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ABSTRACT OF DISSERTATION
LAND USE INFLUENCES ON ADJACENT ECOLOGICAL SYSTEMS:

IMPLICATIONS FOR CONSERVATION PLANNING

This research inveStigated the spatial relationships between land uses, primarily
urbanization, and adjacent ecological systems. As anthropogenic stressors encroach on
protected areas and aquatic systems, the ecological functioning of those systems is

‘reduced, and this has implications for natural resource management and conservation. I
conducted three separate studies to addrees different research questions relating to iand
use and land cover — ecological system linkages.

I assessed the vulnerability of conservation lands throughout the U.S. to adjacent
anthropogenic threats and identified protected lands that are likely threatened by - human
activities as well as unprotected lands that offer opportunities for future conservation
action. [ also quantiﬁed the amount of residential development encroachment
surrounding protected lands in the U-.S., and I quantified how encroachment has altered
the landscape structure around conservation lands nationally from 1970 through 2000,
and forecast changes for years 2000 through 2030. Results from these two studies showed
that there are a number of protected areas that are vulnerable to neighboring threats anti
that developrnent has both reduced the buffer surrounding and the connectedness between
protected areas. However, results also suggested that there are a number of options for

future conservation action, although continued urbanization will limit these options.
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These studies indicate that eonservation planning rnus't.consider adjacent land
uses. HoWever, the final study presented in tnis dissertation illustrated that eonserVation
scientists and land managers must recognize the limitations of their approach when
modeling the relationships between ecological systems and adjacent land use. [ used a
conceptual model of how land cover at different upslope scales influences nquatic
integrity to show how different modeling approaches can substantially al/ter resulting
inferenee. Results suggest that a modeling approach that incorporates ecological
knowledge may provide more relenant inference for management decisions. A finding
‘applicable to all three studies is that a key conservétion strategy will be to work
cooperatively with adjacent land owners and mangers to successfully manage both

protected areas and aquatic systems.

Alisa A. Wade

Department of Geosciences
Colorado State University
Fort Collins, CO 80523

Summer 2009
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CHAPTER 1. INTRODUCTION TO DISSERTATION

1.1 Introduction

Understanding the spatial relationship between ecological stressors and ecological
processes has emerged as a fundamental challenge for landscape ecologists (Wu & Hobbs
2002). This relationship is critical iﬁ the study of how anthropbgenic land cover
modification affects neighboring natural systems. Anthropogenic stressors, human
activities that impair ecological processeé (Svalafsky'et al. 2008), are likely the most .
important factor affecting ecological systems throughout the world (Vitousek et al. 1997;
Terborgh l999)‘arid arevthe primary driver of speci/es endangerment (Lande 1998;
Wilcéve et al. 1998; Czech et al. 2000). Researchv focusing on the interplay between
human land cover modification and neighboring systems prévides insight into pattern-
process dynamics and assists lana managefs in gauging the potential impact from future
modification of adjacent lands, helping‘ them anticipate and maﬁage for change (Clark et
al. 2001). )

In this dissertation, I consider several land uses, buf focus on the impacts from

urban development'. Urbanization is particularly associated with decreased biodiversity

and species richness (Harris & Silva-Lopez 1992; McKimney 2002; Walsh et al. 2005)

"I use the terms urban development and urbanization interchangeably, referring to increased number of
housing units and associated intensification of infrastructure — including commercial development and
transportation and utility infrastructure — regardless of the density of development. I use the terms urban
density or urban housing density to refer to a specific density of residential development (units/ha).
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and a reduction in ecological flows in both terrestrial and aquatic systems (Cole &
Landres 1996; Weber et al. 2001; Hansen et al. 2002; Allan 2004). My research addresses
human land use and land cover inﬂuénces on two types of neighboring ecological
systems, protected areas and aquatic systems. With urbanization often occurring most
rapidly adjacent to pbrotected aieas (Frentz et al. 2004; McDonald et al. 2008) and river
networks (Theobald et al. 1996), it is particularly important to understand the current
spatial patt‘erns of urbanization and likely relatioﬁs with these neighboring ecological
systems. | |

Prot‘ected areas, lands with formal, permanént protection from conversion of
natural land cover and managed in whole or. in part for conservation purposes (Jennings.
2000), provide Valuable ecosystefn services and habitat (Millenniﬁm Ecosystem
Assessment 2003; UNEP 2003). Because they increasingly represent the last largev,
contiguous, and relatively unmodified land areas, protected lands provide critical
leverage points for future consérvation actions (Margules & Pressey 2000). Protected
areas also serve as optimal subjects for reéearéh into the spatial relationship bétwe"en
landscape modification and ecological impairment because they are relatively natural and
open systems, whereby alterations in flows of biological, chemical, and physical niatter
and energy into the system produces significant effects (Cole & Landres 1996).

I also look at developed land uses in relation to aquatic systems because rivers
séfve as excellent indicators of broader system state, integrating conditions from
throughout the watershed (Hynes 1975; Johnson & Gage 1997). Rivers and streams
provide éritical habitat for maintaining biodiveysity, and they provide immeasurable

ecosystem services for human health and well-being (Meyer et al. 2005). Anthropbgenic



impacts have significantly altered both the structure and function of river systems (Postel
& Richter 2003), and better defining the spatial relationship between land use and these

systems is critical to conservation of aquatic species (Fausch et al. 2002; Wiens 2002).

1.2 Research overview and objectives

The research presented here investigates implications for conservation planning
that arise from the spatial interactions between land use and land cover, primarily
urbanization, and adjacent ecological 'systems. I explore three aspects of this dynamic
relating to three primary research problems. The three studies include: a national
assessmeﬁt of laﬁdscape vulnerability to thre;lts from human activities; a national
summary of the potential impact to ecolégical proéesses on protected lands due to.
adjacent urbanizétion; and a study of how hierarchical spatial scales of land use influence
aquatic integrity. |

Assessing the vulnerability of an ecological system to threats frém human
activities requires consideration of both local and adjacent threats (Newmark 1985; -
Margules & Pressey 2000; Wilson et al. 2007). Threats are the human activities that
degrade conservation targets (Salafsky et al. 2008). Yet most existing techniques focus
solely on vulnerabiIity to in-situ threats. In Chapter Two, I present a method to extend
previous vulnerability assessments, creating an integrative vulnerability score that
considers both local and adjacent threats. By using a novel conceptual model of the
relationship between in-situ threats and contextual threats, I translate the vulnerability
assessment into a spatially explicit evaluation of lands in the contenninpﬁs U.S. that have
the capacity, or offer opportunities, for ecological conservation. The primary objective of

this study is to explicitly map both where existing conservation lands are either



/

effectively buffered from surrounding human threats, or where adjacent land use likely
threatens lands nominally considered protected. Further, I identif};those lands that are not
Curreritly formally protected but that, because they are spatially disjoint from thre;tening
human activities, may offér options for future conservaﬁon action. Chapter Two details a
flexible, scalable tool to assisfland managers in conducting more cbmplete vulnerability
assessments.

As human activities encroach on neighboring ConserVation lands, the ecological
functioning of those lands is reduced (Noss 1983; Hansen & DeFries 2007). In Chaptér
Three, I look at residential housing developﬁent encroachment on landé formaily
proltected for conservation purposes. Using a spatially explicit model of change in
housing density for the years 1970-2030, I quantify the past impacts to existing
conservation lands and forecast the implications for future conservation planning. This |
study’s central dbjectivc is to provide a national summary of how, when, and where
residential development affects. the landscape context around conservation lands, ljkelyv
altering fhe ecological integrity of the lands and limiting their capacity for conservation
of natural resources and processes. This study provides conservatibn planners with a
coarse-scale assessment of c')pvtions for the eventual establishment of a national,
comprehens‘ive}, conservation system, and assists land managers in identifying areas likely
to bécome most threatened in the future.

Simple correlative studies of the spatial relationships between land use and land
cover and neighboring systems fail to provide ecologically relevant insight (NRC 1995;
Noon 2003). Instead, empirical analy.ses of ecological systems shouid be grounded in

conceptual models based on first principles of ecology to better guide cause-effect



interpretation and to lead to statistical inference that is ecologically relevant (Lookingbill
et al. 2007). Several past studies in équatic ecology have sought to understand the spatial
scale (extent) éf upsloi)e land use anci land cover that most strongly influences aquatic
integrity; yet, therstatistical approaches employed have often ignored the known
principles of aquatic spatial hierarchies. In Chapter Four, I apply a simple conceptual
model of how land cover at different scales influences downstream aquatic integrity to
inform‘differen-t statistical approaches, and I trace how altering the focus from
maximizing predictive power to partitioning influence between scales leads to different
results and ecological inference. The objective Qf the study is to illustrate how
incor‘bofating ecological knowledge into the assessment of an ecological system may
both advance our ecological understanding while also improving ‘conservation
“management. The chapter suggests a general approach that may provide bettéf guidahce
for today’s management applications as well as for deveioping tomorrow’s research
questions. o
All thre¢ research studies relied on Geographic Information Systems (GIS) to -
elucidate the spatial relationships between land use and land cover and neighboring
ecosystems (Appehdix A). In two of the studies (Chapters Two and Three), I use GIS to
calculéte travel time from an urban area (as opposed to a standard Euclidean distance) to
provide a distancAe measure more felevant to assessing potential threats from human
activities. In Chapter Four, I use GIS to calculate three scales of upstream accumulation
from aquatic integrity sampling points. in all studies, GIS was used as the primary tool

- for organizing, extracting, and analyzing spatial data.



13 Backgroundi

This dissertation builds on a wide range of research areas in conservation
planning, landscape ecology, vulnerability assessment, aquatic ecology, and ecological
modeling. This section provides pertiheﬁt background information ahci reviews selected

t

literature related to these topics.

1.3.1 Urban land use influences on adjacent ecological systems

A primary driver of land use and land cover change in fhe U.S. is the conversion
of natural lands for residential houéing development. In the Unitéd States, the increase in
/ land area affected by residential developme’nt outpaced the population gréwth rate by 25
percent between 1980 and 2000, and it is estimated that in many regions of the U.S., this
pace of development will coﬁtinue or increase (Theobaid 2005). The increasing ratio of
land area consumed to population is partially explained by the recent explosion in
residential development in exurban areas — areas of relatively low-density development
outside of existing urban boundaries (Theobald et al. 2000).

Drawn to the “natural aménities” of scenery and nearby outdoor recreation, this
~ low-density residential growth is often occurring in once distant landscapes, often near
open lands and water features (Howé etal. 1997; Rasker & Hansen 2000). McGranahan
(1999) found that rﬁrai population growth between 1970 and 1996 closely corresponded
with a natural amenities index that included factors such as proximity to water, scenery,
and recreational availability. While many previous studies have focused exclusively on |
impacts only from development in major urban area's,.inclusion of exurban densities is

critical as they cover five times the land area of urban areas (Theobald 2001) and are



particularly threatening to natural processes in relatively unaltered landscapes (Hansén et
ai. 2002).

Residential dévelopment and its associated infrastructure have been linked to
alterations across a spectrum of ecological processes. Houses and roads fragment aquatic
and riparian habitats, inhibiting épecies movement, isolating animals, and reducing thé |
1ikélihood of recolonization of extirpated habitat areas (Theobald et al. 1996; Thedbald |
200>0; McKinney 2002; Hansen et al. 2005). Urbanization is ranked as one of the
foremost causés of species endangerment in the United Sfates (Czech & Kfausman 1997).
Division of tfle landscape from roads and fences inhibits species movement, isolates
animals, and reduces the likelihood of recolonization of extirpated habitat patches'
(Theobald et al. 1996; Trombulak & Frissell 2000). Residenti’al development is further
associated with increased introduction of non-native species of both plants and animals.
Of particular concern is the introduc;tioh of ‘sﬁbsidized predators’, such as cats and dogs, -
that may reduce native wildlife populations far‘,below the numbers that would be réquired
| to maintain native predator sbecies (Soule et al. 1988). Housing in the wildlénd urban
intérface additionally alters disturbance processes, in part by encouraging fire

suppression policies (Hobbs & Theobald 2001).

1.3.1.1 Urban land use influences on protected areas

Origihally established'in areas of low population density, protected areas are
becoming islands in a sea of develoﬁment, leading the National Park Service (NPS) to
identify urban encroachment as a primary threat to park resources (GAO 1994). I,"fofected
areas serve as focal areas for habitat conservation and restoration efforts (Lathrop & |

Bognar 1998). Yet, many protected areas are threatened by shifts in the structure,



complexity, and fragmentation of their natural systems resulting from anthropogenic
modifications of the landscape (Noss 1987). |
| Globally, human population growth near protected areas is expected to ‘
signiﬁcantlybdegrade biodiversity by 2030 (McDonald et al. 2008). Hansen and Defries
(2007) provide a review of the influences surrounding land uses have on prdtected areas,
including reduction in the area for dynamic ecologicél processes, changes in the flows of
information, genes, and biota in and out of protected areas, habitat loss and fragmentation,
and increased edge effects from greater eprsure to human activities. Ofbvarious land use
types, urban land use is the most likely to affect all of these ecological processes (Hansenv
& DeFries 2007). These impacts to protected areas will be pérticularly detrimental under
climate change, when species will require greater habitat area and connectivity (Hannah
et al. 2007). Further, urban’encroachﬁlent on protected areas may have a significantly
negative impact on the availability of ecosystem services from protected areas, such as

the production of foods and fibers (DeFries et al. 2007).

1.3.1.2 Residential development influences on aquatic systems

Allan (2004) provides a review of the inﬂuence of land use, including urban, on
rivers, and both Booth and Reinelt (1993) and Walsh et al. (2005) review chafactéristics
of the “urban stream syndrome” (as termed by Meyer et al. 2005). The associated
increase in ifnpervious surfaces from roads, parking lots, and rdoftops is one of the Best
studied impacts from urbanization (see Schueler 1994, Brabeg e:t al. 2002 for revie;ws),
and stormwater runoff arising from imperviousness is likely the predominant driver of
urban impacts to streams (Walsh et al. 2005). There may be a threshold at approximately

10% impervious cover where increased runoff and resulting modified peak discharge and



flood frequency strongly affect channel morphology, biota, vegetative sﬁccession,,and
water chemistry (Booth & Reinelt 1993; May et al. 1997). .

~ Increased chemical pollutant loads are widespread in urban streams (Walsh et al.
2005), and increased concentrations of chemicals can be observedv at relatively low levels
of watershed ufbanization (Hatt et al. 2004). Urban systems are desighed to efficiently
move stormwater out of developed areas, éhanging sediment supply and flow regime and
resulting in morphological changes which in turn reduces channel cdrﬁplexity and thus
stream and riparian habitat (Walsh et al. 2005). These chemical and morphologicall
changes result in dominance by more tolerant aquatic species (Meyer et al. 2005). The
growth of human populations further affects aquatic systems through increased demands
for water, resulting in a greater number of channelizations, impoundments and‘ lower
water tables from aquifer pumping (Pringle 2000).

Roads and trails are associated with the spread of exotic species, increased
sediment loadin}g, énd alterations in chemical composition of water resources, espeg:ially
resulting from deicing salts and heavy metals, in addition to their contribution to flow
regime alteration from imperviousness (F(;rman & Aiexandér 1998; Trombulak &

‘, Frissell 2000). Road dust may affect vegetation and nutrient cycling (Forman &
Alexander 1998). Increased accessibility to open lands from roads and trails is associated
with bank erosion, species disturbance, and fecal Contaxnination of aquatié systems (Cole
& Landres 1996; Forman & Alexander 1998). Greater numbers of housing units and
roads are also directly related to increased air erﬁissions from cérs and home heatihg and
cooling systems, and anthropogenic pollutants have been found in othérwise ‘pristine’

wildlands and water bodies, likely resulting from atmospheric trénsport and proximity to



developed areas (Heit et al. 1984). Nitrogen saturation may be occurring in wildlands via

atmospheric pathways as well (Baron et al. 1985).

1.3.2 Measuring level of urbanization

The level of urbanization in an area can be measured in several ways. The U.S.
Geological Survey created the Land Use and Land Cover ciata set, manually inteipfeting
nine primary land-use categories from aerial photography. More recent techniques have
been developed to automate urban 1and-coyer detection from satellite iniagery,’although
land use continues to be used as a general term. Theobald (2001) provides a listing of
, soine of these techniques. The more recent National Land Cover Database (NLCD)
(Vogelmaiin et al. 2001), obtained from classifying of 30-meter resolution Landsat
satellite imagery from early- to mid-1990 into twenty-one land covers (Theobald 2001),
is currently the mest widely available and used means fof identifyiilg anthropogenic land
cover. The U-Index (human use index) (O'Neill et al. 1988) is also commonly used,
cétegorized by landscapes that have urban or agricul‘uiral land cover types. Data from the
U.S. Census Bureau provide another source for urbanization data, often being used to
mea’sure population density at the county level, or more commonly, by metrop-olitanv
statistical areas (MSA) or urban areas (USCB 2000b).

| Both of these methods tend to misestimate actual urbanization. Using urban land
cover classifications tends to neglect large areas of low-density development not picked
up in the imegery classification, while the use of MSAs may overbound metropoliitan
development while not including smaller developments outside the primary metropolitan
areas (Theobald 2001). Theobald (2001) recommends the use of more fine-grained

Census data, calculating housing density by census block groups. In the 2000 Census,

10



each census block contained approximatelvyv 250-550 housing units, with more thafl‘
250,000 block groups covering the (USCB 2000a). While population density data are
used in some studies, housing density is a more robust indicator of land cover chahge
" from rééidential development as population éounts are based. on the primary plaé¢ of
residence and do not account for vacation and seéond homes (Theobald 2001).

Many studies also rely on road densities dr “roaded area” (e.g., Stoms 2000), or
percent impérvious surfaces (see Brabec et al. 2002 for a review) to reflect human
modification of the landscape. However, many of these measureé of urbanization are
collinear (King et al. 2005) so it is best to limit fhe number of urbanization measures used.
There is some evidence that percent impervious surface is a more accurate measure
across a wider range of urbanization (Center for Watershed Protection 1997), but it the
data is much more difﬁcult to obtain and remote imagery classiﬁcatién eITors can affect
results. There are several indices that attempt to reflect the level of human-domination in
a landscape as a single dimension as well (e.g., Aplet et al. 2000; Sanderson et él. 2002;

Woolmer et al. 2008), and these may be of use for coarse-scale studies.

1.3.3 Assessing vulnerability of and impacts to ecological integrity

Evaluating the influences éf surrounding land cover on the ecological integrity of
neighboring natural systems can be done from a perspective of as'séssed vulnerability or
measured impacts. Ecological integrity is defined as the characteristics that allow a
natural system fo remain stable in its capacity to self-repair and to maintain a balaﬁced,
adaptive community of organisms comparable to the region’s natural biota (Karr et al.
1986). In many instances, direct impacts to integrity are difﬁcult to measure, or it is notr

even known how to measure the dimensions of integrity (Karr 1987). Further,
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conservation planners often consider future scenarios of land cover change, and assessing.
vulnerability to forecast changes is often more tractable than modeling future impacts.
Lastly, one of the most critical elements of conservation planning is to mitigate local and
contextual aétivities that may threaten the conservation values and goals for a paﬁicular
landscape (Sarkar et al. 2006). |
Vulnerability is 6ften defined as the likelihood of negative impacts to ecological
systems caused by threatening processes (Pressey et al. 1996). Vu_lnérability assessments
tend to measure one of three possible dimensions of vulnerability, imminence, intensity,
and the impact of the threétening process or activity (Wilson et al. 2005), although most
studies focus on imminence of the threat, because intensity and impact are more difficult
- to assess spatially (Wilson et al. 2005). Wilson et al. (2005) provide a review of
| vulnerability assessment methods, which generally consist of methods based on land use,
environmental variables, threatened species, or expert opinion.

It is important to considef vulnerability throughout the planning process
(Margules & Pressey 20005, but is particularly critical whenbde‘signing conservation area
networks and prioritizing conservation action (Wilson et al. 2005). Unfortunately, most
conservation assessments methods for protected afeas undervalue thfeats from external
sources, despite a rising awareness of the need to consider external threats (Gaston et al.
2002; Reyers 2004). However, there has been a recent emphasis on how to better
incorporate surrounding land ﬁse into conservatioﬁ planning frameworks (Theobald et al.
2000; Cowling & Pressey 2003; Pierce.et'al. 2005; Pejchar et al. 2007), including by the
IUCN (Internaﬁonal Union for Conservation of Nature), where controversy has arisen

‘over whether to expand IUCN categories to better incorporate working landscapes near
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protected areas (Locke & Dearden 2005). One difficulty in including the multitude of
external threats is in developing a method to combine information on different
threatening processes (Sarkar et al. 2006). A second difﬁcglty is the general inability to
link threats to causal impacts, although this may only be viable in finer-scale studies
(Gaston et al. 2002). “

In studies that do not consider future scenarios or that are limited to a relatively
narrowly defined ecological system, quantifiable metrics that serve as préxy indicators
forvecological integrity can be used. Because aquatic systems tend to be relatively'

| confined, proxy indicatqrs have often been used in past research of land cover influences
on aquatic integ.rit.y. While there is no consensus on the ideal indicator or suite of
indicator/s for assessing aquatic ecology; relative consénsus exists on an indicator’s
desired characteristics. Indicators should be easy to measure, have a fairly low err_ér of
measurement and stability bver the measurement period, show a clear relationship with
the processes of interest, reiy on data that is not difficult to obtain, and provide mappable
trends (Reuter 1998; Boulton 1999; Aspinall & Pearson 2000).

Older studies analyzing land cover impacts on aquatic resources have focused on
chemical water parameters as indicators. Urbarﬁzation has been linked to nutrient loading
of streams, particularly nitrogen and phosphorous (Osborne & Wiley 1988; Hunsaker &
Levine 1995; May et al. 1997; Herlihy et al. 1998). Habitat indicators havé also often
been applied in studies of land cover influence on both aquatic and terrestrial systems,
and the earliest studies considered physical characteristics, including catchment area and

stream order for aquatic systems (Kuehne 1962; Hynes 1975).
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Despite the difficulty of obtaining biotic parameters, many researchers believe
that they better integrate all the processes that may affect aquaiic systems across an entire
watershed (Adams 2002). Karr (1999) stated that, as physical, chemical, evolutionary,

~and ecological processes have shaped local and regional biota, biotic indicators are the
most integrative approach that éccount for watershed-scale effects. Because the i)iota is
rocognized as the usual endpoint for assessment of river degradation, there has been an
increase in the use of biological measures (N orris & Thoms 1999).

Biotic indicators often rely on multimetric indioes. By incorporating several
measores that are responsive to a broad array of humaii actions, multimetric indices are
belie\ied to better reflect the intricate and composite interactions within an ecosystem
(Karr 1993; Boulton 19,99)‘ The Index of Biotic Integrity (IBI) (Karr 1981) is a
multiinetric index that has become widespread in watershed assessments and studies. The
IBI combines specios richness, composition, trophic structure, and abundance into a
single index. Originally devoloped to measure aspecfs of fish assembloges, the IVBI has
been more recently modified to consider benthic macroinvertebrate populations (BIBI),
and macroinvertebrates are now osed as one of the primary indicators of river health
(Wallace et al. 1996). These multimetric indices are considered “rapid assessment”
techniques, allowing for redilction in costs and a summary of results into a single score
that can be understood across watershéd comparisons and among non-specialists (Norris
& Thoms 1999). |
| Land cover in the catchment has been shown to affect these indexes of biotic
status (e.g., Wente 2000; Snyder et al. 2003; St}rayer et al. 2003). Numerous other studies

have found similar relationships between urbanization and biotic indicators (e.g., Lenat &
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Crawford 1994; Griffith et al. 2002; Davis et al. 2003; Gray 2004). Research has shown
that less field-intensive and simpler biotic measures, such as the Ephermoptera + >,
Plecoptera + Tricoptera Index (EPTI, consisting of species considered highly sensitive to
poor water (juality), are equally effective in tracking changes in biotic health as éompared
to the more field-data intensive BIBI (Wallace et al. 1996). However, even the EPTI
requires on-the-ground data collection; therefore availability of EPTI data is also limited. |

Measures of habitat pattem and structure have become particularly popular as GIS
and remote sensing techﬁologies improve. These landscape ecological métrics attempt to
quantify amount and arrangement of land cover in order to reflect land pattern change
(Meyer & Turner 1994). It ié unclear, however, whether landscape ecological metrics
should be used as dependent or independent variables. Goodwin (2003) provigies a review
éf studies using measuryes of landscape conneétivity,as dependent versus independent
variables. He found that approximately 75 percent of the papers used a landscape
connectivity measure as an independent variable to explain another ecological process.
While indicative of trends, the use of landscape metrics as iﬁdependent variables may faillv
to explain the underlying ecological mechanisms (Aspinall & Pearson 2000; Goodwin
2003). However, linking landscape metrics to biotic endpoints within an ecologicalrly
accepted conceptlial model may avoid this problem td some degree (Noon 2003; Novotny
et al. 2005).

Riparian structure is one example of a habitat characteristic that can be relatively
easily calculated across broad areas using landscape structure metrics. Innis et al. (2000)
summarize several potential ripariaﬁ and ﬂoodplain indices obtained from remoteiy :

sensed imagery and other methods. Riparian cover is important for providing refugia
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(Novotny ‘et akl. 2005), and Bunn et al. (1999) foimd that riparian connectivity and cover
in Australian wateisheds was a strong predictor of two stream ecological processes,
benthic gross primary production anci food web dynamics. Further, riparian cover
inﬂuenceé water chemistry, controls stream temperaiture, and provides organic mattef
input (Pusey & Arthingtdn 2003), and thus, the riparian structure can have a significant
impact on biotic integrity (Rogers et al. 2002; Davis et al. 2003). Urbanizaiion has been
shown to reduce and fragment riparian vegetative cover (Sovern & Washington 1997,
6avis et al. 2003), and urbanization and reduced riparian conditions often covary ‘(Morley

& Karr 2002; Walsh et al. 2005).
1.3.4 Ecological modeling concepts

’1 .3.4.1 Spatial propaga(ion/of influences in ecology

The analysis of how urbanization or land use influences neighboring systems
implicitly assumes the physical transport of matter and processes across space. This is
theoretically grounded in the discipline of ecosystem ecoldgy, where systems are seen as
open to flows of bbth energy and matter (Odum 1953), and ihe awareness that ecosystem
dynamics are inﬂuénced by factors external to a system is now a predominant cpn’cept in
epology (Polis et al. 1997). While ecosystem ecology and biogeochemistry have tended to
focus on vertical fluxes, recent attention has been given to ieiteral interactions in systeins
wi_th ecological influences propagating via spatially mediated pathways (Reiners &
Driese 2004). Polis et ai. (1997) provide a useful review of studies and concepts of spatial
transfer of biotic and abiotic factors in their paper on landscape influences on trophic
dynarriics, and Burke (2000) discusses approaches to ‘assessing landscape influences on

biogeochemistry.
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Influence pathways can be .modeled to represent the distaﬁce that matter and
_processes travel. Employing Euclidian straight-line distance assumes that space alone is
- the primary agent in impact modulation. However, failing to account for transport -
complexities, the over-simplicity of this approach may lead toj épurious results (Wiley et
al. 1997). The discipline of landscape ecology has probably applied fhe most advanced
spatial treatments of flows and connectivity, reflecting an intrinsic cbncern with
movemént across landscapes (Reiners & Driese 2004). While studies of landscape
ecologyioften focus on biotic movemént, the role bf intervening landscape he£erogeneity
in spatial transport is a concept with broéder application. When distances are treated
explicitly in landsc‘ape ecology,thfcy are most often represented as percolation or
diffusion processes across a heterogeneous habitat matrix. A common landscape ecology
approach is the representation of effective connectivity (also called “functional distance™),
which acknowledges that ecological processes respond to the physical componenté of the -
landscape (Berry 1993; Bennett 1999). For example, the distance between urbanization
and a target indicator may be effectively shortened by sfeep channel slopes, erodable Soils,
and direct stream connecﬁvity, while riparian zones and intervening vegetation sérve as
natural filters, thereby dampenihg propagation and increasing the effecﬁve distanée
(Naiman & Decamps 1990; Johnson & Gage 1997; Snyder et al. 2003). Theobald (2006)
reviews methods for assessing effective diétance and lists numerous recent examples of
the application of effective distance in ecological studies. A frequently employed
methodology draws on least-cost path analysis, which assigns a‘cost value to every cell in
the landscape based on hypothesized levels of impedanée arising from the underlyiné

landscape structure, and then calculates the spatial path that accumulates the lowest cost
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of travel, by traversing cells with the lowest assigned travel cost, when mov.ing between

two points (Theobald 2006).

1.3.4.2 Conceptual models incorporating ecological knowledge

Assessing the relationship between anthropogenic threats and measures of
ecological condition is best conducted conceptual mechanistic model of the studied
system in oirder to provide insight into‘ cause-effect ielationships (Barber 1994; NRC
1995; Noon etal. 1999; Busch & Trexler 2003). Yet, many prévious studies fail to apply
a priori, conceptual models, hindering our understanding of ecological processes ' |
(Schindler 1995; Johnson & Gage 1997, Pickett 2000; Noon 2003; Benda etal. 2004).
Conceptual models provide a structured expression of the a priori hypotheses about
system function, allowing formal testing about how cornponents and processes are related
even when knowledge of the system is sparse (Manley et al. 2004). These a‘priori.
hypotheses are necessary in order to use correlative study findings for targeted decision
making and successful monitoring and nlanning (Lehman 1986; Noon 2003). Further,
éoncep‘iueil models built from foundations of epological theory provide a tractable means
of investigating concepts that cannot be approached experimentally (Jackson et al.i 2000; .
Noon 2003). These models are well seated in thé emergent field of biocompilexity,
focusing not ‘on decomposing a complex problem within controlled experiments, but on
the creation of new, interdisciplinary, integrative frameworks for assessment of complex
questions (Michener et al. 2001).

Lorenz et al. (1997) provide a useful list of conceptual frnmeworks in aquatic
ecology and suggests potential indicators that are linked to each concept. An example is

the River Continuum Concept (RCC) (Vannote et al. 1980), which posits a linear system
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of changes to biotic communities from headwaters to confluence. While one of the most
important and ubiquitous conceptua1 models for river ecologists, the RCC fails to

consider the broader landscape’s influence on aquatic systems (Fausch et al. 2002). More
recent fralrneworks focus on the hierarchical nature of aquatic sy‘stem processes and

heterogeneity (e.g., Benda et al. 2004).

1.3.4.3 Hierarchies in ecological systems

One concept of hierarchy in ecological systems is that of cascading processes,
with géneral, covarse-scale processes filtering down to affect specific, local biota and
processes.vNumerous researchers have explored the hierarchical spatial nature of aquatic
systems from large basins to microhabitats (‘e.g., Frissell et al. 1986; Poff 1997;
Montgomery 1999; Fausch et al. _2002).7Frissell et al. (1986) posited one of the classic
hierarchical views of aquatic systems, with microhabitat nested withinvreaches nested
within segments, which are in turn nested in the catchment. Environmental ﬁltefs
determine the biota and processes found at each scale. Frissell et al.’s (1986) model
focuses on the riverine system, yet it has been long recognized that streams are strongly
influenced by the charactéristics of the surrounding watershed (Hynes 1975). In response,
Poff (1997) expanded the idea of filter scales to include the interactions between both the
terrestrial and aquatic systems. Watershed scale filters such as terrestrial geology affect
general species aﬁd assemblage traits, while ﬁner-sca;le local filters define unique |
- individual species trajts such as body morphology. This concept has been supported
quantitativeiy, with Richards et al. (1996) finding surficial geology serving as important
an influence on macroinvertebrate habitat and assemblages as land-use patterns at finer

scales, and at coarser scales, geology-structure variables had an even greater influence.
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Other ecologists agrée that factors operating at coarser-scales may be important in
controlling local-scale effects and must be accounted for to avoid spurious results,
especially when considering processes across an entire watershed (Norris & Thoms 1999).
Novotny et al. (2005) emphasize the need for an a priori outline of the hierarchical
linkages between initial anfhropogenic stressors that ultimately impéct biotic assessment
endpoints. The initial stresses are >t‘ransn’1itted spatially across the landscape, following
various pathways where they are transformed into proximal stressors to the biota> :
(Novotny et al. 2005). Burcher et al. (2007) present a specific, tested version of this
conceptual model, identifying a ldhd-cover cascade that illustrates how abiotic
mechanisms mediate upstream land-cover disturbance.

The second, obviously related, type of hierarchy is hierarchy of spatial scale.
Foundational to the fields of ecology and landscape ecology, spatial hierarchies are
perhaps the single most important concept in ecology (Leyin 1992). Hierarchically schled
process models illustrate the cbncept that processes show heterogeneity and exert varying
influence on a range of spatial and organizational scales'(Allen & S}tairr 1982; Wiens
1989; Levin 1992). In aquatic systems, for example, the moderately fine scale of the -
riparian buffer is thought to play an important role disproportionate to its total land area,

- and therefore the‘riparian buffer’s regulation of aquatic systems has beeh studied
intensively (e.g., Osborne & Khvacic 1993; Vought et él. 1995). Many studies have
sought to understand which spatial scale, as represented by extent of accumulated
upstream and upslope flow, is more important to aquatic resohrce condition, comparing
how land.use in the fiparian zone versus the entire catchment inﬂliences ihdicators of

aquatic condition. Results are ambiguous as some studies have found that the finer
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riparian buffer scale had the greatest impact (e.g., Dillaha et al. 1989; Carpenter ef al.
1998; Lammert & Allan 1999), while others demonstrate that the entire.catchment ha’d‘
greater inﬂuence (é.g., Osborne & Wiley 1988; Roth et al. 1996; Allan'et al. 1997;
Snyder et al. 2003). Allan (2004) provides a mbre extensive review of thése studies.
- However, most previous studies consider each scale separately, comparing

- predictive power for each individual scale. Fausch et al. (2002) cbntend that this failure is
‘one of the greatest hindrances to furthered understanding of stream biology, proposing
instead a continuous view of “riverscapes” that includes the full terrestrial and aquatic
heterogeneity of the watershed across a spectrum of spatial scales. Based in landscape
ecology’s recognition that how pattern affects process is scale dependent, Fausch et al.
(2002) call for a model framework that accounts for both the varying importance of
processes across scales as well as the inté;action amongst scales. Model designs that
explicitly incorporate thermulti-scl:ale hierarchies of aquatic systems can overcome the
limits on analysis imposed by a single spatial scale (Fausé}; et al. 2002). A nested .
Hierarchy of analysis permits scale to be explicitly assessed and modeled, allowing
effects from‘ general conétraints to be measured at larger spatial extents and signals from
mechanistic processes‘ to be identified at smaller extents (Allen & Stafr '1982).

Spatial scale reiates directly to indicator selection, as different indicaté)rs of
ecological integrity will_ respond differently to laﬁd use changes in the catchment,
depending on the spatiél extent at which they arerymeasured (Johnson etal. 1997, Strayer
et al. 2003). Therefofe, considering indicator response ac;;ross a range of scales increases
anélysis accﬁracy (Boulton 1999; Norris & Thoms 1999). Additionally, a gr'evater‘ ‘r‘ange of

spatial extents furthers understanding of thresholds at which specific indicators no longer
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respond to the signal of land use change. Allan (2004) identifies non-linearities in aquatic .
system response to urbanization as one of the primary challenges for future research.
Finally, because humans disturb landscapes at multiple scales, optimally indicators

measuring this disturbance should also be assessed at multiple scales (Wiens et al. 2002).
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CHAPTER 2. VULNERABILITY OF U.S. PROTECTED AREAS TO LOCAL

AND ADJACENT THREATS?

Abstract

Protected areas are vulnerable to threats from human activities, and these threats
limit conservation options. Ensuring effective conservation and leveraging future |
conservation actions requires asseséing a location’s vulnerability to threats. Previous
protected area‘assessments have focused on vulnerability to in-situ threats despite a léng-
standing consensus on the importance of adjacent, contextual threats. We present a
method td extend previous approaches b;/ ihtegrating both iﬁ-situ and contextual threafs
into vﬁlnerability assessments. We assesé the spatial battefns of human activities that may
threaten biodivefsity and natural process and quantify an integrated vulnerability score.
Using a novel,>yet simple, conceptual model of the réiatidnship between in-situ threats,
coﬁtextual threats, and the potential conservation valu e of an area, we translate our
'vulnérability assessment into arspa'tially explicit evaluation of lands in the conterminous
U.S. that have the capacity, or offer opportunities, for ecological conservation. We find
the least vulﬁerable areas tend to overlay existing protected areas, but we map numerous
locations where existing protected areaé are vulnerable or where currently unprotected

lands provide opportunities for future conservation. We identify regional patterns where

? This chapter is a manuscript, co-authored with David M. Theobald and Melinda J. Laituri, in review at
Landscape and Urban Planning. .
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western core conservation areas are larger and better buffered from surrounding threats,
but that conservation planning in the South and Northeast must rely on creating networks

of stepping-stone conservation islands.

2.1 Introduction

—

Protected areas, ‘lands with formal, permaneht protection from conversion of
natural land cover and managed in whole or in paﬁ for conservation purposes (Jennings
2000), provide valuable ecosystem services and habitat (UNEP Millennium Ecosystem
Assessment 2003;2003) and serve as critical leverage points for future qonseryatibn
actions (Margules & Pressey 2000). However, protected areas are vulnerable to threats
from human activities, and these threaté limit future conservation options (USGAO 1994;
Cole & Landres‘ 1996; McDonald et al. 2008). Here, we define threats as human activities
that have caused or may cause the destruction or impairment of the ecologicai’ resdurces
or processes a conservation pr’ojectr is trying to conserve (after Salafsky et al. 2008).
Recently, a consortium of non-governmental oréanizations, the International Unioﬁ for
Conservation of Naturé’s Conservatioh Measures Partnership (IUCN-CMP; 2006),
de?eloped a comprehensive list of threats to protected areas, with most being hum.an
caused (Table 2.1).

Assessing"an area’s vulnerability to these threats is recognized‘ as one critical
component in both assessing protected area effectiveness (Ervin 2003; Hockings 2003;
Parrish et al. 2003) and in conservation prioritization frameworks (e.g., Abbitt et al. 2000;
-Wilson et al. 2006; Murdoch _ét al. 2007). Yet, most techniques focus solely on .
vulnerability to in-situ threats despite a long-standing consensus that adjacent, contextual

threats should also be accounted for (Newmark 1985; Margules & Pressey 2000; Reyers

24



2004; Wilson et al. 2005). For example, a small “island” piotected area embedded within
a highly urbeinized landscape would be considerably less effective in maintaining
ecosystem dynamics than a large protected area situated in a similar context. There has
been a recent emphasis on how to better incorporate sunounding land use into |
conservation planning frameworks (Theobald et al. 2000; Cowling & Pressey 2003;
Pierce et al. 2005; Pejchar et al. 2007), including by the [UCN, where controversy has
arisen over whether to expand IUCN categories to better incorporate working landscapes
near protected areas (Locke & Dearden 2005). |

In this paper, we present a method to 1) assess the spatial patterns of human
activities that may threaten biodiversity gnd naturai processes and 2) quantify an
integrated \tulnerability score that accounts for vulnerability to both in-situ and adjacent
threats. Our methods provide a ineans to expand recent in-situ only threatmappirvlg efforts
(e.g., Aplet et alv. 2000; Sanderéon et al. 2002; Woolmer et al. 2008) into more
comprehensi\}e vulnerability assessments for incorporation into conservation planning
and prioritization efforts. Using a novel, yet simple conceptual medel of the relationship
between in-situ threats, adjacent threats, and the potential conservation value of iari area,
we translate eur vulnerability assessment into a vulnerability matrix tiiat suggests both
strategies for managing existing protected areas and future conservation actions. We ,
illustrate the method by providing a national-extent, spatially explicit comparison of
lands in the United States (U.S.) that have the capacity to, or offep ppportuni_ties fer,
protecting natural resources Vereus those that, comparatively, may not perform as
'effectiveiy because of their vulnerabilities. We summarize our findings nationally as well

as by the area within 10 km of all terrestrial national parks in the conterminous U.S.
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2.2 Methods

Our methods consisted of five steps to create an integrated assessment of - |
vulnerability to both in-situ and adjacent threats. |

Step 1. Identify threats to natural resources and conservation goals. For this
demonstration, we chose four factors to serve as proxies for a multitude of threatsi
development (D), land cover (C), accessibility (A), and resource extraction (E). We
defined deveiopment intensity based on hoUsing densities. We categorized land cover by
developed areas, agricultliral uses, and remaining undeveloped lands. AcceSsibility was a
proxy metric for impacts from roads and human disturbance including recreation and
tourism. Resouree extraction accounted for oil and gas wells andinOn-energy related
mines.

We concentrated on these factors for three primary reasons. First, the factors serve
as surrogates for many of the CMP identified threats, such as impacts from development,
agriculture, oil and gas wells, roads, human caused disturbances to wildlife and other
resources, wildfire suppression, introductiori of invasive vspecies, and pollution (Table
2.1). Second, residential development, roads and related accessibility, and land use
change are amorig the primary threats to biodiversity and conservation (Czech et al. 2000;
McKinney 2002; McKee et al. 2004), and land managers have identiﬁed those threats,
along with mining, as the most threatening to federal protected area resources (USGAO
1994). Third, spatial data for these fac‘tors are easy to obtain, making them useful,
aecessible, and quantifiable proxies. We recognize that these factors do not provide a

complete assessment of vulnerability; threats from climate change, water resource
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development, and alternative energy development are among the noted exceptions in our
approach.

Step 2. Quantify vulnerability to threats by assigning values that reflect the
probability that a threat will negatively irhpact conservation values‘as well as the
magnitude of that impact (Wilson et al. 2005). This approach follows other efforts to map/
the intensity of human influence across space (e.g., Aplet et al. 2000; Sanderson et al.
2002; Watts et al. 2007). Optimally, threat values are assigne.dv based on empirical
relationships (e.g., Leu et al. 2008), but for general assessments, species or systerﬁ- '

* specific derived functions are not applicable, and more often threat values are éssigned
based on subjectively estimated relationships (e.g., Lesslie & Malsen 1995; Aplet et al.

- 2000; Sanderson et al. 2002; Woolmer et al. 2008,; generally, threat values are referred to
as "scores", but we reserve that word for the combination of the four threat factor values).
To assign/ threat values, We used our best judgmént, guided byvquantitavtive relationshif)s '
based on published studies where available. We assigned values to each of the four threat
" factors ranging from 0 to 100, assigning the highest value bf 100 to lands with the
greatest capacity for conservation (least vulnerable to identified threats; Tablé 2.2). We
assigned values té each 1- ha square of land within é grid representing the conterminous |
U.S. using a Geographic Information System (GIS) as detailed below. All analysés were
conducted using Albefs Equal Area Conic, Ndrt}} American Datum (NAD) 1983
projeétion in Arc;GIS v.9.2 (ESRI, Redlands, CA).

Development (D). We used housing dehsity as an indicator of the intensity of land
use modification resulting from urbanization (cieﬁned here as intensification of hoﬁsing

density, regardless of the density per se; e.g., lands transitioning from open to rural would
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be undergoing urbanization). We used housing density rather than population density
because population data may underestimate landécape effects of vacation and second
homes that are not reflected in population data. Hou‘sing densitiés were calculated from
U.S. Census Bureau 2000 block level datasets (USCB 2000a). Block level housing units
were spatially allocated to de_velopable lands based on land cover, groundwater wgll
density, and foad accessibility (after Theobald 2005). |
| The relationship between populétion density and threats to ecosystems is complex
and uncertain (Luck 2007), but empirieal studies of impacts to species across an urban
gradient suggest a logistic decline with increased housing density (assuming that impacts
asymptote at high levels of development intensity; McKinney 2002; Ha}l‘sen et al. 2005).
We rescaled normalized species richness and occurrence data across housing density
categories from several studies for bees, birds, lizards, butterflies, plants, and carnivores
(see studieis summarized‘in‘ Hansen et al. 2005 : Randa & Yunger 2006) and used the data
to parameterize a logistic function to weight vulnera‘bility to threats from housing density

50

D=100-| ———
[ \ (1+100*e_‘03 d

j , where d was the continuous housing density in (units/ha) *

| 1000] so that median _hpusing density' values for five housing density categories matched
the average empirical result for that density category (Table 2.2, Appendix A). Because
the logistic funcfion only’ asymptotically appfoached minimum and ﬁ;aximum values, we.
forced lands with zero housing density to a value of 100 and lands»with‘ urban housing
densities to a value of 0. Although our approach did not account for the fact that some
species benefit from intermediate housing densities (McKinney 2002), it also likely

underestimates threats to many other species and processes (Hansen et al. 2005).
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Land Cover (C). To assign land cover threat factor values, we grouped 2001
National Land Cover Dataset (NLCD, Vogelmann et al. 2001) data into three categories —
“natural”, “agricﬁlture”, and “urban/built up” — and assignevd higher valﬁes to more
natural land cover types (Table 2.2). We assigned threat values to the original 30-m
resolution NLCD data and then aggregated fQ a 1-ha resolution (based on the meaﬁ factor
value). Although the literature provides little guidance on how to quantify general threats
from varioﬁs types of land cover, it is generally assumed higher intensity urban
development is a greater threat to ecological processes than agricultural activities
(Marzluff & Ewing 2001).

Accessibility (A). To account for threats froni roads and their use as well as for
other difficult to measure human ﬁses (e.g., revcreatior_l), we created a metric that
measured accessibility. We calculated travel tirﬁe v(.rninutes) ffom urban areas (USCB
2000a), based on anticipated travel speeds for specific road types (ESRI 2005), with off-
road walking times calpulated based on slope according to Tobler’s (1993) equation
(Table 2.3). Because private lands are generally not ac;:eésible to the public, we added an
additiona1 10% slope to all private lands before calculating travel times. We weighted
travel times based on the nearest urban area’s population, and we again applied a logiétic

function to reflect our assumptions about vulnerability to threats from human presence

=( 90 )

(. 1+2.5%™"" , where t was the calculated weighted time from urban area). Again,
because of the asymptotié nature of the logistic function; we forced travel times of 0 to a
value of O,v\and travel times over 5 hours to have a threat factor value of ’100. Although
more research is needed to empirically validate our estimates, éstimating aCceésibility isa

stronger surrogate for threats from roads and associated accessibility because it
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differentiatés the size of cities and roads and captures the topographic variability around
roads as corﬁpared to simply measuring stfaight-line distance from roads (e.g., Sanderson
et al. 2002; Riitters & Wickham 2003; Watts et al. 2007).

' Extractibn (E). Extraction of natural resources, such as pil and gas, tends té occur
primarily hear wilalands (Weller'et al. 2'002) and has substantial impacts, particularly on
landscape connectivity (e.g., Berger 2004). Spatial data for extractive activities are sparse,
and »wé vwere unablé to locate comprehensive datasets for some energy related extraction
(e.g., coal mines and uranium) or for timbering. However, because of the importaﬁce, we
included the 1-ha footprints associated with oil and gas wells at densities greater than 5
wells pér ha and for non-enervgy surface mines (data obtained from USGS 1995; 2003,
respectively). Although most mines are largér than 1-ha in size, the data to reflect true
mining footprints were unavailable. |

- Step 3. Calculate local threat vulnerability score by combining in-situ threat

factor values. To calculate the local threat vulnerability score, we took the geometric

mean of the four threat factors ( VDCAE ), calculating a local score for every cell in the
U.S. We used the geometric, as opposed to the arithmetic, mean because it better |
represents situations where a low value for one factor (significant vulnerability) cannot be
corﬁpensated by higher values for other factors. The geometric mean also minimizes |
impacts from correlation between the four threat factors.

Step 4. Calculate context threat vulnerability score to assess how the svpatial'
configuration of adjacent human activities influence neighboring areas.. To ‘corn'pute the
confext threat vulnerability score, we passed a 5-km radius moving window over the local

threat vulnerability score grid, calculating the arithmetic mean and the standard deviation
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of the surrounding cell scores. We then subtracted the standard deviation from the mean
to avoid undu¢ iﬁﬂuence from “(;utlier” scores and inconclusive results obtained from
averaging both high and low vulnerability scores within the neighborhood. The 5-km
neighbbrhood assesses lthe context over 7,850 ha, capturing broader scale landscape
processes that can affect a given locatiori, and may be an appropriate diétance for

contextual influences to internal dynamics (Janzen 1983). While some other studies hav¢
used buffers of Vone or two threats (e.g., roads) to indirectly consider- édj acent threats (e.g.,
Aplet et al. 2000; Sanderson et al. 2002), a moving window analysis provides results for
every cell in the analysis area and includes the context situation for all threats. We also
ran the analysis using a 1-km neighborhood (314 ha) to assess sensitivity to the
neighborhood used, but results were similar when viewed at the national scale and are
therefore not included.

| Step S. Create an integrated vulnerability assessment by blending lbcal and

context threat vulnerability scores. We contend that consideration of both local and
contextual threats results inla more éomprehensive vulnerability assessment and pfovides
a natural framework for assisting in conservation management decisions and conservation
action prioritization. Our framework can be viewed as a two-dimensional matrix, where |
- local vulnerability is on one axis (Y) of a matrix and context vulnerability is on the other
axis (X; Fig. 1a). Comparing local and context threat Vulﬁerability scores within tﬁe
matrix suggesté in-situ management strategies or future conservation actions to increase
the capacity for natural resource conservation. We show four primary vulnerability
categories in the matrix for simplicity,valthough results can be considered continuously

across a two-dimensional space.

31



As cafeg‘orized here, protected areas with both low local and context vulnerability,
such as wilderness areas, would be considered “_conservatioh cores” and would best be
managed to maintain current levels of resource conservation. “Consérvation islands” with

low loéal but high context Vﬁlnerability could be:continually managed as stepping-stone
conservation refuges. Conservation actioné (defined as intervenﬁons undertaken fo
- achieve ultimate conservétion goals per Salafsky et al. 2008) that reduced c;)ntext ,threats
could be considered to move the area into the conservation core category. “Modified
islands” with high local vulnerability but low context Vulnerability, such as a large
protected area entrance parking lot,‘ could be managed to contain local threats (e.g.,
parking lot designed to minimize rﬁnoff), or future conservation actions could restore the
area to conservation core. The “modified cores” with both high local and context
vulnerability could be managed to maximize conservation at finer scales (e.g., developed
areas designed to provide fine-scale native plant and animal habitét) and minimize threats
to neighboring areas at coarser scales (e.g., designed to minimize lighf or éir pollution‘).
In all instances, knowledge of threat vulnerability would aésist in térgeting management
actions to minimize management costs and to set more realistic conservation goéls and
objectives (Pressey et al. 2007). | |
Adding a third dimension to the matrix that considers formal conservation'
protection (Z axis) suggests when protected areas might be considered for‘ withdrawal
from a conservation system if adjacent threats could not be overcome to achieve local
conservation goals. The third axis alsb“suggests’ currently unprotected lands that should
be prioritized for formalized protected. Perhaps a protected area modified core could be

exchanged for a conservation core area that was not yet formally protected.
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For the national summary of the vulnerability matrix, we conducted a comparative
assessment, using quantiles as fhresholds to aésign grid ceils to vulnerability éategories
because it is difficult to map and summarize continuous results. We calculaited the ten
quantiles (deciles) for thebentire local villnerability score grid and the entire i:ontext
vulnerability grid, and used combinations of extreme scores to place lands into the four
primary vulnerability categories shown in matrix (Fig. 1b). For example, 1-ha cells in the
U.S. grid that had local -vuinérability scores in the lowest 20% and context vulnerability
scores in the lowest 10% of all scores cdi‘npared to the entire U.S. were considered
modified cores. We also aidded a fifth “buffer’; category for lands not at tiie extremes in
the vulnerability matrix (Fig. 2.1a), but that could be important for providing a spatial
buffer between modiﬁed and conservation areas.

Tg represerit the Z axis in thé vulnerability matrix, we further divided the five
vulnerability categories baséd on whether they were protected area or non-protected area
(henceforth, unprotected) lands. We defined protected areas with formalized conservation
protection as lands listed as GAP (U.S. Géologicai Survey’s Gap Anélysis Prograin)
stewardship level 1 —3. GAP stewardship level 1 and 2 lands are assumed to be
perpetuaily protected from developmen‘i and -managed primarily for conservation
purpqsés. GAP stewardship 3 lands are permanently protected but may be subjected to
extractive uses. GAP étewardship level 4 lands (private, unprotecteci) have no forriialized

’ éon‘servatioﬁ protection (Jennings 2000). Wé refer to those lands as “unprotected” here,
although we note that many of these lands are well stewarded, and may have higher

capacity for conservation than some lands we define as “protected” area.
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We obtained GAP stewardship level data from the Protected Area Database
(PAD; CBI 2006). PAD tiles together spatial data from state or regional GAP projects.
We updated PAD with more recent and detailed data in some instances. California lands
were»updated using data from the California Resource Agency’s Legacy Project (2004).
New England lands were updated using data from The Nature Conservancy (2006). We
updated South Dakota using the South bakota Gap Analysis Program (2002).§Colorado
lands were updated with data from CoMAP (Theobald et al. 2007). CvoMAP does not
include stewardship level information, therefore, for Federal or State owned lands, we
selected parcels owned or managed by agencies with conservation or open-space
preservation mandates and assigned these lands a stewardship level of 3. We then
assigned either the PAD data stewardship level or level 3, whichever was the minimum
(higher protection). All of these data sources included at lebast partial information on
privately owﬁed lands held in conservation easements and other perpetlial protective
covenants, and we assigned these lands a stewardship level of 3. After these updates to
the ori'ginal PAD vector data, we created a grid of 1-ha resolution. We converted any area
of GAP stewardship level 1, 2, or 3 that was smaller than 10 ha to stewardship level 4 to
reinove noise from our analysis. To remos/e water bodies from the PAD, we assumed
water bodies shared the stewardship level of their neighboringr lands, expanding the
adjaé;nt lands until all water bodies were filled with some proportioﬁ of stewardship

levels 1-4 based on the portion of shoreline in each lével.

2.3 Results

Our choice and quantification of threat factors (Fig. 2.2 D, C, A) resulted in a

local vulnerability score that illustrated vulnerability to threats throughout the majority of
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the U.S., with a sv‘vath of reiativcly low vulnerability lands in Nevada and along the
Rocky Mountain West (Fig. >2.2b). Mappipg vulnerability categories from the
vulnerability matrix (Fig. 2.3a), modified cores (8% of U.S.) were primarily collocated
with urban areas, as would be expected, and the vast majority were on unprotected lands
(Fig. 2.4); Modified islands (él% of U.S.) were almost equally distributed between
protected and unprotected lands, primarily representing roads and some mines and oil and
gas wells because our methods did not include other more localized threats, such as
campgrounds and parking lots. The effects of roads could be seen in the Vulnerability
category detail around Rocky Mountain National Park, CO (ROMO; Fig. 2.3b). In areas
of low vulnerability, such as the area to the far west of ROMO, roads were identiﬁed as
modiﬁed.islands, separating blocks of conservation lands, but leaving large enough tracts
that they remained conservation core. Within the boundaries of ROMO, the roads through
the park and the areas surrounding them were categorized as undetermined becausé the |
context vulnerability within ROMO was relatively low (as a result of the vulnerability to
threats emanating from the Front Range, visible as modified core along the eastern map
border). Thus, within ROMO, roads both hindered conservation core and resulted in
fragmented, smaller blocks of conservation island.

Conservation core made up 15% of the U.S. Most conservation core was in the
| West, where the majority of protected area lie, and about twice as much conservation
‘core was found on protected land cbmpared to unprotected land. However, of all
protected lands, only about 40% was definitively categorized as conservation core, with
the remaining being relatively vulnerable to either internal or contextual threats. We

identified numerous opportunities for future conservation actions on unprotected lands,
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however, with 20% of allvunprot.ected landS being identified as conservation core, such as
along the eastern Rocky Mountain front (Fig. 2.3a). Of the 14% of total area in the U.S.
we identified as conservation island,, the vast majority was on unprotected lands. -
Because we relied on extreme scores when combining local and context threat
vulnerability (based on déciles, see Fig. 2.1b), we d1d ;10t determine integrated
vulnerability scores for épproximately 50% of the U.S. Most of the lands that with
" undetermined vulnerability categ.orie‘s V\;ere unprotected. Decile t‘hresholds‘cvoulc.l be
varied to increase fhe amount of area assigned to a vulnerability category, but ;Ve believe
that assigning categoriesrto moderately scoreci lands should be done at finer scales, using
| more detailed and locally appropriate data. Thus, we list lands that are ﬁot obviously
within a category as “undetermiped” (Fig. 2.3 and 2.4). |
Summarizing fesults by national park arranged by census region (Fig. 2.5)
illustrated that the area witﬁin 10 km of parks in the West and Midwesf had greate'r
~ amounts of conservation core (61% and 59%, respectively) compared to the South (35%).
The southern parks had more conservation island (11%) than did the western and .
Midwestern parks (4% and 3% respectively). There was only ohe national park in the
Northeast, which had no conéervation core and 22% conservation island. Parks in the
West were also much.more likeiy to include buffer lands and much less likely to contain

modified areas.

2.4 Discussion and conclusions

Although we relied on only four threat factors, the broad patterns of our local
vulnerability results were similar to “human'footprint” assessments across a range of

scales that rely on a greater number of inputs (see Sanderson et al. 2002; Leu et al. 2008;
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Woolmer et al. 2008). However, by incorporating contextual threats, our results expand
on previous efforts and provide greater insight for conservation planning. By comparing
local and context vulnerabilities, our approach allows for the assessme;lt of the
effectiveness of existing and potential future conservation areas, two key steps in
»systemati’c conservation planning (Margules & Pressey 2000; Pressey & Bottrill 2008).
We also quantify “accessibility” to better approximate thréats from the transportation
system, providing a richer assessment beyond relying on simple buffers.

What we categorize as conservation or modified is relative to the existing
situation across the entire U.S. This approach is common in conservation land
idéntiﬁcation or prioritization methods (e.g., Sanderson et al. 2002; Ricketts & Imhoff
2003). Previbus studies have assumed that the pattern of human influence, or
vulnerability as mapped here, is the inverse of the patterri of natural processes (Sanderson
et ai. 2002-) . If so, it would follow that conservation core and island areas would be
expected to have the gfeatest capacity for maintaining ecological processes and
biodiversity.

As applied, our framework indicated that despite much of the U.S. being
internally or contextually vulnerable to human related threats, many areas with relatively
low vulnerability remain. Of the protected areas for which we determined vulnerability
categories,' only 3% was modified core or island (compared to 27% for unprdtected lands). |
The remainder of categorized proteéted area was either conservation.core (54%), |
conservation island (12%), or buffer (32%), demonstrating that the majority of protected '
areas are greater thaﬁ 5 km away from areas of high human influence (although, tﬁis does

‘not speak to whether PA are ideally located for biodiversity conservation) (see Scott et al.



2001 and discussion below). However, our quantification methods tended to select
conservation core because it overlaid a protectedi aréa (e.g., low housing density,
predominantly natural land cover, and relatively distant from urban areas). Thus,
comparative results within parks (Fig. 2.5) better suggest conservation impli\cations.

We found that western parks provide better opportunities for abating threats Qia
conservation core buffered by surrounding lands, although Crat‘er.Lake, ‘Greélt Sand
Dunes, Joshua Tree, Mount Ranier, Rocky Mountain, and Saguaro pfesent examples of
potentially vﬁlnerablé national parks. In the South and Northeast, conservation planning
may need to rely ‘more on creating nefworks of stepping-stone conservation islands on
private lands. Formalized protection of the currently unprotected lands classiﬁed. as
conservation core (16% yof the categorized unprotected area) should be considered, but
. establishing new legally mandéted protected areas will be difficult as a result of US
ownership paﬁerns and competitioh fbr natural resources (Shafer 1994, Margules and
Pressey 2000). This ﬁighlights the need to engage privatev landowners in resource
conservation (Theobald & Hobbs 2002; Maestas et al. 2003; Higgins et al. 2007). Beyond
conservation partnershipé with pri\}ate landowners, public education O'f those living in
commhnities that are near conservation areas may create an ecologically informed public,
improving conservation in both protected and unprotected ecosystems (McKinney 2002).

It is important to acknowledge that our framework does not measure impact from
threats directly, only potential vulnerability to threats. Our results may also be sensitive
tp errors in data, quanfiﬁcaﬁon of threat factors, or choice of deciles as thresholds-
(although the use of decile extremes tends to mitigate sensitivity to these choices), and, as

with all broad-scale analyses, care should be used in interpreting the results. Most
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importantly, our national assessment as applieci here is primarily an assessment ofi
wilderness qualities, and low vulnerability to human influence is only one part of
biodiversity protection (Sarkar 1999). For prioritization of conservation actions \for
biodiversity protection, our vulnerability results would need to be combined with spatial
data on biodiversity and conservation management effectiveness (Hockings 2003)..
While our national example illustrates a coarse-scale application and provides an
initial assessment of focal areas for finer-scale analyses, the vulnerability framework
presented here can be apblied locally to more accurately suggest conservation actions. An
analysis applied at finer-scales (extgnt and grain), improved by the usé of richer, rﬁore |
detailed data, would allow land :managers and conservation planners to calibrate and
apply the framework as necessary to achieve local conservatioh goéls. For example,
planners could include more proxy factors for locally important thie'ats. Locally, both
knowledge of and data for threats more directly linked to biological and process targets
are likely available and should be used, and threat values should be assigned based on
this knowledge. Detailed land use and land cover data could provide a very ﬁneiécale
assessment of conservation islands so that even within an intensely modified urban area,
green park networks could be identified. Note that our method outputs continuous values
for‘ both local and context threat vulnerability scores. We combine and categorize them
here using deciles for simplicity and ease of discussion, but at finer-scales, results could
be repreégnted continuously using three-dimensional graphic tools or vulnerabilify
categories could be definitively calibrated using b‘iologically‘determined thfeshold-s.
Further, vulnerability is éﬁen quantified based on predicted potential loss of habitat over

time (e.g., Abbitt et al. 2000; Davis et al. 2006; Murdoch et al.-2007), and at local extents,



land managers cduld incorporate forecasted changes in threat status to provide an
important temporal aspect to Vulnerability assessment (Wilson et al. 2005). However, we
contend that our contextual vulnerability score is a sufficient proxy for temporal change
in residential development, given that urban grpwth models ineQitably rely on
surrounding development intensity to predict future growth (Thebbald & Hobbs 1998).
At any scale, Vwe argue that our integrative vulnerability assessment can be used to extehd
and improve other approaches for either sfand alone vulnerability assessment for
identifying locations for appropriate management strategies depending on exposuré to
threats (Pressey et al. 2007) or for incorporatioﬁ into other conservation planning and
prioritization scherﬁes (e.g.; Ervin 2003; Parrish et al. 2003; Davis et al. 2006; Murdoch

et al. 2007; Wilson et al. 2007).

Acknowledgements

We thank J. Hilty and N. Piekeliek for comments on a previous draft of this paper.
This research was supported in part by the USDA under National Needs Fellowship
Grant #2002-38420-11713, the EPA under the Science to Achieve Results (STAR)
Fellowship Program, the NSF under IGERT Grant #DGE-0221595 (to A.A.W.), and
USDA National Research Initiative Award No. 2003-35401-13801 and NASA-DSS
Award (to D.M.T.). None of the supporting agencies has officially endorsed this

publication.

40



Tables

Table 2.1. Threats to protected areas as identified by the Conservation Measures
Partnership (IUCN-CMP 2006), and the factors used in this study as proxy measures for
the threats: development (D), land cover (C), accessibility (A), and resource extraction

(E). |
" CMP Level 1 Threat Classification Proxy threat factors
(Level 2 detail examples) (D,C,AE)
1. Residential & commercial development D,C .
(housing & urban areas, commercial areas)
2. Agriculture & aquaculture C
(non-timber crops, livestock ranchmg) )
3. Energy production & mmmg E
(oil and gas drilling, mining and quarrying) ’
4. Transportation & service corridors C, A
(roads & railroads, utility and service lines)
5. Biological resource use A
(hunting & collecting terrestrial animals)
6. Human intrusions & disturbance A
(recreational activities, work activities)
7. Natural system modifications D,C
(fire suppression, ecosystem modifications)
8. Invasive & other problematic species & genes A
| (invasive non-native species, introduced genetic material)
9. Pollution D,C,AE

(urban, industrial, and agricultural effluents, air- borne
pollutants)

10. Geological events
(volcanoes, avalanches)

Not considered

11. Climate change & severe weather
(habitat shifts, droughts, flooding)

Not considered
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Table 2.3. Assumed average speeds of travel by road type used to calculate travel time
from urban areas. Off-road travel speeds were adjusted by slope according to Tobler’s

(1993) equation.
- Road type - Average speed (km/hr)
Interstate highway 112
US Highway 88
Secondary (state and county) 64
Local 48
Four wheel drive 17 B

No roads' (walking)

6 -3.5x | slope +0.05]
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Fig. 2.1. Schematic of the vulnerability matrix for comparing local (Y axis) and context
(X axis) threat vulnerability to assess integrated vulnerability (a). Our methods provide
continuous values for local and context threat Vulné“rability scores, but we show four
primary vulnerability categories here for simplicity and use categories in our results to
assist in mapping and discussion. The vulnerability matrix suggests conservation actions
(arrows) to shift lands within the matrix for improved conservation. Considering
protection status (Z axis) suggests conservation actions to either withdraw existing
protected areas from the conservation network, or formalize protection for currently
unprotected areas, depending on local factors and goals. (b) We used the deciles from our
calculated local and context threat vulnerability scores as thresholds to bin lands in the
U.S. into the four vulnerability categories based on combinations of relatively extreme
values. We also added a fifth category of “buffer” for lands that had moderate values but
may be important in buffering conservation lands from adjacent threats.
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Land cover

(D)

Development

Factor weight / -
vulnerability score

100: Low Vuinerability

0: High Vulnerability
(A) .

Accessibility

(b) Local vuinerability score

Scale factors:1:65,000,000 »
Scale local vulnerability: 1:29,000,000

Fig. 2.2. Map of threat factors, and their assigned threat values: (D) development, (C)

land cover, and (A) accessibility. The fourth threat factor, (E) extraction, was not visible

at this scale and is not shown. Threat values ranged from a maximum of 100 (darker

areas, lowest vulnerability) to a minimum of 0 (lighter areas, highest vulnerability). (b)

The local vulnerability score was calculated as the geometric mean of the four threat

factor values. ' ' '
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Fig. 2.4. Vulnerability category summary for the entire U.S. comparing protected vs.
unprotected lands. :
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National park and census region
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Fig. 2.5. Vulnerability category summary for percent of area within 10 km of a national
park. For summary, the modified core and island categories have been combined, and the
percent area for which we did not calculate a vulnerability category (undetermined) are
shown in white. Parks are ordered alphabetically within the four U.S. Census regions:
West; Midwest; South; Northeast (NE).
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CHAPTER 3. RESIDENTIAL DEVELOPMENT ENCROACHMENT ON U.S.

PROTECTED AREAS?

Abstract

Conservation of ecological processes and biodiversity may require the
’development of a conservation sy‘stem consisting of protected “cores” surrounded by
“buffer zones” that effecﬁvely expﬁnd and connect the-cores. However, residential
development near protected areas may threaten any de facto, and hinder the developméﬁt
of an official, cOnservation system in the ijnited States. We identified pqtential
conscrvat’ioh cores based on existing protected areas, and usjng a spatially éxplicit model
of housing densities, we quaﬁtiﬁed how residential development has altered the structural
context around cores nationally from 1970 through 2000, and forecast changes for years
2000 through 2030. ‘We fouﬁd that res‘idential housing development has.likely occurred
preferentially near some cores, and if encroachment near cores continues at projected
rates, the amount of buffer zone will have bgen reduced by a totalv of 12% by 2030, with
much Qf this change occurring diréctly at core edges. Furthermore, we found that
development Will have reduced the average connect‘edness (valence) of corés by 6% from l
v1 970 to 2030. Although patterns of encroachment roughly increased west to eést, our

 results painted a more complex picture of the difficulties that would be faced if

> This chapter is a manuscript, co-authored with David M. Theobald, in press at Conservation Biology.
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establishment of an official conservation systom was ever attempted. At a minimum,
prioritizing future conservation action must consider adjacent land uses, and a key
conservation strategy will be to work cooperatively across land ownership boundaries,
particularly for smaller protected areas, which will tend to dominate future conservation

activities.

3.1 Introduction

- An ideal conservation system may consist of protected conservation ;‘cores”
surrounded by “buffer zones” o'f relatively unaltered land-use types that protect the cores
from external threats, effectively expanding and providing connections between tltem
(MAB '1974; Noss & Harris 1986; Sarkat 2003). Despite a long-standing/‘call for action
(e. g;, Shelford 1933’), no such formalized conservation systotn yot exists in the United
' Statos. Although maoy existing protected areas in the United States were established for
reasons other than biodiversity conservation, protected areas provide a foundation. for
realizing this idealized oonservation system. However, residential development near
protected vareas may threatteo any de facto, and hinder the development of an official,
conservation system.

Expansion of residential development is a key driver of species endarigérment
(Wilcove et al. 1998) and is a primary threat to protécted-a‘roa resources (GAO 199%4;
Wittomyer et al. 2008). Devevlopment at exurban densities (>1 unit/ 16 ha) is occurring
barticularly rapidly (Theobald 2001). Recent assessments of the threats to protected areas
from'residentiatl development focus either on case studies With targeted geographio or
ecological scope (e.g., Hansen & Rotella 2002; Parks & Harcourt 2002; Gude et al. 2007)

or on more intensely developed lands (e.g., Scott et al. 2004; Leu et al. 2008; McDonald
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et al. 2008). We are unaware of any national, spatially detailéd éxémination of when and
. where residential development, including exurban densities, has enéroached on prbtected
areas and how that translates into structural changes to an idealized conservation system
in the United States.
Potential ecological consequences of residential encroachment and increased
-human proximity adjacent to protected aréas include intensification of edge effecfs, direct
reduction of the effective size of protectéd areas, and reduction in linkages between
protected areas and rvesult’ing disruption of ecological flows (Hansen & DeFries 2007). As
natural and agricultural lands arevconverted to residential uses, the likelihood of negétive
edge effects increases (Parks & Harcourt 2002) and the effective areé for dynémic
processes is reduced (Noss & Harris 1986). Most protected areas are too small to meet
the minimum area required to support viable populations for many species (N ewmark
1985) or to allow natural disturbance dynamics (Noss 1983). Developed areas
~ surrounding protected lands also reduce connectedness betweén protected areas, resulting
in habitat fragmentation and a reduction in ecological flows of energy, genetic
information, and biological matter, threatening spécie's survival (Crooks & Sanjayan
2006). Roads associated with development particularly affect connectedness betwéen
protected areas (Schonewald-Cox & Buechner 1992). Disruption of landscape
connectedness may be particularly detrimental under climate change, reducing
opportunities for movemént to more suitable glimactic conditions (Heller & Zavaleta
'2009)
We conducted a national, spatially explicit, quantitative assgssment of ﬁow

residential development has altered the structural context for conservation areas in the
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conterminous United States relative to an idealized core-in-buffer-zone conservation
system as articulated by Noss and Harris (1986) and others. We illustrate the potential
ecological consequénces from residential encroachment by quantifying loss of buffer at
bcore edge as a proxy for increased edge effecté; loss of area in the buffer zone around
cores as a proxy for reduction in the effective area for dynamic ecological processés; and
- changes in the connectedness between cores as a proxy for disruption of ecoiogical ﬂows.
We examined changes from 1970 through 2000, forecast changes for years.2000 to 2030,

and summarized our findings nationally and by state.

{

3.2 Methods

3.2.1 Core, potential buffer, and developed lands

To répresent the exiéting expression of an idealized conservation system, we |

 classified within a geographic inférmation system (GIS) all land in the conterminous

-United States into three categories: core, potential buffer, and developed (Table 3.1). We
defined conservation cores as lands-identified as either GAP (U.S. Geological Sufvey’s
Gap Analysis Program) stewafdship level 1 or 2 that, when grouped, cévered at least.
1000 ha. These laﬁdé are assumed to be protected in perpetuity from residential
development and to be maﬁaged primarily for conservation purposes v(Jennings 2000).
We defined potential buffer as any GAP stewardship 1 and 2 lands too small to be
considered a core; GAP stewardship level-3 lands (protected in perpetuity, but not
necessarily managed for conservation; Jennings 2000); and privately owned lands
developed at rural or lower housing densities (< 1 unit/ 16 ha; not protected in perpetuity
and not necessarily managed for conservation). We considered land not categorized as

core or buffer to be developed land. We defined developed lands as those with exurban or
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higher housing densities (> 1 unit/ 16 ha) or those that were commercially developed or
underlying major highways.

Housing densities for 1970 and 2000 were estimated from Census 2000 block-
level data (USCB 2000a). We used the spatially explicit regional growth model
(SERGoM) and county-level population projections to forecast population densities for
the year 2030. (See Table 3.1 and Theobald [2005] for details on methods we used to

calculate housing densities for the three study years).

3.2.2 Development encroachment on cores

Prior to assessing how residential development had altered an idealized
conservation system, we determined whether our historical and projected data supported
the findings of other studies (e.g., Frentz et al. 2004; McDonald ef all. 2007) that
encroachment occurs preferentially near pfotected areas. We considered lands where
housing density intensified from 1970 through 2000. We considered density idtensiﬁed if
the housing density category increased along a scale of undeveloped, rural, exurban,

| suburban, and.urban (Table 3.1).

o To better control for factors that could confound our findings, we considered only
the proportion of land with intensification on developable lands (i.e., privately owned
lands not already intensely developed and with gentle [<25%] slopes). We compared the
propoftion of developable area that intensiﬁed in development density within all core
edge (defined hereas within 10 km of a core boundary) with all areas outside core edge.
‘BeCause development patterns are often driven by road access, we also stratified results
by travel time to the nearest ﬁrban area. We approximated travel time (minutes) from

small and large urban areas A(population of 10,000-50,000 and > 50,000, respectively;
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urban boundaries and population from Census 2000 (USCB 2000b) based on antiéipated
travel speeds for specific road types (StreetMap data set [ESRI 2005]). Assumed travel
speeds (km/hr) by road type were as follows: interstate‘ highway, 1 12; fecieral highway,
.88; secondary state arid county road, 64; local road, 4>8; four wheel drive road, 17. Off—
road travel speeds were assumed to follow Toblgi’s (1993) equation of walking S}ieeds
adjusted by slope (67" 7***%) To combine distances fr(im small and large urban areas,

we weighted travel times based on the median population for each urban size category.

3.2.3 Changes in buffer zones

‘We defined buffer zones as any potential buffer area coritiguous with a core
(Table 3 1). We recognize that all potential buffer lands doi not provide equal
conservation value: Many of the lands included as buffer zones are undoubtedly
overgrazed, weed infested; or otherwise do little to support Biodiversity. However; our
goal was to provide a national suriimary of structural changes in a conceptual
conservation system, not to spatially identify lands with maximum .capacity for
biodiversity conservation. Wheri charting changes in buffer aréa, we stratified all results
by buffer land type (GAP stewardship 1, 2,’0r 3; undeveloped; and rural), includirig the
additional category of crop lands to provide a coarse distinction in buffer-zone quality.

As a proxy for protection from edge effects, we calculated and charted the
proportion of buffer within core edge .for each of the 3 study years (1970, 2000, 2030).
We defined core edge as the area within 10 km of a c'ore‘ boundary. We chose a distance |
of 10 km because it includes direct and indirect effects of development on neighboring |
; systems. To illustratevthe magnitude of changé, we also charted the total buffer area lost

from within core edges between study years.
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To estimate changes in the amount of area for dynamic precesses occurring within
cores, we charted total areé of buffer zone for each study year, and normalized each
year’s total to the area in 1970. To assess the magnitudé of impacts to buffer zones over
time, we also charted the total amount of buffer zone lost to development between study
years.

To explicitly illustrate where future development may have the greatest effect on
buffer zohes, we used clusters of cores as a mapping unit because they show change over
time and are relevant to an idealized conservation system. Noss and Harris (1986).refer to
such a unit as a “network,” but we avoided this term because of its speciﬁc ecological
meaning in more recent studies. We defined clusters as contiguous areas of cores and
‘buffer zones (Table 3. 1).-Two or more cores connected by uninterrupted buffer zone
formed a cluster, although here, for mapping change in buffer area, we also allowed a
singlg core and its surrounding buffer zone to' be mapped as a cluster. Specifically, our
mapping unit was the gluster as identified in the year 2000, and we mapped the percent

reduction in buffer zone area from 2000 through 2030.

'3.24 Changés in connectedness

Because we were concernea with general changes in landscape structure, and not
with specific species impacts, we used proxy measures to assess changes in structural
connectedness rather than funétional connéctivity. Functional connectivity is an erﬁergent
property of the interaction betWeen the landscapé and a particular species (Tayldr et al.
2006) and fequires é species-Based approach (Hansen & Urban 1992). Structural
connectedness relates only to the spatial arrangement of lanvd:scape features (Linde_nrhayer

& Fisher 2006). We used two measures to assess structural connectedness: a metric that
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summarized the width and length of a passageway through the buffer zone that connected
any two cores and the mean valence for all cores. We defined a passageway as a
contiguous path through the buffer zone that connects any two cores. We a\}oided using
‘the term c‘orridor because of its specific ecological meaning related to functional -
connectivity (e.g., Hilty et al. 2006). By definition, passageways only exist between cores
within a cluster. |
As development occurred in the buffer zone, a passageway could become
narrower (constrict in width) or elongate because a more circuitous route between cores
was required. Thus, we first used a metric that would account for both of these changes in
a single value. We measured the width of each passageway at the half-way point between
twc cores. In GIS terms, the width of a passageway is actually the number Qf side-by-side |
pixels deﬁning Thiessen polygons expanding out through the buffer around each core.
For each pixel along the width of a given passageway, we calculated the inverse of the
distance between cores connected by that passageway. We then calculated the sum of |
“inverse distances of all of these pixels for all paséageways and charted that value for all
years, relative to the value in 1970. | |
We calculated valence as a second connectedness metric to provide an estimate of
the number of connections between cores. In graph fheory,‘valence (or degree)’ is the
" number of edges between ﬁodes. In our apblicatio’n, passagewaye are edges and cores are
ncdes. We calcuiated and charted the average valence for the entire conterminous 'United
States for each year, again normalizing each year’s value to the value in 1970.
To estimate spatially where connectedness would be most affected, we mapped

the percent reduction in the sum of inverse distances along passageways for each cluster
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from 2000 through 2030. Agaiﬁ, our mapping unit was clusters in the year 2000, although

here, we only mapped true clusters that had two or more cores. L

3.2.5 Sensitivity analyses

Wé assessed how sensitive our results were to two parameters. First, we
considered how minimum core size affected our results. We defined core as at least 1000
contiguous ha in GAP stewardship level 1 or 2 because we believe 1000 ha represents é
middle ground between the importance of large reserves for the protection of species with
large home ranges and dispersal areas (e.g., Schonewald-Cox 1983) and the importance
of smaller areas for protecting smaller species, ecosystem remnants, and stepping-stone
corridors (Shafer 1995). Furthermore, the 1000-ha minimum size has been ﬁsed by others
(e.g., Savings. 1998). However, to examine the sensitivity of our findings to the minimum
threshold of core size, we compared resullts for 100 ha and 10,000 ha minimum core sizes.

Second, the distance from a core boundary used to define “edge” might influence
results when assessing encroachment of development on cores. Thus, in addition to our
- main eﬁcroachment analysis, where we used a 10-km definition of edge, we also

considered edge distances of 5, 20, 50, and 100 km from a core boundary.

~ 3.3 Results

3.3.6 Core, potential buffer, and developed lands

Six percent of the area in the conterminous United States was protected area core,
and for the 2547 unique cores identified, the median size was 5300 ha. Western states had
significantly more core relative to land area and significantly larger cores (Fig. 3.1a).

States in the northeast had the second highest proportion of core and the second greatest
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median core size. To provide context for the sensitivity analysis results, discussed below,
when we changed the minirnnr_n size threshold used to deﬁne cores from 1000 ha to 100
ha or 10,000 ha, we identified 8356 and 619 unique cores with median sizes of 500 and
36,940 ha, respectively.

' Potential buffer was 87%, 80%, and 76% of the total area for years 1970, 2000,
and 2030, reepectively. Developed lands covered 7%, 14%, and 18% for the sarne'years. ‘
Exurban housing densities made up the majority of developed lands. Seventy percent,
80%, and 82% of developed lands were developed at exurban densities for the 3 study
years, respectively, with the remaining percentage developed at suburban or urban |

densities.

3.3.7 Development encroachment on cores

Cores in the Northeast had the greatest proportion of developed land at their edges,
and cores Vin the West had the least development at their edges (Fig. 3.1b). However, we
projected that cores in western states will undergo the greatest increase in surrounding -
development, on average, from 2000 to 2030 (Fig. 3.1c).

A greater proportion of the developable area within core edges experienced
development intensification compared with the area beyond the core edge from 1970 to
2000 (Fig. 3.2). This remained true acrosvs all categories of travel time to urban areas, and
the greater the distance from an urpan area, the greater the difference in development
within a core edge compared with outside of an edge. This trend was not sensitive to
altering our minimum threshold of core size.

Our findings of relatively higher development intensification within core edge

were insensitive to our definition of edge, out to a distance of 50 km. The farther the
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distance used to define edge, the greéter the absolute difference between nroponion of
development intensiﬁcation within and outside of core edge. However, the ratio of the
difference between the prOportion of intensified lands inside and outside of edge
remained constant. At an edge defined as 100 km from cores’ boundaries, the trend
" remained, but the ratio of difference between intensification within and outside of edges
was higher (even greater intensification within an edge compared with outside).

To better parse out state and regional‘ differences in encroachment and provided
. an initial assessment of whether the encroachment was occurring preferentially or as a
result of the location of cores, for each state, we plotted the ratio of the proportion of area
that intensiﬁed in housing density within a core edge to the proportion of intensified area
in the entire state (years 1970-2000) against the ratio of the median travel time to an
urbaniarea within a core edge to median travel time to an uri)an area for the entire staite
(Fig. 3.3). Dividing the plot into four quadrants based on the 1:1 ratio for each axis, states
fell into one of the quadrants depending on whether cores in that state had surrounding
development intensification that was greater or less than the average development ‘within
the entire state, and depending on whether the distance of travel time from core edge was
greater or less than the average travel time to urban area in the rest of the state: (1) states
- with cores that had relatively high rates of surrounding development intensiﬁcation and
that were relatively close to urban areas; (2) states with cores that were. both far from |
urban centers and that had experienced relétively iiigh rates of surrounding dei/elopment, .
(3) states With cores that were relatively close to urban areas, but had less surrounding |
development than expected, and (4) states with cores that had lower relative rates of

surrounding development and were relatively isolated‘from urban areas. Most
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Midwestern and western states were in iquadrant 1. Northéastem and southern states were
most often in quadrant 4. Quadrants 1 and 4 had the most states, and there were almost
equal numbers of states in each, whereas there were the fewest states in quadrant 3. Of

the states in quadrant 2, the Midwest, South, and West were equally represented.

| 3.3.8 Changés in buffer zones

Nearly 6% (over 10 million ha) of the area within core edge changed from buffer
to developed from 1970 thrdugh 2000 (Fig. 3.4a). The greatest losses came from open
~land cohversion to developed, followed by rural land-use conversion. Althéugh the pace
of development was expected to slow, our projections indicated that almost an additional

5% (over 5 million ha) of the buffer withiﬁ core edge would be developed by 2030.

The total buffer-zone area decreased more than buffer within core edge from 1970
through 2000 (decrease of 8%, total loss of 36 million ha) (Fig. 3.4b). We projectedan
additional 4% (or 19 million ha) to be lost}for years 2000 to 2030. Again, losses of buffer
land were most prominent on open lands, followed By rural and crop l‘ands. The fnajority
(97%) of buffer-zone loss from 1970 through 2030 was due to transition to exurban,
rather than suburban or urban, housing density. Maps of total loss of buffer zone for years
2000 to‘ 2030 (Fig. 3.5a) showed clusters in the Midwest, East, and Northeast projected to
be most affected, although numerous clusters along the Pacific coast and along the Front
Ranée in Colorado were also projected to lose over 5% of their buffer zone. On average,
cores in northeastérn states \;vefe predicted to have the greatest decrease in tétal buffer
zone, although some st;ltes in the Midwest were predicted to have the largest pe'réent

declines (Fig. 3.1d).
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These trendé wére robust to our sensitivity analysis of the minimum size uéed to
deﬁné a core. The larger the minimum core size we used, the greater the‘ buffer area in
1970 and the greater the loss over time. From 1970 through 2030, for both edge and total
buffer zone analyses, changing the minimum cc;re size from 100 to 1000 ha increased the
loss of buffer by half the amount cdmpared with changing minimum core size froﬁl 1000

to 10,000 ha; a perfect logarithmic trend.

3.3.9 Connectedness

Residential developmeqt feduced connectedness between protected area cores.
The sum of inverse distance to connection measured élloﬁg passageway midpoints fell 6%
from 1970 through 2000, and we projected an additional decline of 3% by 2030 (F ig.'
3.4¢). These changes resulted in an average loss of valenée between cores of 3% for eacﬁ
of the/ study periods. Mapping changes in connectedness illustrated smaller hotspots of
disconnection distributed throughout the,Unitéd State's,’With particularly large clusters or
groups of clusters with high rates of disconnection observed in Colorado, Minnesota,
Texas, and the Northeést (Fig. 3.5b). By state, c’ores in Ohio, Maésachusetts, and
Alabama were expected to have the highest total percent decline in cluster connectedness ,
(Fig. 3.1e).

The sensitivity analysié showed that the 1aréer the minimum core size used in the
analysis, the less the loss of connectedness over time. Again,’changing the minimum core
size from 100 to 1600 ha increased the loss of connectedness by about half the arﬁount
compared with changing minimum core size from 1000 to 10,000 ha, providing a nearly

perfect logarithmic trend.
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3.4 Discussion

Our results demonstrate that residential housing development‘has substantially
- changed the land use context around cores, defined here based on existing protected areas,
potentially reducing theit effectiveness and limiting opttons for future conservation action.
Our ﬁndirtgs support land managers’ concerns over development encroachment, and we
found that encroachment had occurred and would continue to occur near cores.

In keeping with other studies (e.g., Frentz et al. 2004; McDonald et al. 2007), out
results suggest that “preferential” encroachment had occurred near some cores. The
national summary comparison of lands withilt versus those‘ beyond a core edge averaged_

~out the complexities in the spatial relationship between cores and development (Fig. 3.2).
Hefe, our results partially arose because of the sheer amount of (de’velopable)‘
undeveloped land outside of core edge that was far from urban areas swamped the
amoant within core edge. This also explained‘ our sensitivity analysis results that an edge
distance of 100 km increased the differential between development intensification Within
and external to core edge. Our comparison at the state level shed more light on the
complexities of development and proximity to cores and urban areas (Fig. 3.3). The cores
in states that fell in quadrant 2 have characteristics that suggest preferential development |
near cores because, despite being relatively far from an urban area, peopl.e have chosen to
develop their homes within the core edge. Very feW states had cores with characteristics
of quadrant 3 (less development intensification than expected for a given distance to an
urban area), and states vstith core edge development likely driven by cores’ proximity te
utban areas (quadrants 2 and 4) were approximately a wash. Thus, it appears that our

finding of greater development at core edge was predominantly driven by locations where
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preferential encroachment occurred; cores in states such as Iowa, Washington, Oklahoma,
Ohio, and Texas (F}g. 3.3). There are likely other potential confounding factors, and the
question-of why preferential encroachment may be occurring in some sfates and not in
others remains.

Results indicated that development encroachment will have reduced the amount
of buffer at core edge by 11% from 1970 through 2030 and that the total area of buffer
zone will have been reduced by 22% over the same time period (Fig. 3.4a, bj. A greater
Vprc')pc‘).rtion of total buffer zone, compared with buffer at core edge, was developed from
1970 through 2030. However, a slightly greater proportion of area was projected to be
developed at core edge than within the entire bﬁffer zone from 2000 through 2030, which
suggests our development model predicted increased core encroachment. Whether
development occurs more rapidly at core edge or‘within the broadef buffer zone, taken
individua_lly,vthese values likely underestimate the cumulative impact to ecological
processes within cores because penetration df edge effects from housing development
compounds the loss of totai area for dynamic processes (Wilcove & May 1986; Revilla et
- al. 2001). Similarly, these results do not quantify how impacts will be aggravated By
development primarily occurring at exurban densities, which may have more intense
impécts than otherwise suggested by their relatively low densities (Odell & Knight 2001;
Parks & Harcourt 2002; Hansen et al. 2005). Dispersed growth vpatterns are likely
associated with increased traffic volume and a larger footprint of human modiﬁcaﬁon per
housing unit.

We rei‘;erate that our goal in assessing connectedness wés to create an overall

measure for comparison across years, not to conduct a core-by-core assessment of
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func’"cional connectivity. Relatively’ low exurban housing densities may not negétivcly
affect connegtivity for some species, and our definition of buffer may not allow
functional connectivity for others. Furthermore, it is unclear whether connectedness is ds
important as core size (Simberloff et al. 1992; Beier & Noss 1998; Haddad et al. 24000;‘
Falcy & Estades 2007). i{owevér, few would diségree that an ideal conservation System
should include maximized core sizes with redundant connections through optimal habitat.
Our results suggest there will be a 9% decrease from 1970 through 2030 in the sum of
inverse distance along passageways (Fig. 3.4c). Change in the surﬁ of inverse disténce
measure occurred both as a result of lengthening connections and constriction of
passagewayé. Connections at the shortest distances are most likely to be suitabble across
multiple scales of species dispersal and movement, and losses to these connections may
have the greatest irﬂpact on regional conservation. However, connectedness at all écales
b ,
.may be critical as climate change alters habitat distributions and locations (Moritz et al.
2008), and our measure of valenée showed an overall reduction in landscape
- connectedness.

Although general trends were robust acfoss a 100-fold increase .in minimum core
size and differences were almost linear when plotted on a logarithmic scale, analyses
conducted with a smaller minimum core size consistently shdwed a greater magnitude of
impact to the idealized‘ core-in—buffer-zpne conservation system. Therefbre, our feléults
are likely conservative because u;ing the 1000-ha minimum size ignored 70% of fhe
cores identified based on a minimum size-threshold of 100 ha. Our results may also have
been conservative given the limitations of data used in _the mo}delving of housing densities.

‘Our results reflect an expected slow down in development expahsion from 2000 to 2030.
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This forecasted slowdown primarily resulted from limitatioﬁs of data for the road
network. That is, growth usually iﬁcludes expansion of the transportation network and
other infrastructure, which are difficult to férecast. Yet, development location was-
modeled in part based on road accessibility. As a result, the forecast patterns of housing
development tended to be less concentrafed; resulting in fewer areas identified as
exceeding the density threshold to be considered “developéd.”
The informal conservation system in the United States is primarily made up of .

- small cores, and smaller cores are particularly reliant on surrounding buffer lands to meet
ininimufn area réquirémenté for suitable habitat and ecological processes. However,
smaller cores are likcly to be situated in highly developed are.as and are therefore most
likely to suffer the double jeopardy of loss of area for dynamic processes from
- surrounding development and from more intense edge effects (Parl;s & Harcourt 2002).
We found a clear trend of more development surrounding smaller cores in the East (Fig.
3.1a, b). Our mappingv of loss of buffer zones illustrated this general trend, with more
cluéters predicted to have greafer percent ioss of buffer area in the East (Figs. 3.1d, 3.5a)
than ih any other area. We expected this, given that the larger cores in the West were also
predicted to have largcr buffer areas; th_us, it took more development to have an
equivalent percent reduction in a large buffér zone. However, é simple west-to-east |
sumfnary of ifnpacts would over simplify our ﬁndings. Numerous small cores in thé West
and some larger cores in California and Washingtoﬁ were predicted to have a relatively
high percent reduction in buffer zone area by 2030.

* Our map of projected change in connectedness illustrated disconnections were not

easily predictable along a west-to-east gradient; areas of high disconnection were either
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clus£er -(Fig. 3.5b) or state specific (Fig. 3.1e). Finally, preferéntial encroachment did not -
appear to be regionally driven (Fig. 3.3). Our results painted a more complex picture of
the difficulties thaty!would be faced if establishment of an official conservation system
was ever attempted. Overlaying the maps of buffer zones and connectedness (Fig. 3.5a,
~b) showed that many clusters will have suffered either a high percent loss of buffer zone
area or connectedness, or both, by the ye‘ar 2030. Even in the West, where most large
conservation schemes are imagined, the felatively high increase of development at core
edge (Fig. 3.1¢) would eventually lihlit options beyond the limitations identified here.

At a minimum, prioritizing future conservation action ﬁlust at least consider
adjacent land uses and the threats and benefits they may confer to a conservation system
(Groves et al. 2002; Wilson et al. 2005). The buffer zones we identified relied more
heavily on private thén publié lands, and déspite the numerous difficulties in engaging the
‘private sector in lénd conservation (Schonewald-Cox et al. 1992), a key conservation
strategy will be to work cooperatively across land ownership boundaries (e.g., USDA
2007) and to engage and educate private landowners in conservation strategies (Shafef
1999). Our results illustrate that this is particularly critical for smaller protected areas,

which will tend to dominate future conservation activities given the increasingly

competitive trade-off between conservation and development.
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with states arranged alphabetically within census region: (a) -

proportion of core in state (with median core size for region listed in parentheses [ha}),

conterminous states,

(b) proportion of area at core edge developed at exurban or higher housing densities in
- 2000, (c) increase in development within core edge from 2000 through 2030, (d) decrease

in buffer zone area from 2000 through 2030, and (e) decrease in sum of inverse distance

(SID) measured along midpoint of passageways connecting cores from 2000 through

2030.
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Fig. 3.2. Comparison of proportion of developable area between areas outside and
within core edge that experienced development intensification (increase in housing-
density category) from 1970 through 2000. Proportion of area with intensification is
categorized by (population weighted) travel time to nearest urban area.
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Fig. 3.3. Quadrants of encroachment. The ratio of the proportion of area that intensified -
in housing density within core edge within a state to the proportion of intensified area in
the entire state (1970-2000) plotted against the ratio of the median travel time to an urban -
area within core edge within a state to median travel time to an urban area for the entire
state. Dotted lines represent the 1:1 ratio for each axis. States fell into one of the
quadrants depending on whether cores in that state had surrounding development
intensification that was greater or less than the average development within the entire
state, and depending on whether the distance of travel time from core edge was greater or
less than the average travel time to urban area in the rest of the state. Selected states have
been labeled with their postal code abbreviation.
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Fig. 3.4. Summary of change across or between study years 1970, 2000, and 2030 in (a)
buffer within edge, (b) total buffer zone (top, normalized to 1970 amounts; bottom, loss
between study years for all cores), and (c) connectedness (top, sum of inverse distance
[SID] to connection measured along half-way point of all passageways connecting two
cores, normalized to SID for 1970; bottom, average core valence [total no. cores/total no.
passageways] for entire conterminous U.S. for each study year, normalized to 1970
amounts).
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Fig. 3.5. Core clusters mapped for year 2000 categorized by (a) percent reduction in area
of buffer zone within cluster from 2000 through 2030 and (b) percent reduction in sum of
inverse distance (SID), measured within each cluster, from 2000 through 2030.
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CHAPTER 4. HOW DO HIERARCHAL SCALES OF UPSLOPE LAND COVER

INTERACT TO INFLUENCE AQUATIC INTEGRITY?*

Abstract

The hierarchical spatial nature of ec’élogical processes has been well documented
bth often is not captured in statistical models. This paper illustrates how basic theoretical
concepts of spatial iﬁteractions in aquatic ecology can be included in linear regression
analysis to provide more ecologically-relevant inference from model results. We used a
simple conceptual model of how land cover at different upslope scaies influences aquatic
integrity to guide our statistical approach and frame our inference. We began with single-
scale regressions, then applied multi-scale regréssions, and finished Wifh a hierarchical
multiple regreséion model. We trace how altering our statistical approach based on the
conceptual model led to alternate inference‘:7 We found that compéring analyses conducted
at a single spatial scale suggested thé predominant influence of urban land cover at the
catchment scale, but that analyses based on our conceptual model of interacting spatial
scaI;:s suggeétéd that finer-scales played a more substantial role in explaining variance in
aquatic integrity. Our results also suggested that our conceptual model was a reasonable
representation of the system. We present this study as a cautionary tale to watershed

managers. Appropriate watershed management relies on practitioners understanding the

* This chapter will be submitted as a manuscript, co-authored with Jennifer A. Hoeting.
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implications of the model underlying the science that drives management decisions. This
does not require significantly more complex modeling approaches, only that the research

questions drive the modeling process, not visa versa.

4.1 Introduction

Land cover and land use change may be one of the most critical factors affecting
aquatic ecological integrity (Naiman & Turner 2000; Allan 2004) because land cover in
. the watershed directly influences downstream équatic systems (Hynes 1‘975). River
networks are systems of nested hierarchical spatial scales, in which goarser-séale '
ecological processes influence and interact with finer-scale processes to influence stream
biblpgy (Frissell et ai.' 1986; Poff 1997; Montgomery 1999; Fausch et al. 2002; Benda et
al. 2004). These spatial relationships between land cover modiﬁcation and aquaﬁc
ecological integrify have important implications for watershed management and
restoration (Fausch et al. 2002).

Accordingly, previous studies have sought to identify the ecological scale that
drives the relationship between anthropogenic land cover and measﬁres of ecological
integrity. The statistical approach of many previoubs studies has been to calculate the
proportibn of land cover type at-various upslope extents (scales) that contribute to
downstream flow, and then to correlate or regress those land cover scales against an
indicator of aquatic integrity — a chemical, physical, or biotic measure representing a
stream’s ability to self-repair or maintain an adaptive community of nativevorganiéms
(Karr et al. 1986). The séale fhat has the stfongest predictive relationship with some

indicator is then identified as the primary determinant of aquatic integrity (e.g., Roth et al.

1
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1996; Lammert & Allan 1999; Fitzpatrick et al. 2001; Sponseller et al. 2001; Wang et al.
2001; Morley & Karr 2002; Snyder et al. 2003}; Strayer et al. 2003).

Studies that focus on the single scale that explains the most yariancein an
indicator overlook the principle of ecological hierarchies (Allen & Starr 1982) an(i may
not‘accurately reflect the ecological processes interacting across scalesin aquatic systems
(Downes et al. 2002). This may lead to ambivalent directien for management. Previous |
study results have been ambiguous in regard to which scale drives the relationship
between land cover and aquatic integrity (Allan 2004). For example, some studies
recommend ‘restoration efforts focus on riparian buffers (e.g., Snonseller et al. 2001),
while other studies find that land cover at the riparian scale has little inﬂuence on aquatic
integrity (e.g., Snyder et al. 2003).

Assessing the relationship between ecological processes within a conceptual
model grounded in ecological theory maximizes ecological insight (Barber 1994; Noon et
| al. 1999) and allows for tairgeted conservation planning (Lehman 1986; Noon 2003). This
is particularly true in aquatic sysiems, where the exact spatial processes. geveming
aquatic integrity are unknown. Thus, here, we illustrete how theoretical concepts of
spatial interactions in aquatic ecology might be used to guide applied statistical analysis.
We use a simple conceptual model of how land coi/er at different scales influences
aquatic integrity, and we trace how altering our focus from maxirnizing predictive powei
to partitioning inﬂuence between scalee as snggested by our conceptual model leads to
differentA inferences from results. We use a case study of Maryland streams surronnded by

varying degrees of urban and natural land cover to illustrate the differences in approaches
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and discuss the implications for modéling aquatic integrity and ¢cological processes in
géneral. | | |

In our analysis of upslope land cover influences on aquatic integrity, we focus
primarily on urban (residential and commercial) development because the impacts of
~ urban areas on aquatic systems are well studied (Booth & Reinelt 1993; Allan 2004;
Walsh ei al. 2005). The'assoéiated increase in impervious surfaces is one of the best
understood threats ffom anthropogenib land cover (see Schueler 1994; Brabec et ai. 2002
for .reviews) and ‘stormwater runoff arising from imperviousness is a predominant driver
of urban impacts to streams (Walsh et al. 2005). Increased chemical pollutant loads are
widespread in urban strearﬁs (Walsh et al. 2005) and can be observed at relatively low
levels of catchment urban land cover (Hatt et al. 2004). These changes to the physical
properties of aquatic systems result in dominance by more tolerant species and shifts in
speéies composition and structure (Wente 2000; Snyder et al. 2003; Strayer et al. 2003;
Gray 2004; Meyer et al. 2005). Here we represent aquatic integrity usiné the Benthic
Index of Biotic Integrity (BIBI). Indices of biotic integrity (Karr 1981) are multimetric
indices that have become widespread in watershed assessments and studies. BIBI | -
cdmbines metrics on benthic species richness, composition, trophic structure, and
abundance into a single index. Multimetric indices of river biota integrate processes that
affect aquatic systems across an entire watershed (Karr 1999; Adams 2002) and are

frequently used to assess river degradation (Norris & Hawkins 2000).
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4.2 Methods

4.2.1 Study area, benthic index of biotic integrity, land cover, and scales of analysis

Our study area consisted Qf the Gunpowder Hydrologic Unit (Code 0206003;
Maryland, USA; Fig. 4.1). We chose this hydrologic unit because of the ;wailability ‘of
aquatic integrity data and the diversity of land cover iﬁ the area. The unit included the
Bush, Gunpowder, énd Patapsco River basins, covering approximately 4,000 ha.

BIBI data were collected by the Maryland Biological Stream Survey (MBSS)
(MDNR 1997) between 1995 and 1997. BIBI scores were determined by comparing the
mean of several benthic metr’ics at each randomly chosen sargple site to those found at
reference sites with relatively minimal human impact. A separate BIBI was developed for
each of the Eastern Piedmont and Coastal Plain geographic regions (Stribling et al. 1998).

We mapped urban and natural bland cover types (Fig. 4.1) based on th¢ 1992
National Land Cover Dataset (NLCD) (USGS 1992). These data were obtained from
classifying 30-meter resohition'Landsat satellite imagery"from early- to mid-1990 into 21
land cover types. The NLCD data are one of the most widely available and used means
for identifying humaﬁ land covers in stream impact research (e.g., Ric};ards et al. 1996;
Allaniet al. 1997;_Johnson et al. 1997; ‘Grifﬁth etal. 2002; Snyder et al. 2003; Strayer et
al. 2003; McBride & Booth 2005). To represent areas that were developéd, we grouped
together all land cover types associated with urban develépment (NLCD codes 21, 22, 23,
| 85). ’We defined natural land cover as forest and wetland land cover types (NLCD codes
41, 42, 43,91, and 92). There were five other NLCD codes in our study area. We did not
include open water, quarries/mines, or transitional land covef types (NLCD codes 11, 32,

and 33, respectively) because they were not clearly urban or natural. We also did not
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include'agricultural cover tj/pes (NLCD codes 81 and 82) in the analysis. Although
agricultural land use has been shown to affect dbwnstream integrity, we did not include it
here because the proportion of agriculture is inversely related to the amount of urban landv
cover in the watershéd. We focused instead on urban because we were more interestgd in
the effects of urban land use ﬁnd because there may be a stronger relationship Between
urban land use and biotic integrity than between agricultural land use aﬁd biotié integrity
_(Snyder et al. 2003; Roy et al. 2007). Within the Gunpowder Hydrologic Unit, urban and
natural land cover accounted for 45% of the total area. |
We used three scales of ‘upslop,e contributing area extent that were similar to
‘previous studies: local, riparian, and catchment (e.g., Lammert & Allan 1999; Wang et al.
2001; McBride & Booth 2005) (Fig. 4.1). Using a GIS, we creéted each of the three
scales upslope of each MBSS sampling location. All GIS analyses were conducted in
Marylaqd State Plan NADS3 proj'ection. Tovcre'ate the three scales of upsiope extent, we
first “snapped” the sampling location points to the stream network (as defined by the
National Hydrography Dataset, medium-resolution) (USGS 2007), forcing all sampling
location points to lie directly on a stream. Seven of the original 194 MBSS point |
locations with cvomplete BIBI data did not snap correctly, and we removed these from the
- analysis (fhey were farther from a stream shown in the National Hydrpgraphy Dataset
than a 150 m maximum shapping threshold). Based on an underlying 30-m' model of ‘
elevation (USGS‘ 1999), we used ArcHydro Tools (Maidment 2002) to identify the entire
upslope catchment that contributed flow to the MBSS point. This was the catcﬁmént scale.
We removed an additional three MBSS points from our analysis at this stage because of

incorrect catchment delineation (because of low topography, the ArcHydro Tool was not
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abl_e t;) identify the upstream catchment correctly), leaving us with a total dataset of 184
MBSS points. We defined the ribarian scale as the area within 100 m on each side of a
stream up to a maximum distance of 2 km upslope from the MBSS point. We defined vthe
local scale as the area within 100 m upslope of any MBSS sample point. We then |
“calculated the proportion of areél, for each scale and for each MBSS point, that was either

urban or natural land cover.

4.2.2 Conceptual model

Our data analysis process was rooted in a conceptual model of the influence of
spatial hierarchies of upslope land cover on BIBI (Fig. 4.2).“The amount of urbanization
in the entire upsl_ope‘ catchment accumulates and concentrates runoff from the largest area,
and we thus expected that the catchment scale would have the greatest singlefscalé ability
to predict BIBI. However, when combining scales, we hyp’ofhesized that the more-
proximal urban land cover was to a stream, the more likely it Woul;i have a direct
ecological effect on aquatic integrity. This would largely be because intervening natural
land cover should mediate the impact of urban land cover at more distant, coarser scales.
The ability of natural éreas to mitigate urban influences should relate to both the |
proximity of the natural area to the stream as well as the amount of stream buffered by
natural land cover. Thus; we expected natural vlavnd cover within the riparian buffer to
provide fhe moSt effective filter frém upslope urban areas aé observed in previous studies
(Osborne & Kovacic 1993; Vought et al. 1995). We hypothesized that the importance. of
natural land cover in the entire catchment would depend on spatial arrangement; natural |

cover at the catchment scale would be important if it was located between urban cover

and the stream.
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4.2.3 Single-scale linear regression models

4.2.3.1 Comparison of adjusted R’ values

Following the méthods of many previous étudies, we first considered the - -
relationship between land cover and aquatic integrity within each, single scale and
compared results based on the adjusted R2 value (e.g., Roth et al. 1996; Sponseller et al. |
2001; Strayer et al. 2003). We applied a simple or multiple linear regression model
regressing land cover covariates agai‘nst BIBI within each individual scale. The full
model for each scale included both the proportion of natural and urban land cover within
that scale, and the reduced models included only na_tural or urban land cover. We
calculatéd the adjusted R? (hereafter referred to as szaa_y,‘) for the full model and the
reduced models (i.e., just the urban or just the natural land covef covariate) for each scale
to determine which scale had the strongest relationship with aquatic integrity. The Rzaa_y, is
a modiﬁcation of the standard coefficient of determination, imposing a penalty for the |

number of explanatory terms in the model.

4. 2..3. 2 Comparison of Akaike weights

Our first enhanéement to the commonly applied methods of previous studies was
the use of Akaike weights to compare and rank “best” singlle-scalve models (see for
example Roy et al. 2007 for another use of Akaike weights). Although Rzaa_y, values
provide useful information on the amount of variaﬁion explained in a model, they are not
optimal .for model selection (McQuanié & Tsai 1998). A prefened model selection
approach is the use of Akaike’s Information Criterion (AIC) (Burnam & Anderson 2002). ‘

AIC uses a maximum log likelihood method to compare models, penalizing for the

82



addition of variables, with the lowest AIC indicating the best-supported model from
within a set of considered models. AIC is calculated upon an information-theoretic
approach, and is particularly appropriate for use in comparing 'ecologically derived a

priori models. AIC values can then be used to calculate Akaike weights (w;), computed as

7 .
w, =exp(=1/2A,)/ Y exp(-1/24,) , )
n , where ~ equals the difference in AIC for the i*

model in the set of models n=1...1, compared to the model with the lowest AIC in'the set.
Akaike weights can be iﬁterpreted as the support in the data for each model given a suite
of nested models, and the weights can be used to rank-order nested models. We
calculated Akaike weights to compare, both within and between scales, how much
support there was in the data for urbaﬁ or natural land cover as the primary driver of
downstreafn aquatic integrity. These single-scale statistical approaches were not guided
by our cohceptual model, but we use the conceptual mddel to fréme our inference from

results from the single-scale analyses.

4.2.4 Single scale linear regression models,; non-overlapping scales

To "begiﬁ to parse out the different influences between scales, we again conducted
single-scale analyses, but used non-overlapping, mutually-exclusive scales. We used GIS
to create areas exclusive to a single scale by clipping out the extent of the finer scale(s)

- (see for example Wang et al. 2001 for a similar approach). For example, the ﬁon—
overiapping catchment scale included the catchment area that did not coincide with the
riparian or local scales (in set theory, this would be the complement of the riparian;plus
local scalés). Using these non-overlapping, exclusive-area scales, we recalculated the |

proportion of urban and natural cover within each of the catchment and riparian scales
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(there was no exclusive local soale; there was no finer-scale to remove from its area), and
reran the regression single-scale regression analyses. We recalcillated the Rzadj and
Akaike weights for the single-scale catchment and riparian regressions S0 as to compare -
model weighting and ordering against the model ordering of the complete, shared-area

scale analyses.

4.2.5 Cross-scale linear regression models; non-overlapping scales

To begin to assess multi-scale spatial interactions, we regressed BIBI on the full
cross-scale model, including all six possible covariates (natural and urban, at each of the
three [clipped] scales). We also used a regression tree to check for interactions betiNeen
covariates in the full cross-scale model. We calculated the Akaike weights for all (63)
reduced permutations of the full model (and the full rnodel itself) and used the weights to
rank4order all model permutations. We also calculated Rz_adj for all of the ‘permutations.

We used the non-overlapping scales for this analysis.

4.2.6 Cross-scale hierarchical multiple regression; non-overlapping scales

| - In our final analysis, we explicitly included the hierarchical nature of scales of
land cover influence from our conceptnalimodel into our statistical approach. We
conducted hierarchical multiple regression,” whereby we sequentially added covariates to
the model based on our assumptions about how the aquatic system would ‘oe
hierarchically'inﬂuelnced by various land covers at different scales. Hierarchical multiple
regression differs from standard multiple regression in that it allows for the ordered
partitioning of variance between each of the successii/e additions of covariates (or blocks

thereof). In hierarchical multiple regression, one begins with the simplest reduced model,
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and at éach successive sfage, one additional covariate (or block of covariates) is added
until the full model is built. We first added the local scale effecfs, followed by the
riparian; followed by the catchment scale influences. Within a scale, we added the natural
land cover proportion ﬁrs_f, followed by the urban. We chose this ordering because our
conceptual model suggested that the more proximal buffer would mitigate the more distal
urban influences, and this is the appropriate séquencing of covariates in hierarchi’clal‘
mu_ltiplevrégression (Cohen & Cohen 1975). However, because we do not know that this
is the best model order, we also considered other sequential ordering of variables for
comparisoh. We tested the significance of the sequential addition (Type I Sums of
Squares) of each covariate using a partial F-test, based on the extra sum of squares

| concept, and we only included those covariates found to be sequentially significant. Thus,
at each stage, the R?adj increased, resulting in an ordered cumulative R.Zadj series (Cohen \&
‘Cohen 1975). We then used the extra sums of squafes to partition the variancé accounted
for by each covariate (or block of cqvariates), which, at éach stage, represented the partial

increase in variance accounted for beyond what had been accounted for at the previous

stage. We used the non-overlapping scales for this analysis.

4.2.7 Checking regression assumptions

For all statistical analyses, we checked residual plots to ensure assumptions of
normality for regression analyses were met. Residual plots indicated curvature in the
‘relationship between urban land cover and_BIBI, and at each single scale, AIC
comparisons selected for the inclusion of a second degree polynomial term for the urban
land cover and its inclusion normalized residual ploté. When combining scales, AIC

comparisons only selected for the inclusion of the squared term for the urban land cover
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proportion at the coarsest scale in the model, and this again normalized residual plots
(e.g., in a model including both‘riparian and cétchment urban covariates, only the
catchment urban squared term was necessary). Thus, for all hon-hierarchical regression
analyses, we only included a squared' term for the coarsest scaled urban covariate in a
modél. HoWever, the hierarchical multiple regression analysis‘required that reduced
models be fully nested within the full model (Coheh & Cohen 1975). At the local scale,
thg reduced model required a local urban squared ferm to ensure normality of errors.
Thus, to keep models nésted, we had to carry that squared term thrdugh the building up to
the full model. This was true for the riparian urban and catchment ufban squared terms as
well. Thus, the final level of the model (the full model) included squared terms for all
urban covariates.

| Covariate data were also sgaled and centered to reduce multicollinearity.
Multicollinearity is a measure of corrglatic)n between two covariates within a multiple
regfession. We first used a Pearson’s correlation matrix to test éorrelation between all
first-order covariates in the model combining both urban and natural land cover
covariates at all three scales. The covariate riparian urban was highly correlated with
catchment urbanization (r = .94), and combining the two covariates in a multiple |
regression against BIBI changed the sign of their associated coéfﬁcients. Although
multicollinearity between covariates must be avoided when analyses rely on the
interpretation of regression coefﬁcients'(Kutner et al. 2004), here, our analysis does not
consider regression coefficients. Thus, we chose to includé the riparian urban terrﬁ
‘because of our a priori belief that it was important. We explicitly dispuss when

multicollinearity may have influenced results.
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Lasﬂy, we computed empirical variograms using robust estimators (Cressié &
Hawkins 1980) to assess the amount 6f spatial autocorrelatiqn in the data. Variography
based on spatial coordinates (latitude and longitude) of Vthe} sample points indicated no
autocorrelation once the trend for catchment urban land cove; was rerﬁoved. ‘Thus, we did
not further account for auto:):orrelation in our analyses. We acknowledge that Euclidean -
proximity may not relate to hydrologic, in-stream distance. However, previous research
suggests that Euclidean»distanc‘e is the most suitable distance measufe for regional
 statistics modeiing of spatial data (Peterson et al. 2006). All statistical analyses were

-performed using the R statistical package (R Development Core Team 2008).
4.3 Results

4.3.8 Single-scale linear regression models

- Using linear regression models, we found significant relationships bétween
aquatic integrity regressed _6n each of the full and reduced models of land cover type at
each of the‘three individual séales (Table 4.1). The proporfion of urban land cover
explained a greater amount of the variance in BIBI than did the proportion of natural lénd
cover for all scales, and coarser scales explained more of the variance than finer scales
based on comparisons of Rzadj. The proportion of natural land cover in the riparian scale
explained the most variance in équatic integrity (followed by natural lﬁnd cover at the
local scale, with the amount of natural land cover at the catchment scale explaining the
least amount of variance).

At all scales, the reduced model including only the natural lénd cover povariate
had no sﬁpport in the data (i.e., had a Akaike weight of 0%; Table 4}.1). However, using

the non-overlapping scales slightly reduced the support in the data for including natural
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land cover as a second covari'a;te at the coarser scales. For example; excluding the local
scale area from the riparian scale, th:: Akaike weight for the ripafian scale model that
included both urban and natural land ‘éover fell by 2%. At the catchment scale, clipping B
oﬁt the riparian and local scales resulted in Akaike weights slightly favoring the reduced
model inciuding only urban land cover, as Cdmpared to the slightly higher raﬁking for the

full model in the overlapping-scale analysis.

4.3.9 Cross-scales linear regression models

A multiple linear regression of BIBI against the full cross-scales (non-
overlapping) model demonstrated that the influence of urbanization at the catchment
scale swamped other influences, and only the catchment urban term (and the intercept
and second degree polynomial term for catchment urban) was significant (t-test at.o.
=.05) within the full model. We found no significant interaction terms between the
covariates in the full model, although the regression tree suggested the potential
importance of riparian natural land cover buffers at low levels of catchment urbanization.

When we compared Akaike weights, the full cross-scales model (with all 6
covariates) was the lowest ranked model of the 63 possible pe'rmutations with any
support in the data (w; = 0.4%; Table 4.2). The top ranked model, with 17% of the
Support in the data, included the riparian natural and catchment urban covariates. The
percent support in the remaining models was often similar, teﬁding to be grouped based
on number of covariates in the model. R’.4 values were nearly identical for most models.

Applying a hierarchical multiple regression, partial F-test results from the full
cross-scales (non-overlapping) model indicated that once natural land cover at finer

scales was accbunted for, the inclusion of the catchment natural term was not significant.
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Thus, we ran an hierarchical multiple regression including the sequentially entered terms:
local natural, local urban, riparian natural, riparian urban, élnd catchment urban. Parﬁal F-
tests from this hierarchical multiple regression indicalted that sequentially adding each
variable based on the order suggested by our conceptual model signiﬁcaritly increased the
explanatory power of the model (Table 4.3). Partitioning the variance between each stage
of the hierarchical model based on extra sums of squares, we attributed 14% of the
variance explained to natural land cover at the local scale. Seventy-one percent of the
variance explained was attributed to the full local scale‘model. Once local sc_:ale land
cover was partitioned out, the hierarchical model attributed approximately 5% of the
remaining variance explained to riparian buffers, and another 13% to riparian urban land
cover. The remaining 11% of the explained varianée was attributed to urban land édver at
the catchment scale.

For cqmparison, we also raﬁ two additional hierarchical multiple regressions, eaéh
only including catchmenf urban and riparian natural. When riparian natural land cover
was entered first, folléwed by cat;:hmént urban, partial F-tests indicated both weré
significant at a = 0.0001, and we attributed sequentially partialed variance of 22% and
78%, respectively. When we reversed that order (entering cafchment urban first, ‘followed
by riparian natural), »riparian natural was only significantat a = 0.1, and sequentially

partialed variances were 98% and 2%, respectively.

4.4 Discussion o
Our single-scale model results were as we expected; catchment urban land cover
had the strongest predictive relationéhip with BIBI (Table 4.1). Further, in the multiple

regression on the full cross-scale model, only the catchment urban covariate was
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significant. We note that this result was likely influenced by multicollinearity, a
limitation of the multiple linear regression approaéh. Multiple linear regression can not
alone parse out the relative influence of covariates that share explanatory power. The
predictive power of uibanization that is accurhulated across the entire watershed swamps -
the influence of natural land cover and land cover -effect_s at other scales. Yet, theory in
aquatic ecology (Frissell et al. 1986; Pdff 1997; Montgomery 1999) and previous -
lempirical studies (e.g., Steedman 1988; Hunsaker & Levine 1995 , Lammert & Allan
1999; Sponseller et al. 2001) demonstrate the importance of other scales and the
hierarchical interactions between them. Ecological inférence based on a single
organizational level may misrepresent the ecological processes that reflect system’
dynamics (Wiens 1989).
Our single-scale analysis results showed that all land covers at all scales had some
influence on aquatic integrity, despite them having lower predictive powervcdmpared to
, catchment-wide urban land covér (Table 4.1). Additionally, clipping out the finer-scale to
create non-overlapping scales consistently reduced the suIdport in ‘the data (Akaike
~weights) for the inclusion of natural land cover in the coarser-scale model. These results
suggest that natural land cover at finer scales media'tesvthe effect of urbanization at
coarser scales, as per our conceptual model. These ecoldgically relevant insights would
be overlooked if comparing only the‘Rzaay for each individual scale, ascertaining only the
best predictive relationship. |
| The comparison of Akaike weights between dll permutations of the full, multiplev
regression model provided some additionai insight. The inclusion of the riparian uiban

covariate in the 3rd ranked model (Table 4.2) suggested that was the covariate of next
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import following carchment urban and riparian natural. However, although 83% of the
support in the data remained to be distributed amongat other models after the top model
was identified, Akaike weights were not able to clearly differentiate beiween most of the
other considered models, and it was unclear whéther local natural, local ﬁrban, or
r:atchment natural was the next most important covariate. Relying cinly on AIC model
ranking, we would identify the importance of the riparian buffers as they mediate
catchment urbanization. But the importance of other land cover types arid other scales
would be inseparable, an(i the statistical model chosen would not reflect what we learned
from comparing the non-overlapping and overlapping sca1e analyses.

The hierarchicval multiple regression allowed us to directly incorporate our
conceptual model of the system into our statistical model. We were ﬁrst able to identify
that catchment natural land cover was not influential in our particular study area. Our
approach did not allow us to test whethar this was because of the spatial arrangement
between catchmant urban and natural land c_r)ver, ‘but this remains a rational explanation.
‘Once the catchment natural land cover covariate was removed, the addition of all other
covariates, ordered as sugge.sted by our conceptual model, significantly increased the
explanatory power of the model. Althoiigh our hypothesis about riparian buffers — thar
natural land cover at the riparian scale was the most important — was aupponed when we
compared the Rzadj values for natural land cover at various scales, sequential variance
partitioning from our hierarahical multiple regression suggested that only 5% of the
variance explained by the full model could be attributed to riparian buffers once local
scale land cover was removed. Further, although all previous analyses focused on

predictive power suggested that catchment urban land cover drove aquatic integrity
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response, once ﬁﬁer scales were acéourited for, sequential partitioning of variance -
attributed only 11% of the explained variance in BIBI to urban cover at the catchment
~scale.

In aquatic ecology, lipking empirical data and consefvation of streams demands a
more integrative approach than focusing on a single scale of influence (Fausch et él.
2002). Given the known multi-scale procésscs in watersheds (Allan 2004), we argue that
the statistical methods 'sh.ould not be designed to answer “at which scale dvoeslland cover
most strongly influence aquatic integrity”, but instead aim to answer the ‘question “how
~ do the hierarchical séales of land cover interact to inﬂuehce aquatic integrity?” In .applied

ecology, there is growing support for the idea thth modéls serve as hypotheses themselves
(Hobbs & Hilborn 2006). Thus, the statistical models employed should be grouﬁdéd in
conceptual models based on accepted ecological theory (e.g., Cushmaﬁ & McGarigal
2002; Olden et al. 2006; Lookingbill et al. 2007).

Our partitioning of variance from the hierarchical multiple regression does not
definitively ansWer the question of how scales interact. It only answers the question
relative to our conceptual modell. However, concept_ual models that provide a structured
expression éf the a ﬁriori hypotheses about system allow for formal testing about hov;f
cbmponents and processes are related (Manley et al. 2004). We tested all other possible
orderings of the covariates in our full cross-scale hierarchical regression model, and we
found that the partial F-tests were not sequentially significant. Thus, the ordering of our
conceptual‘ model was the only sequentiai ordering that supported inclusion of all
covariates (except catchment natural land cover). That each laﬁd cover type at each scale

had a significant relationship with BIBI supports the concept that all scales should be .
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included in the model. Iﬁcluding all covariates is not the most parsimonious model that
explains the system. But, it ensures that the model we use to represent the system
incorporates the full range of spatial interactions that we determined to‘be operating in
the system. |

Even when we included only the covariates in the “top” model as selected by
Akaike weights, changing the érder in the hierarchical multiple regression substantially
altered the amount of variance partitioned between either catchment urban or riparian
natural land cover. If catchment urban was entered first, riparian natural only accounted
for 2% of the sequentially explained variance, but if the order was reversed, riparian
natural accounted for 22% of the sequentially explained variance. Using the more
standard Type II sums of squares for a components of variance analysis would be useful
in an experimental design that ensured independence of the covariates. However, in real-
world analyses of ecological systems, the c‘ovariates are often correlated, and the
sequential partitioning of variance bésed on a pre-specified séqucnce of covariates is a
means to avoid this problem.

‘More detailed models (both conceptual and statistical) would be needed to.more
authoritatively ehicidate and test the intefactions between anthropogenic land cover,
‘spatial Hierarchies, and aquatic integrity. For example,v we do not consider the effects of
agricultural land cover, legacy land uses, nonlinear responses, intermediate processes that
link the initial stressor to the biological indicators, or rare or unique features that are all
critical influences on the spatial interactions (Fausch et al. 2002; Allan 2004; Benda et al.

2004; King et al. 2005).
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Several other studies have beguh to empirically confront more complex
conceptual models combined with advanced statistical approaches to address the
implications for spatial hierarchies in ecological systems (e.g., Olden et al. 2006; Burcher
et al. 2007; Novotny et al. 2009). We do not advance our partitioning method as the best
approach; the partitioning of influence from other, more detailed models and approacheé
are likeiy more accuréte. Instead, we present this - work as a cautionary tale to watershed
managers about the impo,rtaﬁce of carefully choosing any modeling approach. Even if
more detailed conceptual models are used, the inference will only be as good as the
model. Conceptual modelé provide a method of testing alternative hypotheses and placing
bo‘undari\es on results. However, in studies of écological interactions, it is almost
impossible to know if the model is “true”. Any modelis merely a‘reﬂection of reality.
The goal is not to vreplicate ecological reality in all its complexity, but to apply a model .
that best represents our understanding of the system and then to explicitly acknowledgé
the’ assumptions embedded in the model - and ultimately, the modeled oﬁtcomes.

Our study shows that different statistical anaiyses, while equally Valivd, can
substantially alter inference. For example, our final results indicated thét mvanaging land
cover directly adjacent to the stream was of primary importance. This was a reversal from
our initial ﬁndings of the catphment scale driving impécts, and it was élso not supportive
of our hypothesis that riparian natural areas might be of foremost importahce. Whén we
- looked only at catchment urban and riparian natural, altering the order that they were
placed in the hierarcl}ical regression model, results suggested that either riparian buffers

were unimportant or that they accounted for almost 25% of the variance. Depending on
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the modeling approach taken, a watershed manager might significantly alter management
actions. | ,

We urge watershed managers and conservation planners, and the scientists that
conduct the studies that guide their decisions, to consider the implications of the
statistiéal model that underlies the inferience that is then translated to management action.
While more detailed conceptual models and advanced multilevel and mulﬁ‘variate'
statistiéal approaches may further improve ecological insight, they are not requisite. We
suggest that management professionals without the resources for more detailed
approéches, or perhaps looking for a low-commitment first-pass assesément, would be
better served if they applied and tested any simple conceptual model] that incl‘udes_the
hierarchical nature of the system. These models can then be refined, expanded, and
further tested as information emerges. But even if the conceptual map of the system
remains simplistic, our reéults indicated that managers must be wary of the models they
choose. Statistical tools should not drive the research question, instead research questions

should drive the analysis.-
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Tables

Table 4.1. Adjusted R (Rza-dl) and Akaike weights (w)) for single-scale regressions of
aquatic integrity on proportion of urban and natural land cover within each of the three
scales compared between models using overlapping and non-overlapping scales (extents
of finer scales clipped from coarser scales).

Overlapping Non-
, overlapping
Scale ‘Model Covariates Rz,,,,,-* Wi Rzadj* Wi
Local Natural 0.06 0%
Urban 0.34 73%
) Natural, Urban 0.33 27%
Riparian Natural 0.11 0% 0.10 0%
Urban 041  37% 041  39%
Natural, Urban 0.42 63% 041 61%
Catchment Natural 0.05 0% 0.04 0%
Urban = 046  43% 046  54%
Natural, Urban 046  57% 046  46%

*All regressions significant at a=.005, using an overall F-test for the model.
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Table 4.2. Models, of 63 possible full cross-model permutations, ranked by Akaike

weights (w;). All models with greater than 0.1% support in the data shown.

Rank Model Covariates Ry Wi

1 riparian natural, Catchment urban 0.47 17.4%
2. catchment urban 046 7.1%
3 riparian natural, riparian urban, catchment urban 0.46 7.0%
4 local natural, riparian natural, catchment urban 0.46  6.5%
S . riparian natural, catchment natural, catchment urban 0.46 6.5%
6  local urban, riparian natural, catchment urban 0.46 6.4% .
7  catchment natural, catchment urban 0.46 6.0%
8  local natural, catchment urban 0.46 3.8%
9  riparian urban, catchment urban 0.46 3.5%
10  riparian urban, catchment natural, catchment urban 0.46 3.0%
11 local urban, riparian natural, riparian urban, catchment urban 046 2.6%
12 - riparian natural, riparian urban, catchment natural, catchment urban 046 2.6%
13 local natural, riparian urban, riparian natural, catchment urban 0.46 2.6%
14  local natural, catchment natural, catchment urban 046 2.5%
15 local natural, riparian natural, catchment natural,-catchment urban 046 2.4%
16  local natural, local urban, riparian natural, catchment urban 0.46 2.4%
17 - local urban, riparian natural, catchment natural, catchment urban 0.46 2.4%
18 local urban, catchment natural, catchment urban 046 2.2%
19  local natural, riparian urban, catchment urban 0.45 1.7%
20 local natural, local urban, catchment urban 0.45 1.4%
21 - local urban, riparian urban, catchment urban 0.45 1.3%
22 local natural, riparian urban, catchment natural, catchment urban 0.45 1.2%
23 local urban, riparian urban, catchment natural, catchment urban : 045 1.1%
24 local urban, riparian natural, riparian urban, catchment natural, catchment urban 0.46 1.0%
25  local natural, riparian natural, riparian urban, catchment natural, catchment urban 0.46 . 1.0%
26 local natural, local urban, riparian natural, riparian urban, catchment urban 046 1.0%
27 local natural, local urban, catchment natural, catchment urban. 045 0.9%
28 local natural, local urban, riparian natural, catchment natural, catchment urban 046 0.9%
29 local natural, local urban, riparian urban, catchment urban ) 045 0.7%
30 local natural, local urban, riparian urban, catchment natural, catchment urban 0.45 0.5%
31 local natural, local urban, riparian natural, riparian urban, catchment natural, catchment 0.45 0.4%

*All regression models significant at «=.0001, using an overall F-test for the model.
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Figures

Example of 3 scales

MBSS locations

Urban land cover

: * | Natural land cover
Gunpowder Hydrologic Unit 0 5 10 20 ‘

Maryland, USA —— Kilomeéters

 Fig. 4.1. Gunpowder Hydrologic Unit, located in Maryland, USA. Maryland Biological
Stream Survey (MBSS) sampling locations are indicated with stars. An example of the 3
upslope scales (inset, top left) is shown for one MBSS sampling location in the
Gunpowder River Basin. Scales include local (black), riparian (dark grey), and catchment

(light grey).
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Fig. 4.2. Conceptual model of the interaction of urban (urb) and natural (nat) land cover
at the catchment (cat), riparian (rip), and local (loc) scales of flow accumulation. Urban
land cover at the catchment scale likely has the greatest magnitude of impact on aquatic
integrity (as measured at the sampling location marked with a star) because of the greater
area of accumulation, but urbanization at the more proximal riparian and local scales
should also have a direct effect. Intervening natural land cover should mitigate the effects
of upslope urban land cover, particularly at the riparian scale.
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CHAPTER 5. CONCLUSIONS

5.1 Summary of research and conservation implications

The influences of land-use modiﬁcatiqn on biodiversity and ecological
conservation are well documented for both terrestrial (Baker 1992; Blair 1996; Czech et
al. 20010; Theobald 2000; McKinney 2002; Maestas et al. 2003; Hansen et al. 2005;
Hawbaker et al."2005; McDonald et al. 2008) and aquatic systems (Bledsoe & Watson
2001; Sonoda ¢t al. 2001; Allan 2004; Meyer et al. 2005; Morgan & Cushman 2005;
| Chadwick et al. 2006; Alberti et al. 2007). My fesearch builds on this past work while

suggesting new specific dpproaches and tools fof conservation planners. N
I found that protected areas are vulnefable to threats from adjacent human
activities, and these threats limit condervation options. Indeed, my results show that areas
specifically dedicated to conservation may be most threatened by adj acenf human land
cover. ,By incorporating both‘adjéce'nt and in-situ threats into a protected area |
vulnerability assessment, I identified numerous éxisting protected areas that were likely -
threatened, particularly smaller protected areas in the southérn and northeastern U.S. [
also found many areas with relatively low Vulnerability to human related threats,
presénting potential opportunities for conservation action. However, any ’future
development of an of_ﬁcial conservation system, or the management of the exis‘dng de

facto conservation network, must struggle with the implications of continued land cover-

modiﬁcation, which I forecast will continue to both reduce the amount of buffer that
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mitigates threéts to conservation lands and reduce the amount of structural landscape
connectedness between conserVatjon areas.

All results herewith poiﬁt to the importance of adjacent lang uses. Thus, one
critical take-home message is that a key conservation strategy will be. to work
cooperatively across land ownership boundaries. If human Iand;use modification is
occurring most rapidly adjabent to the most critical ecological systems (e, aquatic
systems and conservation areas; Theobald et al. 1996; McDonald et al. 2007), then
conservation planners must-act to protect neighboring lands from future development
(e.g., Gordona et al. 2009) while land managers must educate existing adjacent private-
land owners (Shafer 1959). Although many privately held lands are already well
stewarded, concerns over rapid declines in important habitat and biodiversity hotspots on
private lands remain (Bean & Wilcove '1 997; Noss et al. 1997; Dale et al. 2000).

Schonewald-Cox et al. (1992) review strategies to engage private landowners in
conservation, including forming advisory groups, constituency building, and cooperati\}e
: agreefnents to meet shared goals (such as pest control), but they also list numerous
constraints and obstacles to cross-boundary management, including too many
stakeholders for effective communicétioh or a lack of sufficient data on biological
resources and consensus on how to manage them across diverse parties. Despite these
difﬁculties, as human land uses t;ontinue to encroach on relatively natural ecological
systems, managers will be forced to educate and work cooperatively with a growiﬁg
cadre of stakeholders and land owners. Conservation planning and management should
encourage publig-private partnerships and provide incentives for private land owners’

p.artici'pation to ensure biodiversity protection (Theobald & Hobbs 2002; Maestas et al.
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2003; Higgins et al. 2007). Success will require consideration of the biodiversity goals
and the biophysical and socioeconomic setting that allows balancing of hum;ln land use
needs and ecological function (DeFries et ai. 2007). |

A second take-home message is that a priori, ecologically determined conceptual
models may be useful for framing ecological analyses. Using a conceptual model of thé
interactions within a's system to guide analysiskmay alter inference, and ultimately, alter
mahagemént'aétions. Framing research with conceptual models does not necessarily'
require a complex model thth incorporates all aspects of the system nor significantly
more complex analysis methods. The use of conceptual models can be incorporated into
too‘ls With which managers are already corﬁfortable to better illustrate and test possible
conservation options. Conceptual models can serve as testable hypotheses themselves or
as bouqu for our inference, providing a rgality check of results that do not come frorﬁ
directly testable research quesﬁons. Because many ecosystem management hypotheses
can not be directly tested, land managers and conservation planners may find conceptual
models useful to fill in gaps of missing data or testable intefactions. The critical point is
that managers and planhers must acknowledge that the conceptual model and the
statistical model they choose may affect their results and, ultimately, their management

decisions.

5.2 Future research directions

One primary direction for improving and expanding my research would be to
incorporate biodiversity data directly into the integrated vulnerability assessment
presented in Chapter Two. Similarly, a more accurate depiction of habitat quality would

greatly improve the assessment of changes to potential buffer lands surrounding
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conservation areas as p‘resented in Chapter Three. Both of these improvements suggest
 the need to test the models and methods presented here with ﬁnef—scale applications to
provide conservation managers and plénners with more immediately pfactical tools.
Finer-scaled, richer land cover data, such as the use of the spatially explicit housing
» densit_y data (Theobald 2005) used in Chaptérs Two and Three, would also benefit the
research on hierarchical scales of land use and land cover influence on aquati'c systems
presented in Chapter Four. Cofnbined witﬁ a distributed watershed flow model, mbre
spatially explicit data on urban land uses would better account for the»importance bf
spatial arrangement of land cover in the watershed (e.g., Strayer et al. 2003; King et al.
2005). |
Synthesizing concepts from this dissertation into a locél study using ﬁner—écaled
data would allow for two important and critical improvements for future work: (1)
.applying more detailed éonceptual models of the spatial pathwéys linking anthropogenic
stressors to neighboring ecological systems to guide ahalysis and (2) consideratibn of the
' paramount implicationslof climate change in conservation planning. |
Several recent studies in aquatic ecology have begun to confront defailed
conceptual models of the transpért processes linking anthropogenif: stréssors to aquatic
integrity with spatial data. Combined with powerful statistical me;[hods, these studies are
shedding lighf on the ecological processes and pathwéys by which humans modify their
environment (e.g., King et al. 2005; Novotny et al. 2005; Johnson et al. 2007). Perhaps ‘
the most exciting of these studies is by Burcher et al. (2007), wherein a path analysis
statistical approach (Shipley 2000) is co‘nibined with a conceptual model of the cascading

mechanisms of influence linking land cover to biotic aquatic endpoints.
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These studies suggest the a new direction in ecology whereby conceptual models
detéil e‘xplicit ecological pathways — some trénsmitting medium that propagates |
anthropogenic stressors to an ultimate ecological consequence (Reiners & Driese 2004).
Applying the models of ecological pathways as hypotheses about the system, future work
empirically testing the strength of the pathways would both provide new insights in
spatial ecology and inform decisions concerning ecosystem management.

A potential synthesis of my dissertation work would be in developing a more -
ambitious and detailed model df multiple pathways thatitransport and translate land use-
associated stressors with indicators of aquatic integfity (Fié: 5.1). Such a model would
incorporate the mechanisms of influence [the general processes that link cause and effect
through space aré the mechanisfné of influence (after Reinérs & Driese 2004)], as well as
including bOtil the proximal stressor mechénism that directly threatens aquatic integrity
and the spatial transport mechanism fhat the original stressors foll_oW. The transport
mechanism could be represented by both a tr}ansporting vector (e.g., water, human, and
wind transport, which include'bdth an identifiable direction and a magnitude) a/nd vector
modifiers, such as landscape characteristics that may ‘attenuate, amplify, or transform the
stresses as they tra\(el. Additionally, thé model should include confounding factors,
stressor entities in ‘the study area thaf arise from sources .not directly linked to
urbanization but that require consideration to avoid spurious vresults.

The Can.eptual model would then provide a priofi hypotheses about the links
between urbaﬁization and a specific indicator of aquatic integrity which could be tested
erhpirically. Several statistical methods lend themselves to this type of structured ;

| hypothesis testing (Johnson & Gage 1997), such as artificial neural networks (e.g., Olden
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et al. 2006; Novotny et al. 2009), and structlired equation modeling and path analysis
(e.g., Burcher et al. 2007), both of which have become easier to implement with off-the-
shelf software programs. Another potential approach is the use of multilevel models,
which account for different process interactions at different spatial scales (Wikle 2003).
If an ecological proceés is occurring at different rates over different scales, it can be very
difficult to specify the model at l_each scale. Hierarchical models attempt to reduce tthis
complexity by decomposing the problem into a series of conditional modols; for example,
conditioning the behavior of the process at one spatial extent on the process at the larger
spatial extent in which it is nested. Hierarchical models oan be iinplemented using
frequentist maximum likelihood methods, but a Bayesian framowork provides advantages
and reduced complexity (Wikle 2003). Further, Bayesian hierarchical methods can be
uéed to account for problenls specific to spatial, coarse-scale models including
.h.eterogeneity of sampling methods, spatial misalignrnent (e.g., fine-scale ecological data
being compared to coarse-scale landscape measures), categorization uncertainty,
partioularly arising from the use of remotely sensed data, and spatially based latent
procosses (Mugglin et al. 2000; Hooten et al. 2003; Penttinen et al. 2003) |

A second extension of this research would be incorporate the implications }of
climate change. The research presented in Chapter Three looks at changes to the
landscape structure surrounding protected areas resulting frorn increased urbanization.
Although the research includes forecasts of future land use change, other landscape
aspects are assumed to be temporally static. This is unlikely given current climate change
projections (Hannah 2008); As discussed in Chapter Three, maintaining landscape

- connectivity is a critical tool for protecting biodiversity as landscapes become more
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fragmented (Hilty et al. 2006). Howevér, climate change‘will likely impact flora and
fauna across a range of ecosystems, organizational hierarchies; and scales (Walthef et al.
' ‘2002), and it is estimated that some 15-37% of species are at risk of extinction from
climate change (Thomas et al. 2004). Climate‘ change and lahdscépe connectivity are
inextricably linked as species viability will depend on connectivity to allow for species
range shifts and dispersal along changing climate gradients (Honnay et al. 2002). Given
that land use conversion for residential development and associated impacts (e.g., roads
and agricultural conversion) is another prirﬁary threa£ to species endangerment in the U.S.
" (Czech et al. 2000), the cumulative impact of climate change and development on’
connectivity is critically under-unexplored. The compounding threats could be |
simultaneously conéidered in a spatiotemporal approach to ensure that development does
not close the door on conservation linkages necessar}; under a changing climate.

One approach to combining effects frorh urbanization and climate change would
be to identify contiguous “dispersal chains” between existing and ﬁture habitat across
“time Slices”, To, T1, ..., Tn (Williams et al. 2005; Phillips et al. 2008). While this
- approach has been used to model seed dispersal in a binary system of suitable or
unsuitable habitat, for application in terrestrial vertebrates, the variable habitat quélity of
the intervening matrix would also need to be considered (Taylor et al. 2006). Therefore,
combining habitat suitability indexes based on dynamic vegetation models (which project
biome extents under novel climates) with forecasts of incfeased housing density could be
combined to identify the corridors for terrestrial species movement that would neéd to be
maintained across both space and time. Forecasts of increased housing density could also

incorporate influences of climate changed based on the recently created EPA set of
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national land use scenarios that are consistent with Intergovernmental Panel on Climate -

Change global change story lines (EPA 2008).
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Fig. 5.1. An example of a detailed conceptual model of the ecological mechanisms that
transport and translate stressors associated with urbanization and influences to aquatic

systems.
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. CHAPTER 6. REFLECTIONS ON MY PHD EXPERIENCE

It is difficult to summarize my last six years as a doctorai student as merely an
“experience.” However, during my graduate education at Colorado State University,
there have been a number of experiences, both positibve and negative, that have shaped
who I am as a scientist, and és a person.

First, pursuin‘g this PhD has allowed me to even consider myself a scientist. With
a background in poliéy atld management, it was my dissertation research that ﬁrst'
introduced me to the scientiﬁ.c method. Although my research vinterests remain at the
intersection of conservation science and applied conservation planning, my doctoral
studies have greatly expanded my comfort with the scientific and quantitative methods.
Several courses have provided invaluable vguidance on identifying research questions and
désigning methods to address them, notably a landscape ecology course (taught by D.M.
Theobald and B.R. Noon) énd a course in ecoéystem ecology (taught by B. Lauenroth
and 1. Burke). My interest in learning more about quantitative methods was largely
thanks to a course in systems ecology (taught by N.T. Hobbs), which also led to my
. involvemeht with the Program for Interdisciplinary Mathematics, Ecology, and Statistics
(PRIMES). Although adding at least a year to my graduate studies, the oppt)rtunity to
have been in\tolved with PRIMES was well worth it.

Although one regret is not having taken additional quantitative courses, it was my

research outside the classroom that provided the greatest opportunity for expanding my

110



knowledge of science and applicahle methods; specifically, my failures in research taught
hle the most. I spent over two years reﬁning my proposed research approach, onlyh to find
it was largely untenable. This exp.erience showed me the imporFance of limiting the scope
of one’s. research quéStion, althoﬁgh this'is an isshe with which I will undouhtedly
continue to grapple. I spent over a yéar wrestling with and learning Bayesian hierarchical
modeling methods, only th recognizé that it was not the appropriate methodrfor thé
question. This experience reminded me to have the science drive the method, not visa
versa. However, of the new tools I’ve learned, I have the best grasp of the Bayesian
modeling despite it not appearing within the pages of this dissertation. I also feel
fortunate to have had my first submitted manuscript rejected by a véry esteemed jhurnal.
The comments I received from the reviewers were bqth technically insightful and

- provided Vraluable insight into the importance of how one should frame avr’esearch
question. |

A highlight of my graduate school experience was the fbrgihg of new

| relationships, both personal and professional. Pgrhaps the greatest benefit from PRIMES

was developing a cohhrt of ecologists, mathematicians, and statis‘;icians that I cah turh to

with résearch questions. Working on a multi-disciplinéry project for PRIMES revgaled

both t/he benefits and challenges of working with a cohort of scientists from other fields. I

was forced to delve into the inner-workings of modeling software .I'had pheviously taken

at fabe_—vale, providing me with both a new skill and a new sense of confidence. I

discovered that when whrking in a large group representing many interésts and much

‘ expertise; the smallest détail could expand to an entire research project itshlf. Ilearned to

communicate more carefully, not assuming that others implicitly understood ecology,
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GIS, or spatial statistics terms. Ovefall, I found the prOcesS of interdisciplinary research

‘ stirhulating because it afforded the group the‘ capacity to expand résearch into new |
directions that no one pérson had the skills to tackle. A régret of my ’PhD experience is
that I did not ﬁhd'more opportunities for collaborati\}e wori%.

One negative was that I found my doctoral ‘studies to be relatively i“sol’ating.
Although I work in a field that is considered interdisciplinary, I often worked alone. This
is undoubtedly related to having been a non-traditional student and having moved away
two years‘ prior to completion of my PhD. But I also believe there is a fundamental need
fbr my college to provide a‘ better foundation for actjve intellectual community that
includes graduate students. During my tenure in Fort Collins, I worked with other
students to change this; I hope this effort continues.

‘There were numerous technical difficulties in my research. My computer crashed
a lot. I constantly ran out of data storage space. My taus never converged.v I could not
obtain the hecessary data. Yet, by far my gréatest challenges were persbnal in nature. I
discovered that my tendency for very broad-scale thinking was great for policy, but
potentially hindered my ability to ask tractable research questions. I learned my passion
for conservation and teaching also make me sensitive to rejection. I learned I need to
exercise and také vacations to maintain my intensity. Most importantly, I iearned that if [

. can teach a new course, read fdr my upcoming post-doc, and raise a toddler with my co-
parent working insanely as a neW faculty member —if I can do that AND put in a final
push to complete my dissertation — I can do anything. I just need to embrace humér,
frozen food, and a dirty house. Thank you to everyone who supported me in this

“experience.”
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Publicly available GIS data locations

Chapter 2

California Resource Agency’s Legacy PI‘OJeCt (2004; obtalned from The Nature
Conservancy)

Census 2000 population data http://www.census.gov/main/www/cen2000. html
Census 2000 urban areas http://www.census.gov/geo/www/garm.html

CoMap http://www.nrel.colostate.edu/projects/comap/

South Dakota GAP Analysis Program (2002; obtained from South Dakota Fish and
Wildlife Research Unit) o

ESRI StreetMap Dataset (CD-ROM; see ESRI 2005)

Mines data http://mrdata.usgs.gov

National Land Cover Dataset 2001 http: //www mrlc.gov/

Oil and Gas Wells data http://energy.cr.usgs.gov/oilgas/noga/

Protected Area Database http://www.consbio. org/what-we—do/protected-areas—database-
pad-version-4

The Nature Conservancy, Managed areas for New England (2006; obtained from The
Nature Conservancy)

Chapter 3 .
Same as Chapter 2

Chapter 4

Digital Elevation Model http://seamless.usgs.gov/index.php
Maryland Biological Stream Survey data
http://mddnr.chesapeakebay.net/mbss/search.cfm

National Hydrography Dataset http://nhd.usgs.gov/index.html
National Land Cover Dataset 1992 http://www.mrlc.gov/
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