatheon amethystinum Jeweled Shooting Star
Tachopteryx thoreyi
Gray Petaltail
Pyrola asarifolia
Pink Shinleaf
Rosa acicularis
Prickly Rose

Moist, deep soils
Wet, organic
soils
Open water
Dry, exposed
Moist, cool,

Hot, dry, thin soil
Cool thin soil
Warm, mesic
Cool, moist
Warm, enriched
Cool, enriched
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Lake Effect
The Great Lakes influence the climate of their direct surroundings by moderating the
minimum and maximum temperatures in all seasons. In the summer, the lake cools the
surrounding lands. In the winter, the water buffers coastal temperatures from extreme
cold. These climatic differences between coastal and inland areas are likely to persist
during a changing climate and coastal areas may provide refuge to species from
highly variable climatic regimes.
The Great Lake’s coastal lake effect (hereafter “lake effect”) has been well studied, and
new data sources allowed us to map of the spatial distribution of the lake’s coastal
temperature buffering. NASA’s Moderate Resolution Imaging Spectroradiometer
(MODIS) is a satellite based sensor that has been used to detect and map temperature
attributes in other Great Lakes studies (Zhao et al 2012; Moukomla and Blanken 2016,
Howey et al. 2014, Krehbiel and Henebry 2016).
We compiled the MODIS Terra data land surface temperature monthly means from
Climate Engine using all years of available data (Huntington et al. 2017).
We grouped the monthly data into two seasons (winter, summer) that represented the
most extreme temperatures, and we tested whether we could detect measurable
differences in average temperatures between coastal vs. inland areas during these two
seasons. We calculated this using the slope of the mean temperature difference in
each seasonal temperature grid such that the higher the slope the more difference
there was between the coastline and the inland temperature (i.e. the coastline
temperatures was being influenced by the lake, Figures 3.6, 3.7). We selected cells in
the top 10% of the slope (by area) in either season to identify the spatial zone where
the lake effect moderated temperatures in these two seasons. We manually cleaned
the data to remove cells classified as development, and add-in coastal shoreline cells
misclassified as water. The results show the areas predicted to be cooler in the
summer and warmer in the winter.
To incorporate these areas into the microclimate estimates, we added them to the
landform variety count in the Great Lakes ecoregion. When calculating landform
variety in this ecoregion, if an area was with the lake effect zone (based on the 100
acre radius around the central cell), we boosted the cell’s score an amount equivalent
to that of having one additional landform (Figure 3.8).
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Figure 3.6: Great Lakes Lake Effect Process. The top image displays the greatest areas
of temperature difference between coastline and inland in summer (dark red). The
bottom image shows the area of maximum difference in both seasons.
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Figure 3.7: Zoom-in of the Great Lakes Lake Effect. Top image shows the MODIS
areas with high temperature difference. The bottom image shows the results restricted
to the shoreline zone.
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Figure 3.8: Final Landform Variety (including the Lake Effect). This map counts the
number of landforms (17 possible) and presence of the lake effect (1 possible) in a
100-acre circle around a central cell, and compares it to the regional average.
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Wetland Influence
Much of Great Lakes and Tallgrass Prairie region is relatively flat and wet. Indeed, wet
flats and moist flats make up 29% of the region and each is counted in the landform
variety model as one microclimate (Figure 3.9). However, in low relief areas where
landform variety is inherently low, microtopographic variation determines where
moisture accumulates, and as the climate changes, persistent wetlands will become
increasingly important because they retain soil moisture longer and preserve a mixture
of organic and wetland soils. Further, wetland basins tend to have high
evapotranspiration rates and play a unique role in moderating the climate and
sustaining the resilience of a landscape (Geiger et al. 2003). Protecting wetlands and
riparian corridors has been suggested as one of the single best actions in promoting
resilience and in sustaining biodiversity (Naiman 1993, Fremier 2015). Our goal in this
section was to account for the importance of wetlands by calculating an independent
wetland influence metric, combining it with the estimates of microclimatic variation
based on landforms, and increase the influence of wetlands on the resilience score.
Despite their importance, wetlands in this region have been highly altered by ditching
and draining. Measuring their influence required a nuanced analysis that accounted for
their density, spatial configuration and connectedness, and both their current and
historic extent. To this end, we calculated three independent metrics and then
integrated them into a single wetland influence score:
1. Wetland Density
2. Wetland Patchiness
3. Connectedness of Wetland Topography
The first two metrics were based on maps of current wetland locations, while the third
metric is based on topographic patterns that determine where wetlands would occur if
there had been no human alteration.
Figure 3.9: Landform, Landform Variety, and Wetland Scores. Seney National Wildlife
Refuge, Upper Peninsula, MI. In a dense wetland landscape where a few wet flat and
moist flat landforms repeat over and over, landform variety is low. The wetland score
boosts the score in places where there is a high density or patchiness of wetlands.
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Density and Patchiness of Current Wetlands
We created metrics to measure the density and patchiness of current wetlands
mapped through aerial interpreted photo imagery and other remotely sensed data
sources. A high density of wetlands or wetland patches correlates with topographic
areas of high flow accumulation and/or high microtopography and these features will
persist under variable climates although the size and wetness of the wetlands will
presumably change. Small isolated wetlands were more vulnerable to shrinkage and
disappearance than wetlands embedded in a landscape dense with other wetlands and
connected them through topography.
To analyze the distribution of current wetlands, we compiled a base data dataset of
mapped wetlands from a variety of sources. For the U.S. sources included 30-m raster
data on forested or emergent wetlands from the National Land Cover Dataset (NLCD)
2011 (Homer et al. 2015) and polygon data of individual wetlands from the National
Wetlands Inventory (U. S. Fish and Wildlife Service 2017). For the latter, we included
information on wetlands classified as Emergent, Forested, or Scrub Shrub (class 1 or 2).
For Canada, data sources included comprehensive wetland polygon datasets from
Ontario, Manitoba and National: Ontario Wetlands (Ontario Ministry of Natural
Resources, 2016b), Ontario land use (Ontario Ministry of Natural Resources, 2016a),
Manitoba Wetland Inventory (Manitoba Habitat Heritage Corporation, 2013),
Manitoba land use (Manitoba Conservation and Water Stewardship 2007-2009),
Canada National c2000 Landcover (Natural Resources Canada 2012), and Agric & AgriFood Canada (Fisette et al. 2014). Data were combined to yield a single gridded
wetland dataset at 30-m resolution. Finally, cells of “open water” (see below) and lowto high- intensity development were removed from the wetland dataset to yield a
dataset of current wetlands that depicted only vegetated wetlands and no open water
or development (Figure 3.10).
Areas of “open water” were compiled for the U.S. from high resolution National
Hydrography Dataset (USEPA and USGS 2017) and included all waterbodies greater
than two acres in size. Wide rivers and open water were extracted from the National
Land Cover dataset (Homer et al. 2015). For Canada, data sources included: National
Hydrology Network (NHN) waterbodies and wide river areas (Natural Resources
Canada, 2016) and additional waterbodies from the Canada National c2000 Landcover
(Natural Resources Canada 2012). The Ontario land cover dataset included small
streams that were not found in other land cover data, for consistency these were
removed by selecting those within 100 m of NHN waterline.
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Figure 3.10: Current Wetlands. The distribution of vegetated wetlands in the region.

We calculated a wetland density score using at the same scale as landform variety:
the percentage of wetlands within a 40.4 ha (100-acre) circle around each 30-m cell
using a focal mean function in GIS. We based the density calculation on the portion of
each circle that not open water, so that areas with a high proportion of water would not
be penalized. Because there were some many large wetland complexes, we further
weighted the score, by assessing the wetland density of a larger 404 ha (1000-acre)
circle around the same cells and calculating the percentage of wetlands in this larger
area. We combined this into one value giving twice the weight to the smaller circle.
To ensure that the two scales were integrated correctly, we rank-transformed the
values and calculated a standardized normalized score (Z score) for each scale. Areas
with a wetland density of zero were assigned a Z score of -3.5 SD. We combined the
standardized values from both search distances using the formula:
Wetland Density = (2*100-acre wetland density + 1000-acre wetland density) / 3.
The result was again transformed to z-scores using mean and SD calculated from only
cells with wetland densities > 0 to yield a final wetland density score (Figure 3.11).
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Figure 3.11: Wetland Density. Weighted density of wetlands in a 40- and 404-hectare
circle around a central cell compared to the regional average.
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Wetland patchiness refers to the number of individual patches of wetland within a
given area. High patchiness is caused by microtopographic variation that structures
wetland communities and creates options for species by producing small-scale
hummock and hollow microhabitats favored by different species (Vivian-Smith 1997).
Landscapes with many wetland patches predictably have high moisture and extensive
microtopography which creates options for both wetland and upland species. The
prairie pothole region of the north west portion of the study area is a classic example of
a landscape with high wetland patchiness. In the pothole region, thousands of shallow
depressions pockmarked by glacial scouring create a variety of permanent and
temporary wetland types. In turn, the pothole wetlands support a wide range of aquatic
insects, birds and wildlife. Although it is uncertain how these wetland systems will
change with changing precipitations it is likely that their unique physical structure will
help ensure that a variety of wetland and upland options remain available.
To quantify wetland patchiness, we generated a region-wide grid of discrete wetlands
and assigned unique ids to each wetland greater than > 2 cells (0.2 ha/0.5 acres). To
this dataset we applied a focal variety analysis to calculate the number of wetland
patches within a 404-ha window. Values ranged from 0 to 160 wetland patches per 404
hectares with a mean of 10. We rank-transformed the resulting non-normal
distribution to z-scores assigning areas with no wetlands the lowest score of -3.5 SD.
The results produced a map of relative wetland patchiness (Figure 3.12).
We calculated a current wetland score by first integrating wetland density and
patchiness into a single weighted metric giving patchiness one quarter of the weight of
the density and transforming the results to z-scores:
Integrated Score: (2*100-acre wetland density + 1000-acre wetland density+ 1000-acre
patchiness) / 4.
The current wetland score was created by starting with the wetland density score and
replacing any cells where the integrated score was higher than the density score. This
had the effect of increasing the wetland score where there were numerous wetland
patches, but not penalizing the score where there were fewer patches (Figure 3.13).
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Figure 3.12: Wetland Patchiness. Areas in green show regions with high numbers of
small, discrete wetland patches within 1000 acres.
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Figure 3.13: Current Wetland Score. This map highlights areas in green where there is
high wetland area density and/or high numbers of wetland patches. Patchiness was
only integrated where its addition increased the wetland density score.
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Connectedness of Wetland Topography
The more connected a network of wetlands is, the better it can respond to changes in
hydrology and facilitate species movements and community reorganization. Measuring
the degree of connection among wetlands in the Great Lakes and Tallgrass Prairie
region was challenging because so many wetlands have been altered, drained or
destroyed, and as a result the configuration of current wetlands does not necessarily
reflect the topographic or hydromorphic patterns of the natural landscape. To measure
wetland connectedness in a way that was not dependent on the presence of existing
wetlands we instead assessed wetland connectedness based on topography and
expected moisture accumulation patterns. We used different methods for measuring
the connectedness of wetland topography depending on whether the expected
wetlands were in accumulation basins (Resistant Kernel analysis) or linear riparian
areas (Circuitscape analysis).
For basins, we used a resistant kernel analysis to assess how connected the
accumulation basins were. In a nutshell, the analysis measures connectivity in all
directions outward from a focal cell, with the degree of connectedness reflecting the
amount of “resistance” that water would encounters was it flows across the landscape
(more details on the resistant kernel analysis in Section 2). The results estimate the
extent to which water flowing outward from a focal cell would be impeded or
facilitated by the surrounding landscape.
We based the wetland resistance grid on the landform model (a classified version of
topography). Landforms in low land positions, like wetland basins, were given low
resistance weights, landforms in high land positions were assigned high resistance
weights (Table 3.2). The theoretical spread of a water and wetland species was
modeled outward from a focal cell as a function of the resistance values of the
neighboring cells and their distance from the focal cell out to a maximum distance of 1
km. This 1 km distance was determined by running trials in test areas with several
different distances (500m, 1 km, 2 km, 3 km) and inspecting the results to determine
which distance best represented the scale of wetland neighborhoods and movement.
We ran the Resistance Kernel program developed by Brad Compton (Compton et al.
2007) which scored each cell in the region with a wetland connectivity value from 0
(least connected) to 100 (most connected) depending on the degree of landform
resistance in the 1 km radius around the cell. We transformed the values to z-scores to
put them on the same scale as the other factors described above. The result was a
continuous grid of wetland connectedness values for the entire study area (Figure
3.14).
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Table 3.2: Resistance Weights used in the Local Connectedness Model. Small
weights indicate landforms that are compatible with wetlands (flat landforms and
landforms with lower land position).
Landform
Resistance
Steep slope (cool/warm aspect)
10
Cliff
10
Summit/ridgetop
5.5
Slope crest
7.5
Hilltop (flat)
3.5
Hill (gentle slope)
3.5
Sideslope (cool/warm)
5.5
Dry flats
1.5
Wet flats
1
Valley/toeslope
2
Moist flats
1.25
Flat at the bottom of a steep slope
1
Cove/footslope (cool/warm aspect)
3.5
Open water
1.5
Development
20
Figure 3.14: Connectedness of Wetland Topography: Basins.
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Riparian wetlands were not well captured by the resistant kernel analysis because the
spread of processes in riparian area occurs in a linear pattern, not in all directions. To
measure the connectedness of riparian areas, we used Circuitscape (McRae and Shah
2009) which models connectivity as if it was electricity moving across a resistance
surface (detail on Circuitscape can be found in Section 2). The Circuitscape program
calculates the amount of “current” moving directionally across a landscape based on a
grid of cells with values indicating their degree of resistance.
To measure connected flow through riparian areas, we used the same resistance grid
as for the resistant kernel analysis (Table 3.2) in combination with a distance from
stream grid to give preference to locations in proximity to riparian areas. The distance
from stream dataset was created by buffering the stream and river centerlines. Data
source for the US was the 1:100,000 U.S.G.S NHD V2 flowlines (USEPA and USGS 2017),
and for Canada, the 1:50,000 Canadian National Hydro Network dataset (Natural
Resources Canada 2016). Buffer distances were defined for creeks (300 m), small
rivers (600 m), medium to large rivers (1,500 m) and great rivers (5,000 m) following
Olivero-Sheldon et al. (2016). These distances have been used in the Eastern U.S. to
approximate the width of a floodplain (Anderson et al. 2016) and visual inspection of
the results suggested that they also worked well in this study region. Stream order was
used for Canada to classify river sizes where drainage area was not available.
We ran the Circuitscape program for the study region and transformed the results to zscores. This produced a continuous grid of “current” flow along riparian areas with
higher levels of current flow indicating more connected wetlands (Figure 3.25).
Figure 3.15: Connectedness of Wetland Topography: Riparian.
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To integrate the riparian and basin analysis into a single dataset estimating the
connectedness of wetland topography, the riparian analyses was added to the grid of
basin wetland connectedness as follows: wherever the riparian connectedness score
was above-average (> 1.5 SD) AND greater than the basin connectedness score, we
overrode the basin score with the higher riparian connectedness value. This resulted in
a continues grid of wetland connectedness for the entire study area (Figure 3.16)
Final Wetland Influence Score
To create a final wetland influence map, we combined the current wetland score and
the connectedness of wetland topography score giving them equal weight and
transforming the final values to z-scores (Figure 3.17):
Final Wetland Influence Score = (Current Wetland Score + Connectedness of Wetland
Topography Score) / 2
To summarize, the wetland influence score is is based on the density and patchiness of
current wetlands combined with the connectedness of topographic basins and riparian
areas (Figure 3.18).

60 | P a g e

3-Estimating Site Resilience

Great Lakes and Tallgrass Prairie Resilience
Figure 3.16: Connectedness of Wetland Topography. This map shows areas with high
basin and riparian topographic connectivity.
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Figure 3.17: Final Wetland Score. This map shows a final wetland score combining
current wetland density and patchiness with connectedness of wetland topography.
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Figure 3.18: Wetland Density, Patchiness, Connectivity, and Wetland Scores. This
sequence shows an area in Rollette, Towner, and Pierce County, ND with a large
wetland in the upper left, an area of many wetland patches on the right and some small
riparian areas highlighted in the connectivity score.
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Final Landscape Diversity Score
To create a final map landscape diversity, we combined landform variety grid and the
wetland influence score into a single index, using the transformed z-score values to
ensure they were on the same scale. Landform variety was given twice the weight of
wetland influence to reflect fundamental importance of microclimates to all types of
terrestrial and wetland species. The wetland score was only added if the average
combined value was higher with the wetland influence score than without it (Figures
3.19-3.21)
If LV > (LV+LV+WS)/3 then use LV
If LV < (LV+LV+WS)/3 then use (LV+LV+WS)/3
Where LV = landform variety and WS = wetland influence score

Figure 3.19: Schematic for Combining Variables into a Landscape Diversity Metric.
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Figure 3.20: Landscape Diversity. Landscape diversity of all cells based on the
combined values of landform variety and wetland influence, and accounting for lake
effect in the Great Lakes ecoregion. At this scale, many of the subtle local changes are
obscured, but see close-up versions in Chapter 4.
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Section 2: Landscape Permeability
Climate change is expected to alter seasonal temperature and precipitation patterns,
and intensify disturbance cycles of fire, wind, drought, and flood. How easily nature
can adapt to these changes is unclear. Rapid periods of climate change in the
Quaternary, when the landscape was comprised of continuous natural cover, resulted
in many changes to species distributions but few extinctions (Botkin et al. 2007). Now,
pervasive fragmentation across the U.S. disrupts ecological processes and impedes the
ability of many species to move or adapt to change. The concern is that the
pervasiveness of industrial agriculture, development, roads, and other barriers will
impair the ability of nature to adjust to rapid change leading to depleted environments
and less diversity. Not surprisingly, the need to maintain connectivity has emerged as
a point of agreement among scientists (Heller and Zavaleta 2009, Krosby et al. 2010).
In theory, maintaining a permeable landscape, when done in conjunction with
protecting and restoring sufficient areas of high-quality resilient habitat, should
facilitate the expected range shifts and community reorganization of species
responding to a changing climate.
We prefer the terms ‘permeability’ and ‘connectedness’ over ‘connectivity’ because
the latter is defined as the capacity of individual species to move between areas of
habitat via corridors and linkage zones (Lindenmayer and Fischer 2006). Accordingly,
analyses of connectivity entails identifying linkages between specific places, usually
patches of good habitat or natural landscape blocks, with respect to a particular
species (Beier et al. 2011). In contrast, facilitating the large-scale reorganization
expected from climate change requires a more comprehensive and continuous
analysis: all organisms, in all directions, over many years.
Landscape permeability, as used here, is a measure of landscape structure: the
hardness of barriers, the connectedness of natural cover, and the arrangement of land
uses. It is defined as the degree to which regional landscapes, encompassing a variety of
natural, semi-natural and developed land cover types, will sustain ecological processes and
are conducive to the movement of many types of organisms (definition modified from
Meiklejohn et al. 2010). Accordingly, we developed methods that map permeability as
a continuous surface, not as a set of discrete cores and linkages. Our aim was to create
a surface that revealed the implications of the landscape structure with respect to the
continuous flow of natural processes like dispersal, migration, and recruitment.
We developed separate analytical models to assess different aspects permeability. The
first, local connectedness, starts with a focal cell and looks at the resistance to flows
outward in all directions. The second, regional flow, examines broad east-west and
north-south flow patterns across the entire region. Both metrics estimate how flow
becomes blocked, slowed, redirected, or channeled due to the spatial arrangement of
human land uses and the remaining natural lands. Only the local connectedness metric
was used in estimating the resilience of a site and the descriptions below refer to this
metric. Regional flow analyses for the Great Lakes and Tallgrass Prairie region will be
conducted in conjunction with the Great Plains and results will be described in a
subsequent report (2018).
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Local Connectedness
The local connectedness metric measures the resistance surrounding a focal cell as
movement flows outward in all directions from a center point. As a component of
resilience, this metrics estimates how easily a species can access the microclimates
within its given neighborhood. It is based on the evidence that roads, industrial
agriculture, development, and other human structures create resistance to species
movement by increasing the risk of harm.
In the local connectedness model, the permeability of two adjacent cells increases with
the similarity of those cells with respect to their land cover. If adjacent landscape
elements are identical (e.g., forest to forest), then there is no disruption in flow. A
contrasting element (e.g., forest to developed land) creates resistance and the
connection is presumed to be less permeable. Organisms can and do move across
different landscape elements, but the sharper the contrast is in structure, surface
texture, exposure, or chemistry, the more likely it is that movement will be altered or
slowed. The degree to which a cell alters the flow arriving from an adjacent cell is its
resistance, and the corresponding land use is assigned a resistance weight based on
its expected resistance.
Creating a Resistance Grid
Our analysis of resistance began by sorting the landscape into three basic landscape
elements and assigning general resistance weights from 1-20:
1. Natural lands (resistance weights 1-5): Landscape elements where natural
processes are unconstrained and unmodified by human intervention such as
forest, wetlands, or natural grasslands.
2. Agricultural or modified lands (resistance weights 5-9): Landscape elements
where natural processes are modified by direct, sustained and intentional
human intervention. Nutrients are often depleted.
3. Developed lands (resistance weights 8-20): Landscape elements dominated by
the direct conversion of physical habitat to buildings, roads, parking lots, or
other infrastructure associated with human habitation and commerce.
Vegetation is highly tended, manicured, and controlled.
Methods to quantify and objectively assign resistance weights have included similarity
indices based on vegetation types or land cover classes (B. Compton personal
communication 2009, Compton et al. 2007). Our weighting scheme was generalized,
with respect to vegetation types such that any natural land cover adjacent to more
natural land cover was scored with a low resistance value assuming that dispersal and
population movement requirements were less specific than those for breeding. In
addition, our goal was to maintain the natural relationships and connections between
all types of natural land and was not targeted towards a specific species (Hunter and
Sulzer 2002, Ferrari and Ferrarini 2008, Forman and Godron 1986).
To create the resistance grid, we combined several datasets representing land cover,
land use, roads, railroads and agriculture. For the U.S., the source data was the 30-m
2011 NLCD which identifies each grid cell as belonging to one of 16 classes of land
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cover (Homer et al. 2015). For Canada, we used provincial land use and agriculture
datasets (Ontario Natural Resources and Forestry 2016, Manitoba Conservation and
Water Stewardship 2005 - 2006). Areas outside the two provinces or missing from the
land use classification were filled in form the Agriculture and Agri-food Canada Annual
Crop inventory (AAFC 2015, Fisette et al. 2015). This 30-m, satellite derived dataset
included information on water, barrens, shrublands, wetlands and forests.
Waterbodies were obtained from Canada’s National Hydrology Network (NHN)
(Natural Resources Canada 2016), and were merged with the land use data. Each of
the Canadian datasets had a different schema and detailed land use categories. We
created a look-up table to convert the detailed classifications to our more generalized
classification (Table 3.3)
Table 3.3: Resistance Scores. This table show the land use categories and the
corresponding resistance score assigned to it.
Land Cover
Land Cover Description
Resistance Source
code NLCD
Score
21
22
23
24
31
32
41
42
43
52
71
81

Developed, Open Space
Developed, Low intensity
Developed, Medium Intensity
Developed, High Intensity
Barren Land, non-natural
Barren Land, natural
Deciduous Forest
Evergreen Forest
Mixed Forest
Shrub/Scrub
Grassland/Herbaceous
Hay/Pasture

8
8
9
20
9
1
1
1
1
1
1
3

NLCD 2011
NLCD 2011
NLCD 2011
NLCD 2011
NLCD 2011
NLCD 2011
NLCD 2011
NLCD 2011
NLCD 2011
NLCD 2011
NLCD 2011
NLCD 2011

82
90
95

Cultivated Crops
Woody Wetlands
Emergent Herbaceous
Wetlands

7
1
1

NLCD 2011
NLCD 2011
NLCD 2011

We made several upgrades to the basic land cover data that substantially improved
their performance as resistance grids. These included improved mapping of:
1)
2)
3)
4)
5)
6)
7)

Native grassland and prairie
Industrial agriculture
Industrial forest
Natural and artificial barrens
Wetlands and waterbodies
Roads and railroads,
Energy development
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Native Grassland and Prairie:

Historically native grassland and prairie covered
most of the non-forested potion of the study area
(Figure 3.21). Prairie habitat has been destroyed
through many factors such as agricultural
conversion, urban sprawl, and fire suppression.
Today, only a fraction of the original prairie
remains. These remnants are important for
conservation, but are difficult to detect on satellite
imagery due to their small size. They are often
misclassified in land cover datasets.

With help from the Steering Committee we
identified several sources of data identifying areas
of current prairie habitat. Data sources included:
- Natural Heritage Program community data,
- Remnant Prairies in Iowa dataset (Iowa
Department of Natural Resources 2012),
- Prairie datasets from Mississippi River Basin/Gulf
Figure 3.21: Estimated Extent
of Prairie around 1800. (Source Hypoxia Initiative (The Conservation Fund 2016),
and large northern tallgrass prairie restorations
Iowa Prairie Network
projects with boundaries in the TNC secured lands
(http://www.iowaprairienetwo
dataset (see below). These included: Glacial Ridge
rk.org/prairies/prairieNational Wildlife Refuge (NWR), Midewin National
faq.html).
Tallgrass Prairie, Kankakee Sands, Emiquon
Preserve, Neal Smith NWR and Nachusa Grasslands (Gerla et al 2012).

Areas of confirmed native grasslands or prairies were classified as natural and given
the lowest possible resistance score of a “1”.

Grassland and Pasture:
The grassland/pasture class and the cultivated crop classes are often intermixed in the
land cover datasets, because they are hard to differentiate using remote sensing which
is sensitive to time of year, planting timing, and green-up. To compensate for this, we
augmented the grassland/pasture date in NLCD (Homer et al. 2015) with the
Cropscape dataset (USDA National Agricultural Statistics Service Cropland Data Layer
2016). Specifically, we overrode cells classified as agriculture in the NLCD dataset but
identified as grassland/pasture in the Cropscape dataset for at least half the years
assessed (2008-2016).
Grassland/Pasture in this region is often a mix of native and introduced grasses and we
assigned it a resistance score of a “3.” This was higher than Native Prairie “1” but lower
than Cropland “7” due to the latter’s intensive management and common use of
pesticides.
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High Intensity Agriculture:
The study area has the largest production of corn and soy in the nation (see maps
USDA https://www.nass.usda.gov/Charts_and_Maps/Crops_County/cr-pr.php
2017). High intensity industrial agriculture can have severe effects on the physical
environment especially when crops are planted as monocultures, are not rotated, have
high fertilizer use, and are subject to runoff and erosion. We used the Cropscape
dataset (USDA National Agricultural Statistics Service Cropland Data Layer 2016), a
USDA dataset that inventories and maps the type of agricultural crop grown
nationwide, to identify areas of industrial corn and soy production. If a grid cell was
classified as corn or soy in the most recent year (2016) or was identified as corn or soy
in majority of the years of the dataset (2008-2016), we classified the cell as high
intensity agriculture.
We gave industrial-scale corn and soy cell a higher resistance score because it
modifies and degrades the natural environment more than most other cultivated crops.
High intensity agriculture received a resistance score of a “9,”, whereas cultivated
crops received a resistance score of a “7.”
Recently Cut Forest:
Industrial forests are common in the northern part of the study area, but are not
distinguished from natural forest in the NLCD 2011 (Homer et al. 2015). In some
Canadian land cover datasets, industrial forest ownership is specified, but the area is
mapped in the forest land use category. To distinguish industrial forests from
unmanaged forests, we did not use the ownership information but instead identified
forest lands that had been recently been cut using the Global Forest Change dataset
(Hansen et al 2013) as the measure of use. The Hansen et al. (2013) is a 30-m dataset
developed for satellite imagery analyzed across 15 years to detect areas of forests loss
or gain.
We assigned any forest cell cut within the last 15 years a resistance score of “3” to
reflect a likely logging history and potential forest road development or other
anthropogenic disturbances (Figure 3.22). An exception to this was when the forest
cutting was on conservation land permanently secured against conversion (GAP Status
1 – 3) which were assigned a score of “1.5” because, by definition, they are being
managed for natural values.
For the conservation land boundaries we created a secured lands dataset based on the
US Protected Areas database (PAD-US, U.S. Geological Survey, Gap Analysis Program
(GAP). 2016) augmented with Conservation And Recreation Lands (CARL) a dataset
that contains information on conservation lands in the Great Lakes region (Ducks
Unlimited 2016), and the National Conservation Easement Database (Ducks Unlimited
and Trust for Public Land 2017).
Barrens:
In the land cover datasets, the category “barrens” often mixes developed lands such as
oil and gas wellheads with natural barrens such as beaches and summits. To
distinguish between the two, we manually inspected all polygons of barrens over 180
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acres and assigned them to one category or the other. For polygons less than 180 acres
in size, we used a set of decision rules based on the surrounding landscape to classify
them into natural and non-natural barrens. For example, if the occurrence was adjacent
to forest we classified it as “natural,” whereas if it was adjacent to development and
roads we gave it a “developed” classification. After the decision rules were applied we
were unable to classify some barrens and to these we assigned the category of
“unclassified barrens.” For Ohio, we had access to a dataset of Ohio Surface Industrial
Minerals Mine Operations (Ohio Department of Natural Resources. 2017) which we
integrated with the landcover map to identify surface mines. For Illinois, we also had a
dataset of active and historic mines (Illinois State Geological Survey 2017). We
categorized “SGS Surface Mined Areas” and “SGS Mechanized Longwall Areas” as
barren developed.
Natural barrens were assigned a resistance score of “1” the same as natural cover.
Developed barrens and surface mines were assigned a resistance scored or “10” to
reflect their highly developed and modified nature. Unclassified barrens we assigned a
score of “7” as inspection suggested that they are more likely to be developed than
natural.
Wetlands and Waterbodies:
We took all the compiled wetlands and open water datasets described in the previous
sections and burned them into the landcover dataset to improve its accuracy. All
wetlands were assigned a resistance score of “1” the same as natural.
We adjusted the resistance score of waterbodies to reflect their size as very large
waterbodies impede the movement of terrestrial species more than small streams or
ponds. To quantify the effect of waterbody size, we assigned water within 200 m of a
shoreline a resistance value of “1,” water between 200 and 400 m of a shoreline
received a resistance value of “3”, and water greater than 400 m from a shoreline was
given a value of “5” to reflect a stronger barrier (Figure 3.23). Streams and ponds that
had less than 200 m of shoreline were all assigned a “1”
Roads:
The 2011 NLCD landcover (Homer et al. 2015) retains an embedded roads data set
from the Bureau of Transportation Statistics, that does not align with newer and more
accurate 2014 Tiger Road dataset (U.S. Census Bureau 2016). To correct this issue, we
removed the older roads from the NLCD and replaced them with roads from the Tiger
2014 dataset. To do this, cells in the 2011 NLCD’s “developed open space” class were
shrunk by one pixel to remove linear road pixels but not the larger developed areas.
Values for these cells were replaced with the majority value of the surrounding pixels.
Next, the 2014 Tiger roads were “burned in” on top of the 2011 NLCD replacing the
older road data with the more recent data. Similarly, we burned road data from the
National Road Network (National Road Network 2017) into the compiled Canadian land
use data which did not contain information on roads except for major highways.
Unpaved roads including forest management roads are unevenly mapped in both the
U.S. and Canadian land use datasets, even though they collectively constitute
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substantial road networks in some parts of the region. To map unpaved roads, we used
data from OpenStreet Map (2017) which is an opensource global dataset built by a
community of mappers that contribute and maintain data about roads and trails. We
extracted roads tagged as “track” which includes roads used primarily for agriculture
and forest logging. This class of roads is usually unpaved but may include paved roads
suitable for two-track vehicles such as tractors or jeeps. Trails and paths that are not
wide enough for a two-track vehicle are excluded from this class. Although the quality
and consistency of this dataset is not known, visual inspection suggested that it was
more comprehensive than any other available dataset for mapping unpaved roads.
We assigned major roads a resistance score of 20 and minor roads a resistance score
of 10. Cells were assigned an additional resistance point if they contained one or more
unpaved roads. For example, the resistance of hay/pasture cells with unpaved roads
increased from a “3” to a “4” (Table 3.3).
Energy Development:
We added the locations of pipelines and powerlines to the land use datasets. To do
this, we obtained power industry GIS data (Ventyx 2017, used with permission). We
selected all transmission lines in service by voltage class, and all in-service natural gas
pipelines. These were incorporated into the land cover dataset using power industry
standard right-of-way widths: 30-m width for transmission lines <230 kilovolts, and
180-m width for lines > 230 kilovolts. All pipelines were given a 30-m width (Duke
Energy 2014). We compared the dataset to aerial photos to confirm that these widths
were reasonable and to ensure that we added only features that made a
distinguishable footprint on the ground.
We assigned transmission lines a resistance of “7” as transmission rights-of-way are
often more natural than the surrounding agricultural landscape in the study area.
Pipelines present a more substantial barrier to movement and we assigned a resistance
score of “9” (Table 3.4).
Table 3.4: Summary of Improvements to the Resistance Grid.
Grassland and Prairie
Landcover
Resistance Score
Source
Prairie/Grassland
1
Nature Serve Eos, Remnant Prairies in
Areas
Iowa, Gulf Hypoxia, Secured lands
Industrial Forests
Forest Loss or Gain

3

Loss or Gain on
1.5
Secured Lands
Waterbodies: Distance to Shoreline
<200 m
1
200 - 400 m
3
>400 m
5
Grasslands/Pasture
Grassland/Pasture
3
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High Intensity Agriculture
Corn and soy
9
agriculture in 2016
Persistent corn/soy
9
Roads & Railroads
Major Roads
20
Minor Roads
10
Dirt Roads
Resistance +1
Railroads
Energy Development
Transmission lines
Pipelines

Cropscape 2016 (US) or presence in of
corn/soy in AAFC (CA)
Cropscape: Majority years corn and soy

9

Tiger 2016 & National Road Network
Tiger 2016 & National Road Network
Open Street Map Tracks (US& CA) and
Tiger Vehicular Trail (4WD) S1500 (US)
CTS 2016

7
9

Ventyx 2017
Ventyx 2017

Figure 3.22: Recently Cut Forest. The left panel shows a satellite image of industrial
forests, and the right panel shows the same area with mapped areas of recent forest
loss or gain in orange.

Figure 3.23: Waterbodies and the Zones used in the Resistance Weighting. The left
panel shows a satellite image of a waterbodies. The same waterbodies appear in the
right panel symbolized in blue. Darker blues indicate higher resistance values at 0-200,
200-400, and 400+ m.
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Mapping Local Connectedness
Connectedness refers to the connectivity of a focal cell to its ecological neighborhood
when the cell is viewed as a source (Compton et al 2007). The analysis estimates the
extent that ecological flows outward from a cell are impeded or facilitated by the
surrounding landscape. In the connectedness model, the theoretical spread of a
species or process outward from a focal cell is a function of the resistance values of the
neighboring cells and their distance from a focal cell out to some maximum distance
where the influence is considered zero.
We mapped local connectedness using a resistant kernel model developed by Brad
Compton of the University of Massachusetts (Compton et al 2015) who helped us run
the model for the complete study region. The first step in running the model was to
convert the 30-m land cover and roads data in to a “resistance” grid by coding each
land cover class with the resistant weights described above (Table 3.3, Table 3.4).
Next, we assigned a maximum distance of 3 km to the model (the default value
recommended by the software developer) to represent the distance where the
influence on the focal cell is zero. The computationally intensive model estimates the
resistance around each cell based on a weighted sum of the resistance of all cells in the
3-km radius. The focal cell is then scored between 0 (least connected) and 100 (perfect
connectedness). The map of all focal cell scores creates a continuous wall-to-wall
estimate of local connectedness (Figures 3.24 and 3.25)
The result was a grid of 30-m cells for the entire region where each cell was scored
with a local connectivity value from 0 to 100. The actual scores had a mean of 29.2 and
a standard deviation of 29.1 for the region (Figures 3.24-3.28). Scores were
transformed to z-scores so they could be combined with the landscape diversity
scores. Samples areas within the study region were visually studied to ensure that the
results accurately reflected connectedness and to understand the distribution of values
(Figure 3.27).
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Figure 3.24: Examples of Four Resistant Kernel Cells shown with the Land Cover and
Roads Map. The focal cell is the central point of each kernel and the spread, or size, of
the kernel reflects the amount of constraints. The score for the focal cell is based on
the area round the cell (i.e., the constraints) and is shown here in a bluish-purple color.
Kernel A is the most constrained and has the lowest connectedness score, while D is
the least constrained and has the highest connectedness score.
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Figure 3.25: Detailed look at Kernel B in Figure 3.24. The top left image shows the
topographic map. The top right image shows the land use grid details. The bottom left
panel shows the aerial image with the 3-km circular resistant kernel distance outlined
in orange. The bottom right box shows the kernel spread. Kernel B is constrained on the
west by roads and railroads and on the east by water. The kernel can flow well through
the natural landscape in the north and south direction.
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Figure 3.26: A Gallery of Satellite Images and their Corresponding Local
Connectedness Scores. The resistant kernel (RK) scores and regional z-scores are
based on a roughly circular site positioned at the center of each image (not shown).

RK Value = 0.017
Regional Z Score = -12.4 SD

RK Value = 0.020
Regional Z Score = -10.7 SD

RK Value = 0.06
Regional Z Score = -4.5 SD

RK Value = 0.21
Regional Z Score = 1.1 SD

RK Value = 0.32
Regional Z Score = 3.5 SD

RK Value = 0.48
Regional Z Score = 6.2 SD

RK Value = 0.67
Regional Z Score = 9.1 SD

RK Value = 0.80
Regional Z Score = 13.8 SD
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Map 3.27: Local Connectedness. This map estimates the degree of connectedness of a
cell with its surroundings within a 3-km radius, compared to the regional average.
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Section 3: Combined Resilience Factors

We combined the landscape diversity and the local connectedness scores into an
integrated resilience score (Figure 3.28). The integrated score is useful for mapping the
areas where those factors combine to create high resilience, but we also encourage
users to look closely at the individual factors as they reveal interesting and different
information about the landscape. Although this map (Figure 3.28) accurately reflects
the absolute scores it is not the final map for this project because the study area
boundaries are arbitrary. The final map repeats the analysis for each ecological region
and then assembled the ecoregion results into a composite map (Chapters 4 and 5)
To ensure the two factors—landscape diversity and local connectedness— had equal
weight in the integrated score we transformed each metric to standardized normalized
scores (z-scores) so that each had a mean of 0 and a standard deviation of 1 The
normalized score prevents factors with a larger mean or variance from having more
influence.
A standard normal transformation (z-score) is used throughout this project for
combining datasets. The formula for calculating the z-scores is:

The cell score “x” minus the mean score of all cells “µ” divided by the standard
deviation of all cells “σ”
The estimate of resilience for each 30 meter cells was equal to:
Local
connectedness
(z-score)

Landscape
diversity
(z-score)
Estimated
Resilience
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Map 3.28: Unstratified Resilience Score. This map shows the raw cell scores for
estimated resilience (landscape diversity + local connectedness) before we stratified
the score by geophysical setting and ecological region.
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In this chapter, we present results for the seven ecoregion that comprise the Great
Lakes and Tallgrass Prairie region. In each ecoregion, we mapped the various
geophysical settings and identified areas with relatively higher resilience based on their
microclimate diversity and local connectedness. The seven ecoregions vary widely in
their physical structure, dominant vegetation, biodiversity, and degree of human use,
so results from one ecoregion may not be directly comparable to another ecoregion.
For example, a site that scores above-average for resilience in the very flat and
fragmented Central Tillplain, might score only average in the more topographically
diverse and intact Northern Great Lakes. Results for the study area as a whole are
presented in Chapter 5.

Resilience and Vulnerability
As we shift from describing our methods (Chapters 2 and 3) to presenting results, it is
important to remember that our goal was not to predict species responses to a
particular climate change scenario, but rather to identify actual places that should
remain resilient under many different scenarios. These places may have new climates
and different species in the future but they are likely to sustain their biological diversity
and ecological functions.
Coarse scale climate models can provide useful estimates of the directional changes in
average temperature or precipitation. However, because species respond to
landscape-based climatic variation which is relatively uncoupled from regional
averages and often larger in variance, our focus was on mapping these characteristics
(see Chapter 2). Admittedly, we cannot predict the exact biotic responses of most
species nor the interactions between species, but by identifying and conserving site
with characteristics that increase options for species and communities to adapt we can
set the stage for nature to remain resilient.
In this study, resilience to climate change and its converse, vulnerability to climate
change, are relative concepts for which we do not have absolute thresholds. We
defined a resilient site as one with more of the characteristics (microclimatic buffering
and connectedness) that maintain species and functions than the average site in the
ecoregion. We expect that these sites will support an array of specialist and generalist
species, even as the species composition and ecological processes change. In contrast,
a vulnerable site was defined as one where natural connectivity is disrupted and
fragmented, and there are limited options for species to shift to a more suitable
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microsite as the regional climate changes. We suggest that vulnerable sites will likely
show a net loss of biological diversity, higher rates of loss of current species, and will
favor opportunistic “weedy” species adapted to high levels of disturbances and
anthropogenic degradation.
Climate change is expected to greatly exacerbate the degradation of vulnerable sites,
but to the extent that any site retains natural forms of landcover it will likely continue
to perform many natural services, such as buffering storm effects or filtering water.
Thus, vulnerable sites are not without value, but they are places where the impact of
climate change may be felt most severely and it will be increasingly difficult to sustain
the full suite of natural functions and species diversity that could occur on the site type
over time (Figure 4.1).

Figure 4.1: Estimated resilience and vulnerability. This image shows aerial photos for
two sand areas in the North Central Tillplain. The one on the right has greater
landscape diversity and connectedness, and scores higher for resilience. The one on
the left is flat and fragmented, and scores low for resilience.
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Mapping Resilience
The maps in this chapter illustrate the relative resilience of sites in relation to their
geophysical setting, the ecoregion, and the larger study area. The results are intended
to support conservation strategies by identifying each ecoregion’s most resilient areas
using objective and repeatable criteria that could be observed in the field and were not
dependent on knowing the future climate. In earlier chapters, we explained the logic
and evidence for this approach, and here we want to help users understand and
interpret the results.
The legends for all the maps of resilience and its components are on a relative scale
based on a standard normal distribution (z-scores). This transformation converts the
data to a scale where the mean is equal to 0 and each standard deviation is equal to 1.
Thus, a site score of 1 SD means the site is one standard deviation above the average
value of all sites in the ecoregion on the same setting. Based on a normal distribution,
this translates to a score that is roughly 84% higher than other comparable sites. For
example, if the site is on sand in the North Central Tillplain, then a score of 1 SD means
the site has more landscape diversity and local connectedness that 84% of the other
sites on sand in the Central Tillplain, and thus more resilient. All map legends reflect
this scale:
Score
Far below average
Below average
Slightly below average
Average
Slightly above average
Above average
Far above average

Numeric Value
(<-2 SD)
(-1 to -2 SD)
(-0.5 to -1 SD)
(-0.5 to 0.5 SD)
(0.5 to 1 SD)
(1- 2 SD)
(>2 SD)

Meaning
Interpretation
Below 98%
Most Vulnerable
Below 84%
More Vulnerable
Below 69%
Somewhat Vulnerable
Between 31-69% Average
Above 69%
Somewhat Resilient
Above 84%
More Resilient
Above 98%
Most Resilient

Use of this scheme assumed that the scores followed a normal distribution, i.e., that a
plot of the resilience values for each 30-m cell would show a bell-shaped curve
centered on the mean, with roughly two-thirds of all observations falling within one
standard deviation of the mean. To ensure a normal distribution, we examined the
distribution patterns and when necessary transformed the data using log or rank-based
transformations to approximate a normal distribution.
Resilience values in z-scores are always relative to some population or distribution. For
example, to estimate the resilience of sites on sand in the North Central Tillplain, we
selected all the cells mapped as sand, calculated their average resilience score based
on landscape diversity and local connectedness, then converted them to s to identify
the places that were above-average. If the average resilience score for sand in the
Tillplain is very low then the above-average sites might still require substantial
management and stewardship to remain fully resilient. What we can say with
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confidence is: the high scoring sites have the most microclimates and least
fragmentation relative to other sites on sand in the North Central Tillplain.
To create the ecoregion resilience maps (Figure 4.2), we first calculated the resilience
z-scores relative to the whole ecoregion irrespective of geophysical setting. Next, we
repeated the process, this time calculating the resilience scores relative to each
geophysical setting within the ecoregion. We compared the two scores cell-by-cell and
where the geophysical setting score was both greater than 1 SD and greater than the
ecoregion score, we replaced the ecoregion score with the setting score. This had the
effect of boosting the score for settings that had mean scores below the ecoregion
mean score, and corrected for bias caused by inequality of microclimates and
connectedness across settings.
We also added a regional override to highlight cells that were the highest scoring in the
study area (Figure 4.1). For this we calculated the resilience score relative to the entire
study region irrespective of ecoregion or setting. We compared the regional score cellby-cell with both the ecoregion score and the geophysical setting score. Where the
regional score was both greater than 1 SD and greater than the other scores we
replaced the existing score with the regional score. This had the effect of boosting the
score in places where the regional score was higher than the ecoregional or setting
mean. Because the high regional score was clustered strongly in the Northern Great
Lakes shoreline region we expanded the regional query to include cells where the
regional score was greater than 0.5 SD and the landscape diversity score was greater
than 1 SD. This corrected the geographic bias towards the north by bringing in sites
with the highest microclimate diversity in the whole study region if their total resilience
score was also above average.
Figure 4.2: Integration Across Stratification Levels: Superior Mixed Forest. The
resilience scores are relative to the ecoregion with boosts for certain geophysical
settings or the highest scoring sites in the study area to correct for bias.
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Results Overview
For each of the seven ecoregions, we present a series of maps and figures that provide
information on geophysical settings and site resilience scores. The methods underlying
these results are addressed in detail elsewhere in the report (Chapters 2 and 3)
although we provide a short descriptive summary of each map below. Region-wide
results are presented in Chapter 5.
For each ecoregion wholly contained in the study area (Figure 4.3), we present the
results as five maps and three charts:
1)
2)
3)
4)
5)
6)
7)
8)

Map of Geophysical Settings
Map of Landscape Diversity
Map of Local Connectedness
Map of Resilience Scores
Map of Resilient Examples of each Geophysical Setting
Chart of Land Securement and Conversion by Geophysical Setting
Chart of the Relative Abundance of Each Setting
Chart of the Distribution of Resilience Values by Geophysical Setting

All maps show scores relative to settings within ecoregions with a regional override
where appropriate. Raw scores for each geophysical setting are presented in the last
chart. Explanations of each map and chart, and, in some cases, the method of mapping,
are described below.
1) Map of Geophysical Settings
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The geophysical settings maps show the type and distribution of surficial sediments or
bedrock influenced areas in the ecoregion. Details on geophysical setting definitions
and associated species and communities are in Chapter 2.
2) Map of Landscape Diversity
The landscape diversity metric evaluates the number of species-relevant landforms
within a 40-ha (100-acre) moving window, and incorporates a wetland influence metric
that increases the score in flat areas where wetlands are dense and topographically
connected. Flat dry areas score lower and areas with more variation in topography or
higher wetland density score higher.
3) Map of Local Connectedness
Local connectedness measures how intact the structural connections are between
natural ecosystems within a local (3-km) landscape. Areas in green score aboveaverage, indicating that landcover is in a natural state conducive to movement of plant
and animal populations. In contrast, below-average areas in brown are fragmented and
dominated by non-natural land cover. Roads, large water bodies, and other barriers
also contribute to lower local connectedness scores.
4) Map of Resilience Scores
This map shows the estimated resilience score of each cell based on its landscape
diversity and local connectedness scores. Resilience scores are calculated relative to
the whole ecoregion, and boosted for certain geophysical settings where the average
score for the setting is below the average of the ecoregion, or if the cell is among the
highest scoring in the whole study area. Areas in green are above-average and
estimated to be more resilient to climate change. Areas in brown are below-average
and estimated to be more vulnerable to climate change.
5) Map of Resilient Examples of each Geophysical Setting
The map shows only the grid cells that score above-average for estimated resilience.
Each high scoring grid cell is colored with its corresponding geophysical setting to
reveal the most resilient examples of each geophysical setting. These maps are useful
in understanding how resilient areas correspond the underlying geophysical structure,
and for identifying where conservation action could address a particularly physical
habitat. For example, if deep loess is identified as underrepresented in the ecoregion’s
current conservation lands (Chart 6) this map shows where the most resilient areas are
for conservation.
6) Chart of Land Securement and Conversion within each setting type
For each geophysical setting, this figure shows the percent converted to development
or agriculture, and the percent permanently secured for conservation (GAP 1-3). It also
shows the percent of remaining natural land and its relative resilience.
7) Chart of the Relative Abundance of Each Setting
The pie chart shows the relative abundance (in %) of each geophysical setting in the
ecoregion.
8) Chart of the Distribution of Resilience Values by setting type
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The chart shows the average resilience score for each geophysical setting in the
ecoregion calculated from the unstratified regional resilience grid. It reveals the
inherent variation in resilience across the different settings. For example, in the
Northern Tallgrass Prairie, the mean and standard deviation of Clay/Silt is completely
below the mean and standard deviation of Acidic Sedimentary, meaning that in this
ecoregion the most resilient areas for clay and silt have fewer microclimates and are
more fragmented than the least resilient areas for acidic sedimentary bedrock
outcrops. Interpretation is tempered by the information in Chart 6 that both these
settings make up less than 1% of the ecoregion.

Figure 4.3: Ecoregion of the Great Lakes and Tallgrass Prairie region. Forest
ecoregions appear in green. Prairie ecoregions appear in brown, tan, or olive.
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Forest Ecoregions
Great Lakes (GL)
A “young” landscape formed 10,000 years ago following the receding of the glaciers,
and characterized by rocky shorelines, shallow soils, thousands of inland kettle lakes
and stream systems. (ON, MN, MI, WI, OH, IN, and IL).
Prairie Forest Border (PFB)
Includes rolling hills and extensive flatlands of glacial origin in the northern portions of
Minnesota to unglaciated areas in the southeast deeply dissected by old and current
waterways. (MN, WI, IA, and IL).
Superior Mixed Forest (SMF)
This glaciated region shifts from rocky sites with thin soils in the north toward a diverse
set of topographic features and surficial sediment types to the south, giving rise to a
variety of forest and wetland types, as well as sites suitable for agriculture. (MB, ON,
MN, WI, and MI).
Prairie Ecoregions
Central Tallgrass Prairie (CTP)
Flat to gently rolling topography with steep bluffs bordering three major river valleys:
the Mississippi, Missouri, and Illinois. (NE, KS, IA, MO, IL, and IN).
Dakota Mixed-Grass Prairie (DMG)
Wetland-rich “Prairie Pothole” landscape of glacial and periglacial origin ranging from
relatively flat with washboard-like undulations in North Dakota and South Dakota to
gently-rolling hills in Nebraska. (ND, NE, and SD).
North Central Tillplain (NCT)
A region of recent glacial origin 14,000 to 40,000 years old with relatively
homogeneous surficial geology dominated by glacial till and outwash. One section rich
in alluvium and loess (windblown silt from glacial meltwaters) straddles the
Indiana/Illinois border. (MI, OH, IN, and IL).
Northern Tallgrass Prairie (NTP)
The varied geomorphology of this ecoregion dates to the Wisconsinan glaciation and
includes abundant kettle lakes and wetlands. The region spans the flat terrain and thick
soils of the Red River Valley in the North to rolling tillplains in the South, including a
relatively dissected, high plateau known as the Prairie Coteau. (MB, ND, IA, MN, and
SD).

92 | P a g e

4-Ecoregional Results

Great Lakes and Tallgrass Prairie Resilience

Forest Ecoregion

Great Lakes

Photo Credit: Justin Meissen
The lands and waters of the present day Great Lakes ecoregion support very young
systems, having formed as recently as 10,000 years ago. Home to the largest
freshwater ecosystem in the world, the ecoregion includes the five Laurentian Great
Lakes: Lake Superior, Lake Michigan, Lake Huron, Lake Erie and Lake Ontario, which
together hold 20% of the world’s supply of surface freshwater and 95% of the U.S.
supply. As glaciers retreated from the Great Lakes basin, plants and animals from the
west, south, and east followed the ice front and dispersed across the landscape.
The Great Lakes watershed includes all tributary streams and inland lakes that are
hydrologically connected to the five Great Lakes. River systems range from small
streams fed by perennial sources of groundwater to lowland rivers with water levels
that rise and fall in response to storm events. Thousands of inland lakes, called pothole
or kettle lakes, formed when chunks of ice buried during the last glacial recession
eventually melted. During the period of glacial retreat, ancient glacial lakes extended
beyond their present boundaries and the ancient rivers that drained these lakes
created connections to neighboring drainage basins.
The Great Lakes themselves influence climate and hydrology, creating an ecologically
unique environment in which a wealth of species and communities thrive. Among the
many interesting features found in the Great Lakes region are thousands of freshwater
islands (including Manitoulin Island–the world’s largest freshwater island); the largest
freshwater river delta on earth (St. Clair River Delta); the largest collection of sand
dunes of freshwater origin in the world; wild, unfragmented northern forests; and 185
globally rare plants, animals and natural communities.
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Text adopted from TNC ecoregional plan. Read more at:
https://www.conservationgateway.org/ConservationPlanning/SettingPriorities/Ecore
gionalReports/Documents/Summdoc.PDF
We made one modification to the ecoregion for the purposes of analysis. We split the
Great Lakes Ecoregion into a northern and a southern portion (Figure 4.4). The Great
Lakes Ecoregion was not identified as a distinct ecoregion in the original Bailey (1995)
classification. Instead, it was created by TNC from subsections bordering the Great
Lakes and influenced by lake processes. The northern portion of the ecoregion is
underlain by granitic bedrock, is forested and intact, and is allied with ecoregions
further north. The southern portion is comprised of deep surficial sediments, is more
fragmented, and is allied with ecoregions to the south. The various geophysical
settings also differed dramatically in their conservation securement status, reflecting
the utility of the setting for agriculture and development. Splitting the ecoregion into a
northern portion and a southern portion allowed us to avoid comparing otherwise
disparate settings and produce results more consistent with those of the other
ecoregions in the study area.

Figure 4.4: Great Lakes Ecoregion Split for Settings.
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Figure 4.5: Great Lakes Geophysical Settings.
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Figure 4.6: Great Lakes Landscape Diversity.
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Figure 4.7: Great Lakes Local Connectedness.
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Figure 4.8: Great Lakes Estimated Resilience.
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Figure 4.9: Great Lakes Settings Assessed as Most Resilient.
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Figure 4.10: Great Lakes Settings by Converted, Secured, and Resilient Natural
Lands. This ecoregion is 41% converted and 13% secured, a ratio of 3 to 1. The
ecoregion contains 21 million acres of unsecured resilient land in natural cover.
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Great Lakes and Tallgrass Prairie Resilience
Figure 4.11: Northern Great Lakes Settings.

Figure 4.12: Southern Great Lakes Settings.
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Figure 4.13: Northern Great Lakes Settings by Regional Resilience Score.

Figure 4.14: Southern Great Lakes Settings by Regional Resilience Score.
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Forest Ecoregion

Prairie Forest Border
Photo Credit: Joshua Mayer (CC BY-SA 2.0)
The Prairie Forest Border (PFB) is the transition zone, or “meeting place” between the
tallgrass prairies and the northern forests. Nearly two thirds of the ecoregion was
shaped by glaciers which terminated in the ecoregion during the two most recent
glaciations: the Illinoian and Wisconsinan. Glaciated portions are composed of rolling
hills formed by ground and end moraines, drumlin fields, pitted outwash, outwash
plains, and glacial lake plains. Extensive prairies occurred in flat outwash plains that
today are largely converted to agriculture.

The remaining one-third—the “Driftless Area”—escaped the most recent glaciations.
The Driftless Area is marked by steep, wooded, river and stream valleys carved by
glacial runoff, dissecting high bluff tops with poor soils. Algific (“cold producing”) talus
slopes, a rare feature in this landscape, only occur within this area. These
characteristics have generally limited agriculture and development to the valleys and
broad ridge tops with deep loess soils. To the west of the Driftless Area, the PFB is
characterized by ground and end moraines, in some places dissected by waterways
and steep slopes. More than 90% of this western landscape has been converted to
agriculture or other development.
Text adopted from TNC ecoregional plan. Read more at:
https://www.conservationgateway.org/ConservationPlanning/SettingPriorities/Ecore
gionalReports/Documents/PrairieForestBorder_FINALREPORT_wExhibits.pdf
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Figure 4.15: Prairie Forest Border Geophysical Settings.
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Figure 4.16: Prairie Forest Border Landscape Diversity.
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Figure 4.17: Prairie Forest Border Local Connectedness.
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Figure 4.18: Prairie Forest Border Estimated Resilience.
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Figure 4.19: Prairie Forest Border Settings Assessed as Most Resilient.
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Figure 4.20: Prairie Forest Border Settings by Converted, Secured, & Resilient
Natural. This ecoregion is 67% converted and 4% secured, a ratio of 17 to 1. The
ecoregion contains 7 million acres of unsecured resilient land in natural cover.
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Figure 4.21: Prairie Forest Border Settings.

Figure 4.22: Prairie Forest Border Settings by Regional Resilience Score.
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Forest Ecoregion

Superior Mixed Forest

Photo Credit: Christian Dalbeck Photography

Glaciers scoured the Superior Mixed Forest (SMF) ecoregion during the Wisconsinan
glaciation, which ended approximately 10,000 years ago. Outwash plains and channels
formed where glacial meltwater flowed; lacustrine deposits and beach ridges were left
when meltwaters reached natural dams and formed lakes. Tillplains and a variety of
morainal features were created in the advance and retreat of the glaciers. Bedrock
outcrops occur in parts of the ecoregion blanketed by a thin layer of glacial till.
Together, these landforms support five dominant terrestrial ecosystems: mixed boreal
forest, pine-hardwood forest, patterned peatlands, northern hardwood forest, and pine
barrens. Differences in landforms and climate, and disturbance from wind, fire, water,
and insect outbreaks, drive the natural distribution of these ecosystems. Embedded
within these dominant ecosystems are smaller features such as wet meadows, fens,
and rock outcrops.
This ecoregion is also renowned for its lakes, both large and small. Lake of the Woods
and Rainy Lake are among the largest lakes in the ecoregion; northern Wisconsin,
northeastern Minnesota and northwestern Ontario have high concentrations of smaller
lakes. Stream and river ecosystems are relatively small, and often connected to lake
and wetland ecosystems.
Text adopted from TNC ecoregional plan. Read more at:
https://www.conservationgateway.org/ConservationPlanning/SettingPriorities/Ecore
gionalReports/Documents/SMF_Ecoregional_Plan.pdf
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Figure 4.23: Superior Mixed Forest Geophysical Settings.
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Figure 4.24: Superior Mixed Forest Landscape Diversity.
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Figure 4.25: Superior Mixed Forest Local Connectedness.
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Figure 4.26: Superior Mixed Forest Estimated Resilience.
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Figure 4.27: Superior Mixed Forest Settings Assessed as Most Resilient.
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Figure 4.28: Superior Mixed Forest Settings by Converted, Secured, and Resilient
Natural. This ecoregion is 15% converted and 29% secured, the only ecoregion in the
study area with more securement than conversion (ratio = 0.51). This ecoregion
contains 12.6 million acres of unsecured resilient land in natural cover.
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Figure 4.29: Superior Mixed Forest Settings.

Figure 4.30: Superior Mixed Forest Settings by Regional Resilience Score.
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Prairie Ecoregion

Central Tallgrass Prairie
Photo Credit: Justin Meissen (CC BY-SA 2.0)

The Central Tallgrass Prairie (CTP) constitutes the heart of the diverse tallgrass prairie
ecosystem that once blanketed the eastern plains of North America. The CTP is
characterized by flat to gently rolling topography with steep bluffs bordering three
major river valleys: the Mississippi, Missouri and Illinois. Landforms are somewhat
uniform and often occur in repeating patterns.
Named for the extensive tallgrass prairie mosaic that dominated the landscape prior to
Euro-American settlement, the prairie influence suffused virtually every facet of the
landscape. Prairie occurred on a variety of substrates and landforms creating a diverse
matrix of grassland community types. They ranged from wet prairie in deep organic
soils to xeric upland prairie on thin soils in sandy and rocky sites. Prairie occurred on
both acidic leached substrates and on base-rich substrates derived from carbonate
bedrock or calcareous glacial till. Prairie in the western part of the region, such as the
northern Flint Hills, occurs on thin soils over sedimentary rocks. Over millennia, many
of the wetter prairies formed vast accumulations of carbon-rich organic soils, creating
some of the most productive agricultural sites in the world. The very productivity of the
Tallgrass soils proved the undoing of the prairie landscape, as the intensive agriculture
that dominates the region today became established in the last 180 years.
Associated with the prairie were extensive woodlands, ranging from open savannas to
closed canopy woodlands with some localized true forest. Woodland systems were
associated with major riverine systems in topographically dissected areas, and on soils
ranging from acidic to alkaline. Woodlands occurred where the pervasive and frequent
fires that characterized the Midwestern prairie landscape were excluded.
Text adopted from TNC ecoregional plan. Read more at:
https://www.conservationgateway.org/ConservationPlanning/SettingPriorities/Ecore
gionalReports/Documents/CTP%20assessment%20final%2020080806.pdf
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Figure 4.31: Central Tallgrass Prairie Geophysical Settings.
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Figure 4.32: Central Tallgrass Prairie Landscape Diversity.
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Figure 4.33: Central Tallgrass Prairie Local Connectedness.
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Figure 4.34: Central Tallgrass Prairie Estimated Resilience.
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Figure 4.35: Central Tallgrass Prairie Settings Assessed as Most Resilient.
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Figure 4.36: Central Tallgrass Prairie Settings by Converted, Secured, and Resilient
Natural. This ecoregion is 80% converted and 1% secured a ratio of 80 to 1. The
ecoregion contains 10.3 million acres of unsecured resilient land in natural cover.

4 - E c o r e g i o na l R e s u lt s

P a g e | 125

Great Lakes and Tallgrass Prairie Resilience
Figure 4.37: Central Tallgrass Prairie Settings.

Figure 4.38: Central Tallgrass Prairie Settings by Regional Resilience Score.
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Prairie Ecoregion

Dakota Mixed-Grass Prairie
Photo Credit: Laura Hubers USFWS (CC BY-SA 2.0)

The Dakota Mixed-Grass Prairie (DMGP) ecoregion occurs in a transition zone between
tallgrass prairies to the east, aspen parkland to the north, and shortgrass steppe to the
west. The ecoregion contains much of the Prairie Pothole Region, arguably the most
important area for breeding waterfowl in North America. The wetland-rich landscape is
glacial and periglacial in origin, and ranges from relatively flat with washboard-like
undulations in North Dakota and South Dakota to gently rolling hills in Nebraska.
Glacial moraines and potholes cover roughly 10% of the landscape.
Agriculture began to transform the landscape in the 1890s. Prior to its fragmentation
and alteration, the Prairie Pothole Region represented a portion of one of the largest
grassland-wetland ecosystems on earth. High concentrations of seasonal and
temporary potholes persist throughout the northern 80% of the ecoregion. However,
roughly 50% of the original wetlands in North Dakota have been drained for agricultural
purposes, with 35% drained in South Dakota.
Historically, vegetation consisted primarily of Great Plains grasslands and Mixed-grass
prairie dominated by both warm and cool season grasses and sedges. Woodlands were
historically rare, but likely occurred in riparian areas and on east-facing and northfacing bluffs and hillsides. The dense riparian forests of today are likely an artifact of
fire suppression. Today, the native plant communities are highly fragmented. Nearly all
the landscape has been converted to agricultural uses, and remaining native grasslands
are heavily grazed and invaded by exotic plants. The historical fire regime has been
disrupted, and hydrologic patterns have been altered by drainage.
Text adopted from TNC ecoregional plan. Read more at:
https://www.conservationgateway.org/ConservationPlanning/SettingPriorities/Ecore
gionalReports/Documents/DMGP-report-final.pdf
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Figure 4.39: Dakota Mixed-Grass Prairie Geophysical Settings.
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Figure 4.40: Dakota Mixed-Grass Prairie Landscape Diversity.
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Figure 4.41: Dakota Mixed-Grass Prairie Local Connectedness.
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Figure 4.42: Dakota Mixed-Grass Prairie Estimated Resilience.
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Figure 4.43: Dakota Mixed-Grass Prairie Settings Assessed as Most Resilient.
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Figure 4.44: Dakota Mixed-Grass Prairie Settings by Converted, Secured, and
Resilient Natural. This ecoregion is 67% converted and 1.6% secured, a ratio of 34 to
1. This ecoregion contains 5.5 million acres of unsecured resilient land in natural cover.
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Figure 4.45: Dakota Mixed Grass Prairie Settings.

Figure 4.46: Dakota Mixed Grass Prairie Settings by Regional Resilience Score.
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Prairie Ecoregion

North Central Tillplain
Photo Credit: Bruce Faling CC BY-NC-SA 2.0

The North Central Tillplain (NCT) ecoregion is relatively flat with similarity of
landforms and substrates. Originally it was a forested ecoregion with increasing
predominance of prairie and savanna in the western portion. Today it is primarily an
agricultural region, with less than eight percent of its area in natural land cover.
Surficial geology is virtually entirely of glacial origin, being mostly till and outwash from
the Wisconsinan and Illinoian glacial events. An exception is the westernmost
Entrenched Valleys region, which is characterized by deeply dissected valleys in
alluvium with pockets of exposed bedrock. Elevation ranges from a high in central Ohio
of 1,500 ft. in the Miami- Scioto Plain-Tipton Tillplain to a low of 450 ft. where the
Wabash River drains from the ecoregion in the Entrenched Valleys. Most (94%) of the
ecoregion lies between 640 ft. and 1100 ft. in elevation.
The ecological systems have developed on landforms and substrates of glacial origin.
Virtually the entire ecoregion is covered in glacial drift, known generically as till, which
occurs in a variety of forms and substrates reflecting the direction and speed of the
historic glacial movement and outwash waters. Landform patterns have influenced the
natural communities and the natural disturbance that shaped them.
Text adopted from TNC ecoregional plan. Read more at:
https://www.conservationgateway.org/ConservationPlanning/SettingPriorities/Ecore
gionalReports/Documents/NCT0703.pdf
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Figure 4.47: North Central Tillplain Geophysical Settings.
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Figure 4.48: North Central Tillplain Landscape Diversity.
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Figure 4.49: North Central Tillplain Local Connectedness.
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Figure 4.50: North Central Tillplain Estimated Resilience.
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Figure 4.51: North Central Tillplain Settings Assessed as Most Resilient.
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Figure 4.52: North Central Tillplain Settings by Converted, Secured, and Resilient
Natural. This ecoregion is 77% converted and 1.4% secured, a ratio of 77 to 1. The
ecoregion contains 4.6 million acres of unsecured resilient land in natural cover.
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Figure 4.53: Central Tilplain Geophysical Settings.

Figure 4.54: Central Tilplain Settings by Regional Resilience Score.
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Prairie Ecoregion

Northern Tallgrass Prairie
Photo Credit: Richard Hamilton Smith
Stretching from Manitoba south to Iowa, the Northern Tallgrass Prairie (NTP)
ecoregion lies on the northeastern corner of the Great Plains. Historically, the
ecoregion was dominated by tallgrass prairie and emergent wetlands, with riparian
forests, woodlands, oak savannas, and aspen parkland scattered intermittently across
the landscape. Today, the NTP has been converted to agricultural land uses.
Geomorphology is largely a result of Wisconsinan glaciation. The flat terrain of the Red
River Valley had its origin as a large proglacial lacustrine plain called Glacial Lake
Agassiz. Prominent alluvial fans formed where the Pembina and Sheyenne Rivers
entered Lake Agassiz from the west, and the deep, broad valley of the Minnesota River
was a lake outlet. Beach and morainal ridges border the Red River Valley on the east.
while the region to the south is level to rolling tillplain. The Coteau des Prairies (Prairie
Coteau), is a moderately dissected, high plateau with a thinner cover of till and a
prominent feature on the region’s west-central edge. Low dunes, beach ridges and wet
swales form the western edge of the Aspen Parkland creating a barrier that reduced
fire frequency, resulting in dominance by shrubs, aspen, and poplar. Kettle ponds and
wetlands abound.
Elevation ranges from 750-2,000 feet. Till, stratified drift or lacustrine sediments
mantle the region, covering bedrock to a depth of 400 feet in the north and 300 feet in
the south. Soils are principally Mollisols with Entisols in the Aspen Parkland.
Text adopted from TNC ecoregional plan. Read more at
https://www.conservationgateway.org/ConservationPlanning/SettingPriorities/Ecore
gionalReports/Documents/ntp-final-plan.pdf
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Figure 4.55: Northern Tallgrass Prairie Geophysical Settings.
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Figure 4.56: Northern Tallgrass Prairie Landscape Diversity.
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Figure 4.57: Northern Tallgrass Prairie Local Connectedness.
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Figure 4.58: Northern Tallgrass Prairie Estimated Resilience.
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Figure 4.59: Northern Tallgrass Prairie Settings Assessed as Most Resilient.
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Figure 4.60: Northern Tallgrass Prairie Settings by Converted, Secured, and
Resilient Natural. This ecoregion is 85% converted and 2% secured, a ratio of 43 to 1.
This ecoregion contains 4.7 million acres of unsecured resilient land in natural cover.
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Figure 4.61: Northern Tallgrass Prairie Settings.

Figure 4.62: Northern Tallgrass Prairie Settings by Regional Resilience Score.
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CHAPTER

REGIONAL RESULTS

5

In the previous chapters, we described the rationale and methods behind Conserving
Nature’s Stage, including how we defined geophysical settings, and assessed the
components of site resilience. In Chapter 4, we presented the ecoregion-by-ecoregion
results and in this we combine the ecoregion results into a composite final map for the
whole Great Lakes and Tallgrass Prairie region.
In this chapter, we analyze the regional map in three ways: first, we view the results
relative to different scales; second, we examine the extent to which each geophysical
setting is currently conserved within the region’s protected lands; and third, we
compared the results with the portfolio of biodiversity sites resulting from The Nature
Conservancy’s ecoregional planning efforts.

Resilience across Multiple Scales
The final map for the study region was created by rolling up the individual ecoregion
maps into one composite map (Figure 5.1) and replacing the ecoregion score with the
regional score in places were the regional score was higher (Figure 5.2). The latter step
ensured that the highest scoring sites in the study area were not scoring “average”
because the ecoregion mean was so high. We also applied a smoothing algorithm
(described below) to decrease artificially sharp contrasts at the ecoregion boundaries.
The final map is an efficient and compact way to display all the resilience information
in a single map but users should remember that the scores are relative to each
ecoregion. For example, a resilience score of 2 SD (two standard deviations above the
mean) in the relatively fragmented North Central Tillplain, is not equivalent in an
absolute sense to a resilience score of 2 SD in the intact Superior Mixed Forest,
because the mean score of the latter ecoregion is higher. This relative scale was
intentionally used to identify resilient areas across the full spectrum of geophysical
settings within each ecoregion, and by association capture the full spectrum of
biological diversity. If biological diversity were concentrated only in acidic granite soils,
for example, then it would be easy to conserve diversity simply by focusing on this one
geophysical setting which is often among the highest scoring. However, that approach
would miss all the inherent diversity of the tallgrass prairies, the limestone slopes of
the Driftless area, and the rich soils and bluffs of the Loess Hills, to name just a few of
the more remarkable places. The same differences in soils and topography which drive
biological diversity underlie the differences in land use patterns.
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Figure 5.1: Ecoregion results combine to make the regional results.
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Figure 5.2: Final Regional Map. Areas in green score above average and are estimated
to be more resilient relative to ecoregion and geophysical setting. Areas in brown are
below average and are considered vulnerable to climate change.
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To develop effective conservation strategies, it can be informative to examine the
resilience scores across various scales, and the datasets allow for extensive
exploration. We used three queries to create the final regional map (Figure 5.2):
Resilience relative to Setting and Ecoregion (Figure 5.3). This map shows the resilience
scores for each geophysical setting within each ecoregion. This is the composite map
of the ecoregional and setting scores presented in Chapter 4 without any regional
overrides.
Resilience relative to Ecoregion only (Figure 5.4). This map shows the resilience scores
for each ecoregion, displaying the score without the influence of the geophysical
settings. In most ecoregions, the highest scoring areas are bedrock settings, as they
typically have greater topography and less fragmentation than deep soil settings.
Resilience relative to Region only (Figure 5.5) This map shows the highest scoring sites
in the entire study region. We used this query to create the regional override in the
final regional map by selecting all cells greater than 1 SD above the regional mean. The
highest scoring sites in the study area are concentrated along the northern shoreline of
the Great Lakes which is primarily granitic bedrock, and in the Driftless Area which is
underlain by limestone bedrock.
Resilience at Multiple Scales (Figure 5.6). This map shows the highest scoring sites
across all three scales - region, ecoregion, setting – in all combinations. Two
combinations identify sites that are resilient at multiple scales: the dark green areas
that show places with high resilience at every scale, and the purple areas that show
sites that are the highest in the ecoregion and the setting.
It is also useful to look at the individual components of resilience—landscape diversity
and local connectedness—at the scale of the whole region. Like the final regional map,
we created component maps that were composites of the individual ecoregions. The
landscape diversity map (Figure 5.7) shows the areas within each ecoregion that have
the most microclimates relative to the various settings. The local connectedness map
(Figure 5.8) highlights the areas in each ecoregion that are the most intact and
connected by natural cover relative to each setting. Although we gave the two
components equal value in the resilience score, depending on location one or the other
components may have a stronger influence. For example, in the Northern Tallgrass
Prairie ecoregion, scores in the topographically flat northern Canadian section are
influence mostly by high local connectedness, whereas in the more topographically
varied but more fragmented southern end of the ecoregion, scores are influenced more
by landscape diversity (Figure 5.9)
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Figure 5.3: Resilience Relative to Ecoregion and Setting only.

Figure 5.4: Resilience Relative to Ecoregion only.
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Figure 5.5: Resilience Relative to Region only.

Figure 5.6: Resilience at Multiple Scales.
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Figure 5.7: Landscape Diversity by Ecoregion and Setting with Overrides.

Figure 5.8: Local Connectedness by Ecoregion and Setting with Overrides.
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Figure 5.9: Comparision of Score Contribution. Resilience scores of blue grid cells
were more influenced by local connectedness. In contrast, resilience scores for brown
grid cells were more influenced by landscape diversity.
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Methods for Creating the Regional Resilience Map
The regional resilience map is a composite of the ecoregion maps with an override for
the highest scoring areas in the study area. The map was actually created using a set of
stratification grids and applying an ecoregional smoothing algorithm. Details are
described here.
First, we created a grid of the raw (absolute) resilience scores for the entire study area
and stratified it by ecoregion. Stratifying the score means we calculated the mean and
variance for each ecoregion then transformed the values to Z-scores, which are units of
standard deviations relative to the ecoregional mean. For example, a cell with a score
of 2 SD in Northern Tallgrass Prairie means the cell is two standard deviations above
the mean resilience score for the Northern Tallgrass Prairie.
Second, we repeated the process this time stratifying the raw resilience score by
setting within ecoregion, and calculating the mean score for each geophysical setting
within each ecoregion. For example, a cell with a score of 2 SD for sand in the Northern
Tallgrass Prairie means the cell score was two standard deviations above the average
score for all the sand cells in the Northern Tallgrass Prairie ecoregion. We compared
the two scores cell by cell and if the setting score was greater than 1 SD and greater
than the ecoregion score, we replaced the ecoregion score with the setting score. This
had the effect of boosting the score in settings that had mean scores below the
ecoregion mean score, and correcting any bias caused by inequality of microclimates
and connectedness across settings.
Third, we repeated the process one more time, this time stratifying the raw resilience
score by the entire study region. We compared the regional score cell by cell with both
the ecoregion and the setting by ecoregion score and if the regional score was greater
than 1 SD and greater than the other scores we replaced it with the regional score. This
had the effect of boosting the score in places where the regional score was higher than
the ecoregional or setting mean. Because the high regional score was clustered
strongly in the forested Northern Great Lakes shoreline region we expanded the
regional query to include cells where the regional score was greater than 0.5 SD and
the landscape diversity score was at least 1 SD above the mean. This corrected the bias
by bringing in the prairie sites with the highest microclimate diversity in the region if
their resilience score was also above average. Our logic was that with restoration the
local connectedness could be improved but the landscape diversity is inherent in the
physical structure of the land.
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Smoothing the Ecoregion Boundaries
We corrected sharp edge effects that occurred on the final resilience map when
adjacent ecoregions and settings had wide differences between their means. This
discrepancy effected situations where cells on either side of an ecoregional boundary
had roughly equivalent raw resilience scores, but after stratification by ecoregion and
setting, the scores end up quite different. The high contrast in scores was artificial
because ecoregional boundaries are gradual in nature and do not change exactly at the
edge of a 30-m cell. We developed a method to create a gradual transition around the
boundary line which we called an “ecoregion fade.” The ecoregional fade uses a
distance weighted average of the cell values near the ecoregion boundary, so that the
scores of cells near the boundary reflect the relative scales of both ecoregions in
proportion to the distance the cell is from the boundary. For instance, a cell directly on
the boundary gets 50% of its score from each ecoregion but a cell further within one
ecoregion will get a higher proportion from that ecoregion. The script was applied
within a 20-km buffer around the ecoregional boundary. We examined other buffer
distances to verify that the smoothing effect was limited to the buffer area and did not
distort scores for areas farther from the ecoregional boundary. To ensure that the
component maps added up to the final resilience score, we implemented the
ecoregional fade three times, once for landscape diversity, once for local connectivity,
and then for the final resilience map.

Resilience by Geophysical Setting
Differences among geophysical settings in relationship to soil fertility, structural
properties of bedrock, and the hydrologic cycle of groundwater flow have been
recognized for centuries. Most human settlement has occurred in gentle landscapes
with productive soils, and not surprisingly most conservation areas are located on poor
soils with steep slopes (Anderson et al. 2014). As a result, fertile settings like this
region’s calcareous loams are not only less topographically complex, but also more
fragmented by human use. This is reflected in the overall means of the regional
resilience scores (i.e., z-scores calculated for the entire study region, Figure 5.5). For
example, ultramafic and acidic granitic settings, which are associated with rough
topography, remote locations, and thin soils, have the highest mean resilience score. In
contrast and the fertile calcareous loams and clay/silt settings have the lowest mean
resilience in the region (Figure 5.10).
These patterns emphasize the importance of locating resilience areas for all types of
geophysical settings, thus capturing the full spectrum of biodiversity. With this comes
the understanding that maintaining and restoring resilience in some settings will take
more effort and attention than in other settings, even when working at sites with the
highest measured resilience.
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Figure 5.10: Regional Resilience Scores by Geophysical Settings. The average
regional resilience score for each geophysical setting in standard normal units (zscores multiplied by 1000s). For example, the average score for the calcareous bedrock
setting is 0.5 SD (500) higher than the regional mean.

Resilience and Conservation Lands
Patterns in land securement and conversion are useful in understanding which
geophysical settings are well protected and which one are underrepresented in the
current set of conservation areas. We measured this by overlaying the compiled
dataset of conservation lands (Figure 5.11, described in Chapter 3) on the resilience
and geophysical setting layers. Overall, only 8% of the land in this region is
permanently secured against conversion and 60% is converted to development or
agriculture. Land securement is concentrated in the Superior Mixed Forest and Great
Lakes ecoregions with very little securement in the prairie ecoregion (Figure 5.11).
Land securement corresponds directly with soil type as the fertile calcareous loams of
the prairie region are 75% converted only 3% secured from conversion. In contrast, the
thin acidic bedrock soils of the forested regions are only 4% converted and are 24%
secured from conversion (Table 5.1).
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The ratio of conversion to securement—the conservation risk factor—can provide an
idea of the relative vulnerability of a setting to the threat of conversion. We calculated
these ratios and examined how much of the remaining unconverted land was climate
resilient (>0.5 SD) or climate vulnerable (<0.5 SD). Deep loess had the highest risk with
greatest proportion of converted land and the least amount of secured land in the
region (Figure 5.12). Roughly 10% of the remaining deep loess setting scored high for
resilience and could theoretically be secured. Overall, settings with relatively fertile
soils (e.g., deep loess, calcareous loam, calcareous sedimentary) had the highest risk,
while acidic settings (e.g. acidic granitic, acidic loam, mafic/intermediate granitic,
acidic sedimentary) were less converted and more secured. By studying the locations
of resilient unsecured lands (Figure 5.13), conservation practitioners can focus
attention on at-risk settings and begin to address disparities in conservation coverage.
Figure 5.11: Secured Lands. Distribution of conservation lands that are permanently
secured against conversion displayed by GAP status. Dataset described in Chapter 3.
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Table 5.1: Geophysical Settings: Conversion and Securement.
Geophysical Setting

Total Acres

% Acres
Converted

% Acres
Secured

Ratio
% Acres
Converted
Remaining
to Secured

75%
3%
12%
25.0
Calcareous Loam
156,143,322
Sand
77,505,016
47%
15%
29%
3.1
Deep Loess
22,336,914
81%
1%
3%
81.0
77%
4%
19%
19.3
Clay/Silt
20,565,080
Acidic Granitic
14,918,224
4%
24%
24%
0.2
Calcareous Sedimentary
11,315,587
56%
3%
7%
18.7
44%
5%
8%
8.8
Mod. Calcareous Sedimentary
10,453,067
Acidic Loam
8,603,547
18%
33%
41%
0.5
Mafic/Intermediate Granitic
7,516,473
5%
25%
26%
0.2
15%
14%
16%
1.1
Acidic Sedimentary
6,788,149
Ultra Mafic
37,769
2%
4%
4%
0.5
Grand Total
336,183,148
60%
8%
21%
8.0
Figure 5.12: Conservation Risk Index of each Geophysical Setting. This chart shows

the proportion of conversion to securement for each setting, further divided by
the type of conversion and the resilience score of the remaining unsecured land.
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Figure 5.13: Resilient Areas and Secured Lands.
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Resilience and The Nature Conservancy Portfolio
The Nature Conservancy maintains information on critical sites for biodiversity
conservation developed over the last 20 years through ecoregional assessments. The
assessments identify targets relative to rare species and exemplary natural
communities and map a portfolio of sites that if conserved would protect habitat for
multiple representative examples of each target. For the most part, climate change was
not considered in TNC’s ecoregional assessment process, which focused largely on the
size and quality of the target occurrences. Here we compare the spatial
correspondence between the TNC portfolio and the regional resilience map to highlight
place that score high both for resilience and current biodiversity (Figure 5.14). Results
indicate that 53% of the TNC portfolio occurs within resilient land, while 33% occurs in
areas that score average (-0.5-0.5 SD) and 15% on vulnerable (<-0.05 SD). The map
also identifies 75 million acres of resilient land that is currently outside TNC’s portfolio
plus another 19 million in Ontario where there was no TNC portfolio.
Figure 5.14. Resilient Areas and Existing TNC Conservation Portfolio.
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Discussion

This project assessed 336 million acres of land across the Great Lakes and Tallgrass
Prairie region to identify the areas with the highest estimated resilience relative to each
of 7 ecoregions and 11 geophysical settings. Our analysis was based on estimates of
microclimate diversity and local connectedness, two attributes that appear to be
predictive of site resilience and that could be mapped at a regional scale. By balancing
our protection efforts across the full spectrum of geophysical settings and using site
resilience criteria to select places for conservation action, conservationists can make
sound decisions about where to commit the resources needed to sustain diversity
under a changing climate, even as species distributions change and communities
reorganize.
Our emphasis on enduring land characteristics that influence the distribution of the
biota and their sustaining resources implies a long-term perspective. These tools are
thus well-suited for informing choices on where to invest in land protection, or
implement restoration strategies. They can also help inform site-scale adaptation
strategies where variation in a site’s resilience factors suggest higher or lower
vulnerability which can be addressed through specific management tactics and
monitoring plans. Further, the maps and assessments in this report allowed us to see
the sites and landscapes we seek to protect through a new lens, expanding our focus
from the many readily-apparent drivers of current species loss to envisioning how we
can help nature adjust to a rapidly changing world - with a goal of sustaining a dynamic
and diverse natural world capable of adapting to continued climate change.
An advantage of our approach is that it is robust to the uncertainty inherent in
predictions of climate change based on regional scale models. Climate models are
invaluable for understanding the general direction and magnitude of change. However,
the ability of most climate models to forecast fine-scale species responses has been
critiqued because they do not account for biotic interactions, dispersal limits,
topographic influence, or the large variation around each estimate of temperature or
precipitation (Beal et al. 2008, Araujo and Peterson 2012). Instead of selecting places
for conservation based on predicted climate exposure or a future scenario derived from
an ensemble of climate models as in most climate vulnerability studies, we identified
places that would be resilient to many different climate scenarios because of the
temperature and moisture variability inherent in the physical structure of the sites.
Landscape-based climatic variation has been demonstrated to be on par with or larger
than expected regional changes over the next century, and is more relevant to plants
and animals that experience climate at very local scales (Chapter 3).
We place a considerable emphasis on the role of microclimates in sustaining local
biodiversity, the evidence for which is substantial and growing (Chapter 3).
Understanding microclimates, topoclimates, and climatic microrefugia is now a hottopic of research, and some suggest it may revolutionize climate change biology
(Hannah et al. 2014). Species populations use microclimates in multiple ways: to
persist for a limited time under deteriorating climatic conditions (holdouts), to
facilitate range shifts (stepping stones), or to persist through a long period of
unfavorable climates (microrefugia). Conservation strategies built around holdouts and
stepping stones make logical sense under a rapidly changing climate (Hannah et al
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2014), although microrefugia have clearly played a needed role in past climatic events
(Rull 2008, Keppel and Wardell-Johnson 2015). From the perspective of sites, areas
with high microclimate diversity may serve all these functions, but more studies
quantifying the climatic differences among microclimates, and how species exploit
these differences, would greatly improve our ability to predict site resilience.
Current research is also reinforcing the value of connectivity in facilitating adaptation
and has strong historical evidence and widespread agreement among the scientific
community (Chapter 3). Improving the local connectedness of a site is an achievable
strategy in many places, and much more feasible than improving topographic diversity
at a meaningful scale. The final maps and datasets of local connectedness and
landscape diversity may prove useful for conservationists investigating the
independent influence of each of these factors on a site. For example, users of this
analysis can identify places where increasing local connectivity could significantly
improve the current resilience score or areas where the resilience score is more limited
by the inherent low landscape diversity. We suggest users also consider other aspects
of condition such as past or current land uses, and incorporate their own local
information, such as fine scale species studies, habitat quality information, or
assessments of risk and feasibility, when using this analysis to make decisions.
The region studied is expected to become warmer and perhaps wetter, with
temperature expected to increase 3-120 F (Girvetz et al. 2009). It is worth repeating
that this study does not predict what the future will look like in terms of vegetation
structure or species composition. The places identified will likely be important
strongholds for diversity in the future because of their enduring geophysical
characteristics, and they can provide the framework for a network of conservation
lands aimed at sustaining diversity and ecological services. However, sustaining the
natural diversity of this region will require many other actions, and elements of this
work may help inform a variety of current conservation activities. For example, land
managers introducing heat-tolerant tree species could use the resilience and landscape
diversity maps to determine best areas for successful long-term establishment.
With the help of our outstanding steering committee, we tried to make our analysis
was as transparent, consistent, and verifiable as possible. However, we necessarily
approached site resilience as a relative concept because there are no known absolute
thresholds. Within an ecoregion, we could confidently say that one area had more
topo-climatic variation and was more connected than another area, but how
completely those characteristics buffer the site from climate change varies greatly
across ecoregions. Despite the relatively gentle topography across most of the region,
some ecoregions had very high proportions of natural landcover and other ecoregions
had only fragments of natural landcover left (see Chapter 4). For example, a high
scoring site in the extremely converted Northern Tallgrass Prairie ecoregion may be
less resilient and need more management than a site with an equivalent score in the
Superior Mixed Forest. This relativity was necessary because we were as interested in
conserving prairies and potholes as we were in conserving forests and bogs, but these
natural systems occurred in fundamentally different ecological contexts. Thus, the
resilient areas may provide the best physical sites for sustaining biodiversity and
ecological functions, but in some ecoregions, they will still require considerable
management and restoration to sustain the desired properties.
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This report is a revision and integration of three previous studies on identifying resilient
sites for terrestrial conservation, one in the Northeast (Anderson et al. 2012), one in
Southeast (Anderson et al. 2014), and one in the Pacific Northwest (Buttrick et al
2015). This new study combines and (we hope) improves on methods to make a
unified map for the North Central United States and Canada. We received extensive
feedback on previous versions, and most of it came from conservationists thoughtfully
applying the results to places that they knew well. This ground testing was largely
reassuring, but it also revealed important ecological variations that we had missed
(such as with soils and wetlands) or gaps in the datasets (such as missing roads or
misclassified barrens). We have done our best to incorporate all the good suggestions
into this latest study, but certainly there will still be discrepancies. Our intention is to
continue to work with our steering committee members to develop additional outreach
products and examples that facilitate exploration of these rich data products, and we
encourage feedback and suggestions from our peers on how we can continue to
improve approach, and can correct specific problems.
As with previous studies in other geographies we found strong biases in the
conservation lands. There was a high correspondence between sites identified for
climate resilience based on their geophysical characteristics and those selected for the
high quality of their biodiversity features in The Nature Conservancy ecoregional
portfolio (portfolio sites overlapped 52% with above-average, 33% with average, and
15% with below-average areas), however these sites are not all protected. Conversion
to securement rations were strongly skewed towards fertile settings like deep loess (81
to 1) and calcareous loam (25 to 1) and these settings were also among the lowest in
raw resilience score (Figure 5.10). Acidic settings showed almost the opposite patterns
with acidic granitic settings having more securement than conversion (1 to 0.2) and
scoring the highest for raw resilience. Because our method identified relatively resilient
sites for every geophysical setting, this study identifies places for future conservation
that could correct the bias in current secured lands. We encourage conservationist to
explore opportunities to expand protection in these underrepresented settings.
Our method also identified low-scoring, vulnerable sites, places where biodiversity
may be depleted following conversion, fragmentation and disruption of natural
processes. We expect that these sites will increasingly favor opportunistic or generalist
species adapted to high levels of disturbance and anthropogenic degradation.
Although, climate change is expected to exacerbate the degradation of vulnerable
sites, this does not necessarily mean that conservation and proactive management is
not important. Less resilient sites may still perform many natural services, such as
buffering storm effects or filtering water, and may provide connectivity for some taxa.
Through comparing and contrasting scores with locally compiled GIS information (or
with our on-line tool: http://maps.tnc.org/resilientland/), underlying resilience
patterns will become clearer, and will provide new insights into risks, strongholds, and
action areas. We know our own understanding of this remarkable region has been
greatly improved through studying these patterns with our steering committee as we
performed this study.
Given the immediacy of climate change, we hope our approach and these products
provides new and useful guidance for conservation planning.
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