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Abstract Intactness is a commonly used measure of

ecological integrity, especially when evaluating

conservation status at the landscape scale. We argue that

in the large and relatively unfragmented landscapes of the

Arctic and sub-Arctic, intactness provides only partial

insight for managers charged with maintaining ecological

integrity. A recent landscape assessment suggests that 95%

of Alaska shows no measured direct or indirect impacts of

human development on the landscape. However, the

current exceptionally high levels of intactness in Alaska,

and throughout the Arctic and sub-Arctic, do not

adequately reflect impacts to the region’s ecological

integrity caused by indirect stressors, such as a rapidly

changing climate and the subsequent loss of the

cryosphere. Thus, it can be difficult to measure, and

manage, some of the conservation challenges presented by

the ecological context of these systems. The dominant

drivers of change, and their associated ecological and

socioeconomic impacts, vary as systems decline in

ecological integrity from very high to high, and to

intermediate levels, but this is not well understood in the

literature. Arctic and sub-Arctic systems, as well as other

large intact areas, provide unique opportunities for

conservation planning, but require tools and approaches

appropriate to unfragmented landscapes undergoing rapid

climate-driven ecological transformation. We conclude

with possible directions for developing more appropriate

metrics for measuring ecological integrity in these systems.
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INTRODUCTION

The wealth of biological detail on the tundra dispels

any feeling that the land is empty; and its likeness to

a stage suggests impending events… It is hard to

travel in the Arctic today and not be struck by the

evidence of recent change…
-Barry Lopez, Arctic Dreams

Conservation biology as a scientific field emerged, in part,

in response to recognizing the value of diverse natural

resources and acute resource management needs in the face

of increasing threats (Gibbons 1992; Meffe et al. 2006). As

conservation biologists identify drivers of ecosystem

change, such as habitat fragmentation or climate change,

they develop new analytical frameworks and tools to

inform proactive (Beyer et al. 2020) and precautionary

management strategies (Redford and Sanjayan 2003).

Ecological and landscape integrity assessments (EIAs)

are one such framework used to inform conservation

management. However, ecological integrity is an abstrac-

tion, and not an observable or measurable entity in its own

right. It is a translation of Leopold’s (1949) well-known

statement: ‘‘A thing is right when it tends to preserve the

integrity, stability, and beauty of the biotic community. It is

wrong when it tends otherwise…..’’ Recent critiques

highlight the difficulty in defining ecological integrity

(Rohwer and Marris 2021) beyond the commonly used, but

imprecise, definition of Parrish et al. (2003) as ‘‘the ability

of an ecological system to support and maintain a

community of organisms that has species composition,

diversity, and functional organization comparable to those

of natural habitats within a region.’’ Despite the lack of

clarity, ecological integrity remains a core value embedded

within resource management organizations, including
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within agency policy (for example, see NPS 2006). Thus,

measuring and subsequently protecting ecological integrity

is a core conservation goal for many agencies and

organizations.

The most common approach for estimating ecological

integrity is through mapping ecological or landscape

intactness. Intactness, defined by Carter et al. (2017), is a

‘‘quantifiable estimate[s] of naturalness measured on a

gradient of anthropogenic influence across broad land-

scapes or ecoregions.’’ Based primarily on geospatial

human footprint data, intactness is a readily available, and

therefore heavily utilized, proxy for ecological integrity

(McGarigal et al. 2018). The assessments based on spatial

data of human activities and infrastructure (i.e., human

footprint Venter et al. 2016) are often expanded to include

areas of influence associated with each specific activity to

estimate where and how habitats are impacted and frag-

mented, creating a continuous estimate of intactness

(Theobald 2013; Brown and Williams 2016; Wurtzebach

and Schultz 2016; Hak and Comer 2017; Walston and

Hartmann 2018).

In anthropogenically dominated landscapes, as in much

of the contiguous US, Europe, and eastern Asia, the dom-

inant drivers of change and greatest influence on ecological

integrity have been habitat loss and landscape fragmenta-

tion (see Millennium Ecosystem Assessment 2005; Rybicki

and Hanski 2013). Natural habitats within those regions are

considered those that have not been fragmented by habitat

loss. Appropriately, conservation biologists and planners

working in fragmented systems have typically evaluated

landscape pattern or spatial characteristics (see Taylor et al.

2007, 2016) based on the patch–corridor–matrix model of

landscape ecology as a basis of assessing connectivity

(Turner et al. 2001). In turn, habitat availability and con-

nectivity have been the focal attributes for understanding

an ecosystem’s conservation status and thus, integrity of

ecological function (BLM 2012; Tallis et al. 2015;

McGarigal et al. 2018).

However, in the relatively unfragmented landscapes of

the Arctic and sub-Arctic, mapping intactness (or connec-

tivity) is less informative for management agencies need-

ing to protect ecological integrity. In recent calculations of

intactness performed for the state of Alaska, Trammell and

Aisu (2015) and Reynolds et al. (2018) found that over

95% of the state of Alaska has ‘‘very high’’ intactness. We

explore this example in order to better understand the

utility of such an estimate, and challenge the use of this

common ecological integrity measure in non-anthro-

pogenically dominated landscapes.

LANDSCAPE INTACTNESS IN ALASKA

Utilizing the Landscape Condition Model (Hak and Comer

2017), a common landscape approach tool used throughout

the western US, Trammell and Aisu (2015) mapped the

impacted areas in Alaska associated with direct land con-

version or use (such as highways, ice roads, logging), and

areas associated with indirect impacts (such as invasive

species infestations; Fig. 1). Their assessment found that

approximately 95% of the state has ‘‘very high’’ intactness

(defined as very little to no human modification), and 3%

of the state has ‘‘high’’ or ‘‘medium’’ intactness, while less

than 0.5% has ‘‘very low’’ intactness. Very few areas in the

contiguous US approach these levels of intactness,

including those areas that have been intensely managed for

biodiversity and protected from development for over a

century (Trammell and Aisu 2015). Yet, when summed

across all levels of impact, approximately 86 000 km2 of

Alaska is directly or indirectly modified by human devel-

opment (Trammell and Aisu 2015), approximately the area

of Ireland. While fragmentation effects may appear rela-

tively small in terms of percentage of area, the absolute

area of habitat lost or impacted, such as wetlands filled,

placer mines constructed, or forests clear-cut, is far from

negligible. Furthermore, levels of intactness do not appear

to be related to levels of biodiversity protection (Reynolds

et al. 2018). Alaska’s size and relatively high levels of

intactness, as traditionally measured, lead to a common

(mis)perception that it can absorb significant landscape

change without loss of ecosystem services and ecological

integrity.

IMPLICATIONS OF MANAGING

FOR INTACTNESS

With intactness-based estimates for ecological integrity, it

can be difficult to recognize the emerging conservation

challenges in the socio-ecological systems of the Arctic

and sub-Arctic. For example, existing development has

already generated detectable impacts on a variety of

important subsistence species. These impacts include

reduced gene flow in moose (Alces alces) populations

along fenced highway corridors (Wilson et al. 2015) and

changes in caribou (Rangifer tarandus) habitat-use (Joly

et al. 2006) and migratory behaviors (Wilson et al. 2016) in

relation to industrial roads. Management actions are typi-

cally only activated when species are at risk of extinction

(i.e., when there is a ‘‘crisis’’), not when among-population

gene flow is reduced by a small percent or behaviors and

migratory routes are altered due to human infrastructure.

However, ecological phenomena such as large-scale

mammal migrations have been lost in most regions of the
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world and therefore represent an increasingly important

ecological process to conserve (Joly et al. 2019).

Additionally, the adoption of intactness metrics devel-

oped for use in other less pristine environments leads to a

lack of resolution in conservation assessments in largely

intact regions. For example, the NatureServe Network

Conservation Rank Calculator (Faber-Langendoen et al.

2009) is used to provide conservation ranks for species

throughout the Western Hemisphere. However, that tool

was designed for very different ecological conditions than

exist in the Arctic and sub-Arctic. This calculator heavily

weights area of occupancy and percentage of occurrences

in areas of ‘‘good ecological integrity.’’ The scoring for

ecological integrity in this tool asymptotes to a maximum

value when just 40% or more of the total area occupied by

a species has ‘good or excellent ecological integrity,’

providing very little resolution for species in highly intact

systems. In the case of Alaska, the high intactness estimate

causes a false sense of low conservation need (see Flagstad

et al. 2019). This can be particularly problematic in the

Arctic where ecological systems are very dynamic (e.g.,

Schmidt et al. 2016) and single weather events can cause

catastrophic die-offs of populations over very broad

geographies (Tyler 2010; Hansen et al. 2014) or even

community-wide failures of reproduction (Schmidt et al.

2019).

Spatial variability and unique and unpredictable re-

sponses are emerging as dominant patterns of change in

Arctic and sub-Arctic ecosystems (Taylor et al. 2020).

Major drivers of change include the climate that is warm-

ing at a rate more than twice the global average (Hinzman

et al. 2005; Osborne et al. 2018), which has triggered large-

scale herbivorous insect outbreaks and increases in size,

frequency, and severity of fires, leading to a dieback of

North American boreal forests and a potential ecosystem

shift from a carbon sink to a carbon source (Walker et al.

2019). Across the low Arctic and sub-Arctic, permafrost is

irreversibly thawing, releasing large stores of greenhouse

gases (Lenton et al. 2019) and draining thousands of hec-

tares of wetlands (Avis et al. 2011). In recent decades, the

Eurasian Arctic and sub-Arctic have been dramatically

transformed from land use changes resulting from large-

Fig. 1 Landscape intactness, as modeled by the landscape condition model for Alaska (modified from Reynolds et al. 2018). Categories

represent relative intactness according to the Landscape Condition Model score. The Aleutian Archipelago is omitted to provide adequate

viewable resolution of the rest of the state
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scale fires, losses of lakes, and pollution, and deforestation,

changes that threaten the region’s natural ecosystems,

particularly when coupled with the ecological transforma-

tions driven by persistent directional climate change

(Groisman et al. 2017).

The large-scale climate and cryosphere changes

observed in Alaska suggest major ecological transforma-

tions are already underway (Markon et al. 2018). The

ecological integrity of these systems is strongly tied to the

extreme seasonal variation in climate, particularly in regard

to low temperatures and short growing seasons (see Arctic

Biodiversity Assessment 2013). The Arctic and sub-Arctic

uniqueness is reflected in climate regimes that (1) are lar-

gely responsible for specific structural attributes of these

ecosystems, such as sea-ice, permafrost, frost-boils, beaded

streams, pingos, and persistent snow cover; (2) drive strong

seasonality in trophic relationships and life histories

(Schmidt et al. 2017); and (3) select for specialized phys-

iological and morphological traits in diverse organisms

(Billings 1974; Danks 2004; Lin et al. 2019). Yet the Arctic

is warming at a dramatic pace (Hinzman et al. 2005;

Osborne et al. 2018; Box et al. 2019), with an estimated

reduction of at least 20 fewer nights below freezing by

mid-century, and more than 45 less nights below freezing

in the Arctic and sub-Arctic coastal regions of Alaska,

under the ‘‘business as usual’’ RCP8.5 emission scenario

(Markon et al. 2018). These changes, and the other direct

impacts of climate change on the hydrological cycle (Lit-

tell et al. 2018) and growing season length (Bieniek et al.

2015; Arndt et al. 2019), suggest major ecological alter-

nations are imminent (see National Resource Council

2014).

Other known or expected drivers of ecological change in

the Arctic and sub-Arctic that should be accounted for in an

indicator for ecological integrity includes (1) transport and

deposition of persistent pollutants into the region, as well

as local point source pollutants, which adversely affect

both ecosystem and human health (Law and Stohl 2007;

AMAP 2018); (2) invasive species, as increasing examples

of establishment and spread have been noted and are

expected to be exacerbated by climate change (Sanderson

et al. 2012; Lassuy and Lewis 2013; Chan et al. 2019;

Wasowicz et al. 2020); and 3) the legacy effects of earlier

industrial-scale overharvesting of wildlife populations

(Arctic Biodiversity Assessment 2013). These drivers of

change (climate, cryosphere, persistent pollutants, invasive

species vulnerability, and wildlife overharvest) are rarely

accounted for in intactness estimates or other ecological

integrity metrics focused strictly on characteristics of the

composition and spatial distribution of unfragmented areas

(McGarigal et al. 2018), undermining the effectiveness of

such metrics in evaluating tradeoffs among competing

management decisions.

GLOBAL SIGNIFICANCE AND ALTERNATIVE

APPROACHES

Large intact areas are not unique to the Arctic and sub-

Arctic. Large Wild Areas (LWAs), defined by having a low

human footprint and low levels of intensive land use

(Locke et al. 2019), share some common features, such as

providing a range of ecological services of local, regional,

and global importance (e.g., subsistence resources, clean

water, carbon sequestration; Huntington et al. 2013;

USGCRP 2018) and strong direct reliance of local cultures

on the region’s ecosystem services and processes (Chapin

et al. 2004; Huntington et al. 2013). Additionally, LWAs

often support relatively unimpeded seasonal migration and

wide-ranging behaviors of many terrestrial (such as cari-

bou), aquatic (such as salmon), and avian species (such as

white-fronted geese). In LWAs, developed regions may be

better described by the ‘conservation matrix’ landscape

model (Schmiegelow et al. 2014), where the human foot-

print occurs in patches within a background matrix of

relatively intact landscapes, rather than the patch–corridor

model of fragmented and modified landscapes. The high

level of intactness, as traditionally measured, in an LWA

can often be an historical function of low human popula-

tion and logistical constraints, rather than being the product

of policy or management, and can be misleading (as

described above). Thus, many LWAs are susceptible to

potential unregulated habitat conversion if not accurately

assessed and managed for conservation threats (Beyer et al.

2020), threats that may be missed if evaluated using

common intactness measures.

Based on the points raised here, we suspect that regional

or global assessments of LWAs that use traditionally

measured intactness are inadequate and provide an over-

estimate of the true integrity of these systems. Alternative

approaches that reflect the nature of the stressors, natural

resources of interest, and landscape context are warranted.

Belote et al. (2019) argue for ‘condition-specific targets’ as

part of the landscape approach to conservation, but they

still largely focus on limiting fragmentation. We suggest a

more effective approach would be to combine condition-

specific targets with a modification of an index of eco-

logical integrity similar to that developed by McGarigal

et al. (2018). However, in this case, metrics related to

important components driving short-term and long-term

system resiliency would need to be included like ecological

rates of change and amplifying and dampening mecha-

nisms, highlighted by Crausbay et al. (2022) in the context

of managing for ecological transformation.

Additionally, biotic responses to environmental change,

and thus the ecological outcome of a perturbation (e.g.,

Schmidt et al. 2017), generally takes place at a much

smaller scale than is traditionally mapped in intactness
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estimates. Local-scale processes need to be captured in

broad-scale measures to accurately model ecological

integrity. On-going monitoring initiatives, for example the

Circumpolar Biodiversity Monitoring Program (CBMP;

https://www.caff.is/monitoring; Christensen et al. 2013) is

working collaboratively with other global programs to

assemble data about locally important biodiversity com-

ponents and their likely drivers of change. Such monitoring

programs allow access to pan-Arctic data and analytical

results that can be tied to drivers (anthropogenic or non-

anthropogenic) when modeling ecological integrity across

broad geographies, thereby providing a crucial link

between local and landscape-scale processes.

Arctic and sub-Arctic systems need a measure of eco-

logical integrity that can account for the projected changes

in system dynamics, as well as the accompanying uncer-

tainties. This suggests a very different, information-heavy

approach will be required to incorporate not only core

features of structure, composition, and function (Walston

and Hartmann 2018), but also their projected trajectories in

response to environmental changes. It would remain an

open question how to apply such an index over planning

time scales that could include climate-driven system

transformations, which appear to exceed the limits of

resiliency. While promising, this approach would require

substantially more data and understanding (Crausbay et al.

2022; Lynch et al. 2022), at much finer scales (Schmidt

et al. 2017) than currently exists for many LWAs, espe-

cially those in the Arctic and sub-Arctic (see Trammell

et al. 2016).

CONCLUSION

To be effective for conservation in the Arctic and sub-

Arctic, an indicator of ecological integrity must include the

characteristics identified in Box 1.

Foremost, the measure has to account for major drivers

of change beyond just land use (McGarigal et al. 2018) and

at biological relevant scales, not just the scales at which

landscape-level data currently exists. Additionally,

significant progress is needed to better understand the

relationship between ecological integrity and chosen indi-

cators to translate projected changes in the indicator’s

value into meaningful conservation information. For

example, if intactness is used as the indicator, what

important ecological functions are likely to be impacted or

lost when intactness declines from 100 to 95%? On the

surface, 5% reduction in intactness seems irrelevant, but

we know this to be untrue, especially if it is estimated over

ecoregions that are more than 5 million ha in size, as is the

case in Alaska. As we have described above, LWAs like

the Arctic and sub-Arctic are undergoing major observable

changes and/or are on the verge of crossing significant

ecological thresholds. If considering intactness as a con-

servation indicator in an LWA, the important questions are;

what other threats to ecological integrity that may be dif-

ficult to measure are omitted, and how are they likely to

influence integrity of a given system? This will require

substantially more integrative scenario-based modeling

that fully explores the variability around climate and

human development projections and accounts for plausible

ecosystem transformation (Schuurman et al. 2021; Craus-

bay et al. 2022). Additionally, there needs to be a clear

understanding of (or agreement to), the reference or desired

ecological condition so appropriate thresholds can be

identified, allowing resource managers to determine if they

need to resist, accept, or direct the ecological changes

(Lynch et al. 2022). Finally, data must be systematically

collected in these other domains using programs like the

CBMP or ‘‘Ecosystem Classification’’ approach by

McLennan et al. (2018) that uses vegetation as an inte-

grator of productivity, structure, and composition shaped

by long-term abiotic drivers and ecological processes, so

that LWAs can have metrics that can be relatively quickly

and reliably calculated.

Alaska, the broader circum-Arctic, and other regions with

LWAs represent some of the few remaining places on the

planet where ecological processes have not been directly

altered by an ever-expanding modern human footprint (Cha-

pin et al. 2006). These landscapes, in which it is impossible to

not be struck by recent changes, as Lopez reminds us inArctic

Box 1 Effective indicators of ecological integrity in the Arctic and sub-Arctic should include:

• Ecological condition-specific targets

• Incorporation of ecologically relevant data to address short-term and long-term responses of the system, at a minimum would include:

s Permanent and seasonal anthropogenic footprint

s Climate-linked perturbation

s Direct and indirect pollution

s Invasive species

s Legacy or contemporary overharvesting

• Linkage of local-scale processes to landscape-scale models
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Dreams, provide an unparalleled global opportunity to make

wise management choices aligned with broader system

dynamics to better preserve these special places. Then all

levels of biodiversity, as well as local communities, will be

able to continue accessing the ecosystem services they so

critically rely upon. Successful conservation in a rapidly

changing Arctic will only be achieved with establishment of

more ecoregionally tuned conservation thinking and tools

appropriate for these intact and LWAs.
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