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ABSTRACT
Vast mosaics of lakes, wetlands, and rivers on the Arctic Coastal Plain give the impression of water
surplus. Yet long winters lock freshwater resources in ice, limiting freshwater habitats and water
supply for human uses. Increasingly the petroleum industry relies on lakes to build temporary ice
roads for winter oil exploration. Permitting water withdrawal for ice roads in Arctic Alaska is
dependent on lake depth, ice thickness, and the fish species present. Recent winter warming
suggests that more winter water will be available for ice- road construction, yet high interannual
variability in ice thickness and summer precipitation complicates habitat impact assessments. To
address these concerns, multidisciplinary researchers are working to understand how Arctic
freshwater habitats are responding to changes in both climate and water use in northern
Alaska. The dynamics of habitat availability and connectivity are being linked to how food webs
support fish and waterbirds across diverse freshwater habitats. Moving toward watershed-scale
habitat classification coupled with scenario analysis of climate extremes and water withdrawal is
increasingly relevant to future resource management decisions in this region. Such progressive
refinement in understanding responses to change provides an example of adaptive management
focused on ensuring responsible resource development in the Arctic.
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Introduction

Alaska’s Arctic Coastal Plain (ACP) covers approximately
75,000 km2 (roughly the size of South Carolina) with one
major permanent road, the DaltonHighway, which tracks
the Trans-Alaska Pipeline System (TAPS). In the winter,
this road network expands considerably with roads made
of ice and constructed from fresh surface water to facil-
itate new exploration (Figure 1A). Discovery of oil on
Alaska’s North Slope in 1968 and subsequent passage of
the Alaska Native Claims Settlement Act (ANCSA) in
1971 limited the ACP’s human footprint to Prudhoe Bay
and eight Inupiaq communities (Coates 1993). Arctic
sprawl of roads and pipelines has since expanded outward
from Prudhoe Bay (Streever 2002), recently crossing the

Colville River and extending into the National Petroleum
Reserve in Alaska (NPR-A; USDOI-BLM 2014) about
100 km to the west (Figure 2). The NPR-A was set aside
in 1923 under the Naval Petroleum Reserve Production
Act, and transferred from the U.S. Navy to the Bureau of
Land Management in 1976 (Coates 1993) but has until
recently remained untapped for its original purpose. New
exploration into places such as the NPR-A happens
almost exclusively during the winter via ice roads, leaving
a vastly different and seemingly transient footprint com-
pared to the smaller network of permanent roads con-
necting drilling pads and accessing pipelines.

Temporary winter ice roads are designed to protect
the tundra and underlying permafrost, while allowing
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exploration for new oil and gas reserves in more remote
areas (Sibley et al. 2008). Water for ice-road construc-
tion in Alaska comes primarily from freshwater lakes
(Jones et al. 2009a), which are highly abundant
throughout much of the ACP, covering more than
20 percent of the land surface in many areas (Grosse,
Jones, and Arp 2013). Ice roads have also long been
used in Canada, Sweden, and Russia, but are primarily
routed over networks of frozen rivers and lakes and
thus rely much less on water extraction (Prowse et al.
2009). Winter water use has varied considerably
from year to year since monitoring was required in
Alaska’s NPR-A, but has increased dramatically in
recent years with new oil exploration and discoveries
(Figure 3). Lake-water withdrawal for ice roads is regu-
lated with the goal of protecting overwintering fish
habitat for subsistence use and ecological integrity
(Cott et al. 2008).

At the same time as the industrial footprint has
expanded on the ACP, climate change has become an
increasing concern in the Arctic, with warming much
above global trends (Serreze and Barry 2011; Wendler,
Moore, and Galloway 2014). Ecosystem responses to cli-
mate change on Alaska’s North Slope include earlier snow-
melt (Stone et al. 2002), shrubification (Sturm, Racine, and
Tape 2001), permafrost warming (Arp et al. 2016;
Romanovsky, Smith, and Christiansen 2010) and degrada-
tion (Jorgenson, Shur, and Pullman 2006; Raynolds et al.
2014; Liljedahl et al. 2016), new tundra fires (Jones et al.
2009c), accelerating coastal erosion (Jones et al. 2009b),
earlier breakup of lakes and rivers (Smejkalova, Edwards,
and Dash 2017), and hydrologic intensification in the form
of more variable watershed runoff (Rawlins et al. 2010;
Stuefer et al. 2017). Climate-change impacts on native
Inupiaq communities and the petroleum industry in north-
ern Alaska are wide ranging with mixed consequences

Figure 1. Views of the human footprint on the Arctic Coastal Plain of northern Alaska in winter (A) and summer (B).

Figure 2. Physiographic, cultural, and land-management features of the North Slope of Alaska. Lakes are shown in blue and the Fish
Creek Watershed is outlined in yellow.
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(Larsen et al. 2008; Raynolds et al. 2014; Brinkman et al.
2016). For example, Pacific salmon (Oncorhynchus spp.),
with historically limited distributions in North Slope
streams, may be extending their range and are now being
harvested in several ACP villages (Nielson, Ruggerone, and
Zimmerman 2013); simultaneously, traditional whitefish
(Coregonus spp.) fisheries may be threatened by
Saprolegniasis, a previously undocumented disease in the
region (Sformo et al. 2017). Observed trends toward thin-
ner lake ice are considered to be increasing winter water
supply for ice-road construction (Arp et al. 2012a, 2018),
yet warmer winters are shrinking the time period when ice
roads can be built and utilized in northern Alaska and
other regions of the Arctic (Prowse et al. 2009; Instanes
et al. 2016).

The combined pressure of local industrial develop-
ment and regional climate-change impacts will present
ongoing challenges to multiple Arctic stakeholders
(Walker et al. 1987; Martin et al. 2009; Streever et al.
2011). For government agencies charged with managing
Arctic lands and resources, rapid changes in both cli-
mate and land use require adaptive management driven
by interdisciplinary science teams with input from sta-
keholders (Wilby et al. 2010). Here, we review the inte-
grated results of research focused on the 4,600 km2 Fish
Creek Watershed (FCW) located in the northeast por-
tion of the NPR-A (Figure 2). This hydrologic unit
encompasses most major freshwater habitats and many
species of interest on the ACP (Whitman et al. 2011; Arp
et al. 2012b), is an area valued for native subsistence
hunting and fishing, and is the site of new petroleum

development and exploration. These key characteristics
and documented ecosystem responses to climate (e.g.,
Arp et al. 2016; Jorgenson, Shur, and Pullman 2006; Arp
et al. 2012a; Engram et al. 2018) and land-use change
(e.g., Lawson 1986) make the FCW an ideal setting to
frame how freshwater ecosystems are responding and to
show how adaptive management is addressing these
competing pressures on the Arctic.

An important and related factor in our review of this
research is that while oil development in the NPR-A
only began in 2016, permitting and associated environ-
mental monitoring and assessment was initiated in the
FCW in 1998 (Whitman et al. 2011). Resulting envir-
onmental data sets and habitat studies that are focused
on the FCW provided a major underpinning for much
of the interdisciplinary research presented here.

Winter climate change and freshwater habitat
responses

Strong empirical evidence for climate change in Arctic
Alaska comes from the National Weather Service’s station
at Utqiaġvik (formerly Barrow; Figure 2). Reliable climate
records began there in 1921, and during a period of satellite
sea-ice observations (1979–2012), which showed a marked
decline in sea-ice extent, mean annual air temperature
increased by 2.7°C (Wendler, Moore, and Galloway
2014). Mean annual precipitation has also shown an
increasing trend during this period of sea-ice decline, albeit
with considerable variability. The majority of this warming
and wetting is occurring in the late fall and early winter in

Figure 3. Lake water extracted in the northeastern NPR-A (approximately 70,000 ha land area) during the winters from 2008–2009
to present (2017–2018) as reported by ConocoPhillips-Alaska Inc. (CPAI) to the Bureau of Land Management’s Arctic District Office.
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relation to declining sea-ice extent (Wendler, Moore, and
Galloway 2014). Similar changes in climate are thought to
be occurring across much of the ACP, including in the
FCW, yet empirical evidence there is based on shorter
station records starting in 1998 (USDOI-USGS 2014). To
remedy this gap and anticipate future conditions, dynami-
cally downscaled climate simulations using Polar Weather
Research and Forecasting (Polar WRF) are used to analyze
historic (1950–2005) and future (2006–2100) climate (Cai
et al. 2018a). Polar WRF projections for the FCW indicate
an additional 2°C of warming by 2100, dominated by
winter warming with increased amounts and variability
in precipitation (Figure 4), particularly in the fall and late
winter in relation to reduced sea-ice extent (Alexeev et al.
2016; Cai et al. 2018b).

Winter warming is highly relevant to freshwater habi-
tat responses because of impacts to lake-ice growth. In
Arctic Alaska, lake ice traditionally grows thick, up to 2 m
or more by winter’s end, resulting in large portions of
shallow lakes that freeze solid with bedfast ice (Jeffries,
Morris, and Liston 1996). Strong winter warming and

more snowfall limits ice growth, and creates more liquid-
water availability (Arp et al. 2012a; Alexeev et al. 2016).
This dynamic has been documented using satellite-based
synthetic aperture radar (SAR) to inventory the abundant
thermokarst lakes of the Barrow Peninsula from 1992 to
2011 (Surdu et al. 2014). Engram et al. (2018) recently
extended this SAR analysis to 2016 and for the full range
of lake-rich Arctic Alaska landscapes, including the FCW
(Table 1). Despite progressive winter warming during this
period, high year-to-year variability in the extent of float-
ing ice lakes suggests that uncertainty in snowfall, late
summer rainfall, and even sustained water withdrawal
factor into winter habitat dynamics (Arp et al. 2018,
Engram et al. 2018). Model experiments using Polar
WRF show how reductions in late fall sea-ice extent can
reduce early winter lake-ice growth: more open water
generates more ocean-effect snowfall along coastal low-
lands, insulating ice and preventing rapid thickening in
the early winter (Alexeev et al. 2016). Changes in lake-ice
regime (floating ice to bedfast ice) lead to later ice-out
timing and lower sensitivity to drought conditions at the

Figure 4. Historic (1950–2014) and projected (2015–2100) changes in summer precipitation (A) and winter air temperature (B) for
the Fish Creek Watershed using a regional climate model Polar WRF (Weather Research and Forecasting; Cai et al. 2018a). Historic
normal (control year) and extreme drought and wet summers (A) and cold and warm winters (B) are used for creating scenarios to
evaluate freshwater habitat responses.
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individual lake level (Arp et al. 2015a), and, at the regional
level, a shift in the distribution of available habitat types
(Arp et al. 2012a). The link between Arctic marine
dynamics and freshwater habitat responses in adjacent
coastal lowlands (Figure 5) underscores the complexity
of forecasting feedbacks in the Arctic system (Serreze and
Barry 2011) and the potential for future extreme events
(e.g., ocean-effect snowstorms that can lead to very thin
lake ice [Alexeev et al. 2016]).

The availability of freshwater resources is likely
increasing during the winter. Many historically bedfast-
ice lakes now have perennial liquid water below floating
ice, potentially expanding the overwintering fish habitat
and increasing the winter water supply for ice roads
(White et al. 2008; Jones et al. 2009a). Fine-scale
(1.25 m resolution) SAR analysis of lakes, ponds,
beaded streams, and river channels in the FCW reveals

the full extent of potential overwintering habitats
(Figure 6A; Jones et al. 2013), adding context to coarser
resolution long-term analysis that shows a regime shift
in this region’s lakes (Arp et al. 2012a; Engram et al.
2018).

Winter water use and overwintering habitat

The technology for ice-road construction is constantly
being adapted to changing transportation and econom-
ical demands and climate conditions (Masterson 2009;
Prowse et al. 2009; Instanes et al. 2016). Nonetheless,
regulations for winter water withdrawal have remained
largely stagnant and are based on static water volumes
relative to expected ice thickness for lakes with fish
species considered either sensitive (e.g., broad whitefish
[Coregonus nasus; Figure 7B]) or nonsensitive (e.g., nine-
spine stickleback [Pungitius pungitius; Figure 7D]); sen-
sitivity is primarily with respect to dissolved oxygen
levels (Sibley et al. 2008; Jones et al. 2009a). Extensive
inventories of lake bathymetry and fish presence have
been conducted on ACP lakes to permit winter lake-
water withdrawal. If only nonsensitive species are pre-
sent, up to 30 percent of under-ice water volume can be
extracted in a given season. In lakes with summer popu-
lations of sensitive species, up to 15 percent of under-ice
water volume can be extracted per year. For lakes where
no fish species are present, typically isolated lakes with
bedfast-ice regimes, 20 percent of the total water volume
can be removed. In any of these cases, ice aggregate
mechanically excavated from the lake surface may be
used in addition to or instead of liquid water
(Figure 3), although the calculated maximum allowable
volume remains the same. These amounts of lake water

Table 1. Comparison of lake-water supply and habitat charac-
teristics among regions of the North Slope of Alaska including
in the Fish Creek Watershed. The proportion of floating ice is
based on a twenty-five-year (1992–2016) late-winter analysis
using synthetic aperture radar (Engram et al. 2018) and max-
imum ice thickness is based on measured (Arp et al. 2018) and
simulated values (Cai et al. 2018a).

Region
Area
(km2)

Lake
Area
(%)

Floating Ice
(%) Mean
(max.–min.)

Maximum Ice
Thickness (m) Mean

(max.–min.)

Barrow Peninsula 3,067 23 48 (60–34) 1.7 (2.1–1.3)
Lower Fish Creek
Watershed

1,265 15 48 (60–38) 1.5 (1.8–1.2)

Upper Fish Creek
Watershed

2,461 26 54 (63–45) 1.6 (2.0–1.3)

Kuparuk/Prudhoe
Bay

2,548 12 20 (39–9) 1.5 (1.7–1.0)

Umiat 1,099 1 86 (96–70) 1.5 (1.8–1.1)

Figure 5. The Beaufort Sea early winter sea-ice extent correlates with the floating-ice area of freshwater lakes (Surdu et al. 2014),
linking changes in the marine system to freshwater habitat dynamics on the Arctic Coastal Plain of northern Alaska (after Alexeev
et al. 2016).
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available for withdrawal are likely conservative for lakes
where sensitive fish species have been captured, because
water use guidelines assume up to 2.1 m of ice. This
thickness is in comparison to assuming an ice thickness

of 1.5 m for lakes where only resistant nonsensitive fish
species have been captured, which may underestimate
ice thickness in some years. Considering potential habi-
tat use by fish species provides another level of

Figure 6. Views of the Crea Creek Watershed in the summer from high-resolution aerial photography (A); in the winter from
synthetic aperture radar (SAR), showing bedfast- and floating-ice lakes (B); and classification of freshwater habitats using
a combination of SAR, other remotely sensing analysis, and field studies (C) (after Jones et al. 2013).
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protection, although current criteria to protect overwin-
tering habitat is based on summer inventories of fish
species (e.g., Cotts et al. 2008).

At least twelve species of fish inhabit the freshwaters of
the FCW (Whitman et al. 2011) and their presence and
abundance in ACP lakes and ponds is strongly linked to
ice regime and connectivity (Haynes et al. 2014a; Jones
et al. 2017). Species richness increases greatly with lake
depth and connections to other water bodies, yet even
bedfast-ice lakes can provide important summer foraging
habitats (Haynes et al. 2014a; Heim et al. 2018). Although
shallow waters freeze solid through the winter, if con-
nected to stream systems or rivers during breakup flood-
ing they readily become recolonized during the open-
water season by fish, such as ninespine stickleback
(Figure 7D), to take advantage of high productivity from
abundant large-bodied zooplankton, such as Daphnia
middendorffiana (Figure 7C; Laske et al. 2017; Beaver
et al. in review). If connectivity to stream systems permits,
productive bedfast-ice lakes also provide important fora-
ging opportunities for piscivorous fishes, such as arctic
grayling (Thymallus arcticus; Heim et al. 2018). Shallow
bedfast-ice lakes also provide important foraging habitat

for planktivorous shorebirds (e.g., red-necked phalarope
[Phalaropus lobatus]) and piscivorous birds (e.g., yellow-
billed loons [Gavia adamsii; Figure 5A] and arctic terns
[Sterna paradisaea]). Thus, winter conditions drive varia-
bility in overwintering habitat and also set the stage for
habitat availability and quality in the following summer
with both ice regimes (bedfast-ice and floating-ice lakes)
providing important, but very different, forage bases for
fish and waterbird species (Beaver et al. in review).
Understanding the distribution of these lake habitats
across diverse ACP landscapes and how they are respond-
ing to winter climate change (Engram et al. 2018) pro-
vides spatially explicit guidance for managing aquatic
resources at broader scales.

Managing lake-water supply based on natural ranges of
variability can also have advantages over static assess-
ments (Instanes et al. 2016). Recent multitemporal SAR
analysis of late winter-ice regimes during a twenty-five-
year period shows that liquid water availability can vary
substantially from year to year, as well as regionally, in
Arctic Alaska (Engram et al. 2018). For example, in the
upper portion of the FCW, floating-ice extent averaged
54 percent of total lake area and varied by 18 percent,

Figure 7. Examples of key organisms making up the freshwater food web of the Arctic Coastal Plain of northern Alaska. Photo
credits: Hannah Uher-Koch (A), Matthew Whitman (B), Thomas Renicker (C), and Jason McFarland (D).
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corresponding to approximately 0.7 m difference in lake-
ice thickness during this same period (Table 1). Other
regions of the ACP have shallower lake depth distribu-
tions, but higher ranges of variation in floating-ice extent
and ice thickness. This range of variability suggests that
more under-ice water could be made available than static
bathymetry assessments currently permit, depending of
course on whether current under-ice water volume pro-
portions (e.g., 30 percent for nonsensitive species and
15 percent for sensitive species) have a solid scientific
basis, and this information could be brought to bear on
specific regions or lakes to refine winter water manage-
ment (Jones et al. 2017). This range of variability also
provides guidance for protecting overwintering habitats
and lake-recharge potential by ensuring that the mini-
mum ranges of lake-water availability are not exceeded
(Table 1).

Still, knowing where and how Arctic fish overwinter
remains largely a mystery in ACP waters, adding high
levels of uncertainty in managing both water withdrawal
and fish communities (Cott et al. 2008). Using radio
telemetry to track arctic grayling, broad whitefish, and
burbot (Lota lota) through winter in the FCW showed
that many fish species overwinter in deep pools of alluvial
river channels and a few lakes with strong connections to
river systems (Morris 2003). Movement studies of arctic
grayling during multiple summers in a small tributary
(Crea Creek) of the Ublutuoch River in FCW (Figure
4A) reveal out-migration of these fish to larger river
channels cued by declining flows and freezing tempera-
tures (Heim et al. 2016). Considering connected over-
wintering habitats (i.e., river systems) compared to
isolated pockets of liquid water in ponds and beaded
streams (Figure 6C; Jones et al. 2013) highlights that
understanding how overwintering habitats are arrayed
in freshwater systems should be incorporated into winter
water management (Jones et al. 2017). Because fish dis-
perse widely into shallow, seasonally frozen habitats such
as beaded streams and bedfast-ice lakes in the summer
(Heim et al. 2016, 2018), maintaining adequate stream
flow and depth for their return to perennial overwintering
habitats is an important consideration. Bedfast-ice lakes
are most sensitive to drought conditions (Arp et al. 2015a;
Figure 8) and as currently managed are the lakes where
the highest proportion of water withdrawal is permitted—
up to 20 percent of total volume. More broadly, current
permitting of winter water withdrawal considers lakes as
isolated hydrologic units, but future management could
be improved by accounting for how lakes are linked to
other habitats (i.e., downstream rivers) to maintain con-
nectivity and the availability of complimentary habitats to
support food webs and the range of seasonal movement.

Managing for habitat diversity and connectivity

In Arctic landscapes dominated by lakes, connectivity
among freshwater habitats is highly predictive of fish
species presence (Haynes et al. 2014a) and diversity
(Hershey et al. 1999; Lesack and Marsh 2010; Laske
et al. 2017). A wide range of other ecosystem attributes
(i.e., productivity and water chemistry) also corresponds
to the degree to which lakes are linked by surface flows
to other aquatic systems in the Arctic (Lesack and Marsh
2010) and other regions (e.g., Jones 2010), making con-
nectivity an essential attribute to consider for watershed-
or landscape-scale management of freshwater habitat.
Yellow-billed loons (YBLO; Figure 7A), for example,
are an avian species of interest on the ACP because of
their low population size, their restricted breeding range,
and the probability that resource extraction may
encroach into high-density nesting areas (Schmidt,
Flamme, and Walker 2014). Inventory and behavioral
studies of YBLO and Pacific loons (PALO) in the FCW
suggest that preferred nesting habitats on lake shorelines
are related to connectivity, lake depth, and lake area
(Jones et al. 2017), similar to other regions of Arctic
Alaska (Earnst, Platte, and Bond 2006; Schmidt,
Flamme, and Walker 2014). Predicting which lakes will
be used for nesting by these species relates both to
interspecific competition between YBLO and PALO
and the abundance of forage fish populations, such as
ninespine stickleback and Alaska blackfish (Haynes et al.
2014b). Ninespine stickleback (Figure 7D) in particular
shape Arctic food webs by supporting a wide range of
upper trophic levels and regulating lower-level plankton
communities (Laske et al. 2017; Beaver et al. in review).
In Crea Creek, for example (Figure 6C), large arctic
grayling are predominantly piscivorous, consuming
large quantities of ninespine stickleback (McFarland,
Wipfli, and Whitman 2017).

The abundance and composition of plankton commu-
nities in Arctic lakes integrate much information about
how the system supports higher trophic levels and
responds to physical habitat changes. Although Arctic
freshwater ecosystems are often considered oligotrophic
(low productivity), shallow depths and terrestrial subsi-
dies from dynamically eroding shorelines associated with
thermokarst lakes can produce a wide range of variation
in nutrient status and productivity (Kokelj, Zajdlik, and
Thompson 2009; Larsen et al. 2017). However, seasonal
and multiyear analyses of zooplankton data show that
biomass and community composition strongly relate to
lake connectivity, suggesting top-down control of food-
web dynamics (Beaver et al. in review). This research also
points to zooplankton sensitivity to water temperature
and ice-out timing, such that continued response to

16 C. D. ARP ET AL.



Arctic climate change should enhance freshwater produc-
tivity and cause cascading effects through Arctic food
webs.

An improved understanding of lake food-web
dynamics relative to position in the watershed and
changes in hydrology, whether the result of regional
changes in climate or local lake-water withdrawal, can
help guide better management of Arctic freshwater habi-
tats. Having the ability to predict fish species presence or
absence based on zooplankton species composition
(Beaver et al. in review) could also expand the scope of
regulating lake-water withdrawal, going beyond fish

species to include their food webs and supporting ecosys-
tem processes. Rigorousmultigear fish-samplingmethods
are time consuming and costly, although regionally vali-
dated occupancy models derived from such efforts pre-
sent a useful alternative (Haynes et al. 2014a). Industry is
required to determine only if sensitive and resistant spe-
cies are present, not to characterize the entire fish com-
munity at water-source lakes or the forage base they rely
on. Detecting fish species presence using environmental
DNA (eDNA) methods is also being explored for Arctic
freshwater systems both at the lake and watershed scale
(Klobucar, Rodgers, and Budy 2017), including the FCW,

Figure 8. Examples of the scales at which winter water withdrawal from lakes and freshwater habitats can be managed using
a Winter Water Supply Index based on a lake habitat classification system for the Fish Creek Watershed (Jones et al. 2017).
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potentially leading tomore integrated and comprehensive
assessments of fish habitat use and understanding of how
freshwater habitats can be managed at broader scales.

Moving beyond individual lake-based management of
winter water withdrawal is increasingly facilitated by
a new lake-based classification in the FCW. By combining
attributes of lake depth with stream connectivity, a winter
water supply index (WWSI) has been proposed (Jones
et al. 2017). The WWSI differentiates lakes into four
classes based on water availability and potential for lake
recharge (Figure 6). Taken at the scale of an individual
lake along a proposed ice-road route (Figure 8A), this
provides initial guidance as to (1) whether liquid water
or only ice chips should be available and (2) if water is
extracted, how much can be taken without jeopardizing
lake recharge and downstream flows during the following
summer. This second consideration of recharge potential
and downstream connectivity can then be evaluated by
hydrographic analysis of lake setting relative to stream
networks, downstream rivers, and other lakes in its catch-
ment (Figure 6B). For example, if a lake permitted for
water withdrawal has no connection to downstream river
systems used by overwintering fishes, then this habitat
may be considered of lower value for summer foraging.
Alternatively, if other lakes in the catchment have similar
habitat characteristics as the permitted lake, these could
serve to augment the availability of summer foraging
habitat. The integration of predicted food-web character-
istics into such a classification, using plankton data, for
example (Beaver et al. in review), could greatly expand the
value of this lake-based classification towardmore holistic
ecosystem management. Taking the WWSI to the full
watershed scale (Figure 8C) provides similar guidance to
the previous example and may also prove valuable in
planning and permitting ice-road routes over longer dis-
tances. Expanding the ability to both maximize winter
water supply and mitigate the loss or reduction of key
habitat types should be an outcome of taking a watershed-
scale approach to the management of Arctic lakes.

Scenarios analysis to address uncertainty in
future climate and land use

Uncertainty is a fundamental issue in adaptation to cli-
mate change (Wilby et al. 2010). Region-specific consid-
erations and approaches are necessary to best account for
future ranges of variability (Instanes et al. 2016). For
Arctic freshwater ecosystems, predicting responses
requires bracketing the future ranges of variation in
hydrology and ice regimes. Dynamically downscaled
simulations of climate for the FCW show historic and
projected ranges of variability in summer precipitation
and winter air temperature (Cai et al. 2018a; Figure 3)—

first-order controls on hydrologic and ice regimes,
respectively.

Hydrologic intensification is a great source of uncer-
tainty for Arctic freshwater systems (Wrona et al.
2016). In general, this process occurs because warmer
air holds more water, thus resulting in more precipita-
tion, but also that warmer air causes more evapotran-
spiration, such that both fluxes may increase (Rawlins
et al. 2010). Strong warming coupled with more open-
water extent from sea-ice decline make Arctic coast-
lands particularly susceptible to hydrologic intensifica-
tion, which is generally expected to result in wetter
conditions (Cai et al. 2018a). A wetting trend in the
Arctic does not however eliminate the potential for
extreme droughts (Instanes et al. 2016). Climate projec-
tions from Polar WRF show a wetting trend for the
ACP, but with many extreme dry years interspersed
(Figure 3). The summer drought of 2007 is prominent
in the recent history of the Alaskan North Slope, result-
ing in a major tundra fire (Jones et al. 2009c), shrinkage
of lakes (Jones et al. 2009a), and reduced river runoff
and hydrologic connectivity (Arp et al. 2012b; Betts and
Kane 2015; Stuefer et al. 2017).

How should winter water withdrawal be managed
considering that average projections suggest not only
that the next summer will be wetter than normal but
also that extreme drought is a real possibility? A first-
order approach to addressing this uncertainty is to
develop climate scenarios that assess extreme cases of
wet and dry years based on past records, thus providing
a full and realistic range of potential responses (Wilby
et al. 2010). Using Polar WRF simulations for the FCW
(Cai et al. 2018a), single- to multiyear drought scenarios
have been developed relative to region-specific climate
normals by selecting representative years from the past
record (Figure 3; Gädeke et al. 2016). Examining the
response to a particular extreme year has obvious bene-
fits in communicating results to stakeholders who may
have direct experience with those conditions and how
ecosystems responded. Developing scenarios based on
recent and observed climate behavior present simple,
realistic sets of conditions to evaluate, such that results
can be framed based on known occurrences. The use of
model experiments for observed years with contrasting
sea-ice conditions in the Beaufort Sea to evaluate fresh-
water lake responses (Alexeev et al. 2016) provides an
excellent example of using scenarios based on actual data
to isolate processes and provide a realistic context for
communicating potential outcomes to managers and
decision makers (Wilby et al. 2010).

To evaluate freshwater habitat responses to both cli-
mate and water extraction scenarios, a physically based
watershed hydrology model, Water Balance Simulation

18 C. D. ARP ET AL.



Model (WaSiM), was employed to simulate streamflow
and connectivity. WaSiM was developed at the local scale
for the Crea Creek Watershed (30 km2), a focal area for
new oil development (Figure 6A; Gädeke et al. 2016), and
at a regional hydrologic scale, the entire FCW (4,600 km2;
Figure 2; Daanen et al. 2017) for a set of extreme climate
scenarios. WaSiM has also recently been used to evaluate
changes in connectivity in ice-wedge networks under
differing scenarios of degradation and snow cover to
assess runoff responses, and then extended to pan-Arctic
scales (Liljedahl et al. 2016). Scenarios of lake-water with-
drawal are also being simulated to evaluate the impact on
downstream flows in the preceding summer and longer
term relative to controlled climate conditions (Figure 9).
Combining scenarios of water withdrawal with climate
scenarios (i.e., multiyear drought) are then being used to
address the uncertainty with permitting winter water
withdrawal across a range of possible summer recharge
scenarios. New oil-drilling infrastructure (Greater
Moose’s Tooth 1) is now in operation adjacent to Crea
Creek as of 2018, which relies on water from lakes (Figure
6A) that feed downstream flows (Arp et al. 2015b) and
maintain connectivity among fish habitats (Heim et al.
2016, 2018). Simulations using WaSiM are providing
a timely analysis of scenarios directly applicable to the
resource management of this system, and are likely repre-
sentative of other freshwater habitats of ACP watersheds
(Figure 9).

Applying this understanding of habitat responses to
extreme climate scenarios also provides the needed

dynamic element to the FCW lake-habitat classification
(Jones et al. 2017). Bracketing the variation in potential
lake recharge and connectivity to downstream fresh-
water habitats across a range of lake types throughout
the watershed greatly expands our ability to efficiently
manage the habitat and species at an appropriate scale.
Being able to maximize winter water supply and miti-
gate the impact on freshwater habitats will increasingly
rely on spatially explicit process-based frameworks.
Once in place, the use of habitat classification coupled
with targeted field studies and model simulations of
habitat responses provide a framework for adaptive
management that can be responsive to anticipated con-
cerns (i.e., multiyear drought) and available for future
unanticipated needs (e.g., exploration and development
in new watersheds).

Adaptive management in Arctic watersheds

Applying adaptive management to land use and climate
change relies on scientists from multiple disciplines and
agencies working interactively with stakeholders to
address both longstanding (e.g., tundra impacts from
development) and emerging (e.g., freshwater habitat
connectivity) issues (Martin et al. 2009; Wilby et al.
2010; Streever et al. 2011). Managing ice roads and
the freshwater habitats that they are built from (i.e.,
lakes and connected watersheds) in the NPR-A is only
one example of the complexities of science-informed
decision making in the Arctic. Challenges related to

Figure 9. Example of freshwater habitat response (stream–lake system) to scenarios of drought, water withdrawal, and their
combined effects on streamflow relative to a control climate scenario (based on Gädeke et al. 2016).
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permafrost degradation, flooding, and coastal erosion
are currently impacting industry and native village
infrastructure (Streever et al. 2011; Raynolds et al.
2014; Toniolo et al. 2017). Maintaining populations of
subsistence fish and wildlife (Martin et al. 2009) and
a strong subsistence culture in native communities will
be ongoing struggles for Arctic Alaska (Brinkman et al.
2016).

Changes in climate and land use will continue to cause
a range of responses in the freshwater ecosystems of the
FCW and elsewhere on the ACP. Through ongoing
efforts, habitat responses are becoming better understood
and more predictable, allowing management to be more
responsive and effective despite uncertainties surround-
ing future climate and land use. Several examples pre-
sented in this research synthesis demonstrate
management decisions already facilitated by such efforts.
Recent evidence of shifting lake-ice regimes (Arp et al.
2012a; Alexeev et al. 2016; Engram et al. 2018) and their
hydrologic consequences (Arp et al. 2015a) are being
incorporated into how lakes are being permitted for
winter water withdrawal in the NPR-A. This example of
adaptive management in action is facilitated through
a new lake-based classification system developed specifi-
cally for the FCW by a multidisciplinary, multiagency
science team (Jones et al. 2017). Studies of fish habitat use
and migration timing (Heim et al. 2016, 2018) coupled
with hydrologic modeling (Gädeke et al. 2016) are pro-
viding site-specific information for guiding infrastructure
design to help maintain habitat connectivity and fish
passage and to inform the impact of water use on down-
stream flows through a range of climate conditions.
Results from these studies and ongoing research in the
FCW have relied heavily on long-term monitoring data
and collaboration between land-management agencies
and government and academic scientists. The adaptive
management process in the FCW, and interdisciplinary
science in general, is necessarily slow and has required
a great deal of patience to merge concepts and methods
at a level applicable to management decisions.

The strength of multidisciplinary science and adap-
tive management in a time of rapid changes in both
climate and land use is certainly being put to the test in
the NPR-A with recent expansion of exploration and
development. Continually testing the efficacy of adap-
tive management in this and other settings is how the
process will be improved. The 2017 opening of the 1002
area coastal plain of the Arctic National Wildlife Refuge
(ANWR) to oil and gas exploration and development is
a perfect example of an unexpected change in land
management where existing long-term monitoring
data sets and already functioning multidisciplinary
research teams would facilitate sound adaptive

management. The degree to which science-based adap-
tive management works in this setting (ANWR’s coastal
plain) may provide a very contrasting case study to the
approach taken in the NPR-A. We suggest that sup-
porting long-term and progressive adaptive manage-
ment frameworks based on multidisciplinary science
teams, such as an integrated monitoring and research
program in the Fish Creek Watershed, is a robust strat-
egy to address environmental uncertainty and to pro-
vide for specific science-based environmental policy.
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