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Metal mobilization from thawing
permafrost to aquatic ecosystems is
driving rusting of Arctic streams

Check for updates
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Climate change in the Arctic is altering watershed hydrologic processes and biogeochemistry. Here,
we present an emergent threat to Arctic watersheds based on observations from 75 streams in
Alaska’s Brooks Range that recently turned orange, reflecting increased loading of iron and toxic
metals. Using remote sensing, we constrain the timing of stream discoloration to the last 10 years, a
periodof rapidwarming and snowfall, suggesting impairment is likely due topermafrost thaw. Thawing
permafrost can foster chemical weathering of minerals, microbial reduction of soil iron, and
groundwater transport of metals to streams. Compared to clear reference streams, orange streams
have lower pH, higher turbidity, and higher sulfate, iron, and trace metal concentrations, supporting
sulfide mineral weathering as a primary mobilization process. Stream discoloration was associated
with dramatic declines in macroinvertebrate diversity and fish abundance. These findings have
considerable implications for drinking water supplies and subsistence fisheries in rural Alaska.

Rapid warming of the Arctic is altering hydrological, biogeochemical, and
ecological linkages between terrestrial and aquatic ecosystems1. Arctic soils
contain large amounts of organic carbon, nutrients, mercury and other
metals, much of which are stored in perennially frozen ground, or
permafrost2–4. Warming and increased snowfall is causing widespread
permafrost thaw5,which alters and generates newhydrologicflowpaths, can
alter soil and bedrock weathering patterns, and mobilizes thawed chemical
constituents for transport from soils to streams and rivers6–8. An emergent
phenomenon threatens pristine streams across Alaska’s Brooks Range, with
implications across the circum-Arctic9–11, specifically surface waters that are
abruptly changing from clear to orange color, indicating a shift to an
impaired state (Fig. 1). While considerable research has focused on the fate
of carbon and nutrients transported from permafrost to aquatic
ecosystems12, few studies have focused on the causes of iron (Fe) and trace
metalmobilization fromthawing soils to streams13,14 and less is knownabout
the consequences for water quality and aquatic food webs. Abrupt transi-
tions inwater chemistry on the timescale of weeks tomonthsmay represent
an unforeseen risk of permafrost thaw for food security15, as subsistence

fisheries and drinking water supplies may become degraded in some Arctic
river networks.

Recent observations from the Arctic indicate that waters draining
permafrost landscapesmaybevulnerable to themobilizationof Fe andother
metals following thaw through changing redox conditions and microbial
activity13,14,16 andenhanced chemicalweatheringofminerals9,17.One striking
indication of altered Fe-cycling processes is the abrupt change in the color of
streams that reflects a dramatic shift in water quality18. For example, the
release of reduced Fe (Fe(II)) from thawing permafrost and its subsequent
oxidation to Fe(III) particulates in surface waters has been documented in a
small watershed on theNorth Slope ofAlaska13. Elevated Fe(III) particulates
and the products of mineral weathering reactions (e.g., sulfuric acid, toxic
trace metals) degrade water quality by increasing turbidity, decreasing pH,
and increasing concentrations of metals acutely toxic to stream biota19.
Additional observations of stream discoloration were recently published in
an opinion piece on the SalmonRiver18, aNationalWild and Scenic River in
northwestAlaska, following reports of itswaters abruptly shifting fromclear
to orange in a manner resembling acid-mine drainage.
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In this study, we document 75 streams across northern Alaska that
recently shifted from clear to orange (Supplementary Table 1). The primary
objectives are to describe changes and explore the potential causes of recent
stream impairment inAlaska’s Brooks Range, identify the timing of shifts in
water quality (pH, Fe, tracemetals, sulfate), and assess the consequences for
aquatic ecosystems. Remote sensing observations of a subset of impaired
streams constrain the timing of rapid and widespread stream discoloration
to the last 5–10 years. Further, field and laboratorymeasurement document
drastic shifts in the chemical composition of impaired rivers and the
degradation of streamhabitat. Using these observations, we discuss the state
of the science and introduce the broad interdisciplinary components of this
phenomenon, including (1) the spatial extent and recent onset of stream
discoloration; (2) possible causes, including the critical role of recent climate
change-induced permafrost thaw; (3) underlying geochemical processes
and potential impacts on stream water quality; and (4) consequences for
stream biota.Most importantly, this study could inform additional research
directions and strategies.

Results and discussion
Observations of orange streams in Alaska’s Brooks Range
To characterize the spatial extent of orange streams in Alaska’s Brooks
Range, we reviewed remotely sensed imagery to validate crowd-sourced
observations from federal and state scientists, academic researchers, local
pilots, wilderness guides and recreationists, and rural and Indigenous
communities (SupplementaryTable 1).Orange streams have beenobserved
across much of northern Alaska, spanning traditional territories of the
Alaska Native peoples in the Noatak, Kobuk, and Koyukuk River basins;
public lands; designated wilderness; and within watersheds of several
National Wild and Scenic Rivers, including the Alatna, John, Koyukuk,
Tinayguk, and Salmon rivers. To date, we have documented 75 altered
headwater tributaries in 41 higher order river catchments with visible
impairment (Supplementary Table 1). Their distribution spans nearly
1,000 km, from the lower Noatak River basin in the west to the Arctic
NationalWildlife Refuge in the northeast (Fig. 1). Nearly all orange streams
occur in remote areas, tens to hundreds of kilometers from land-use impacts
such as mining or roads.

Geochemical consequences of trace metal mobilization
Little is currently known about the chemical composition of recently
degraded streams in the Brooks Range, as previous studies have focused on
gradual,multi-decadal shifts in the chemistry ofArctic rivers7. However, the
presence of orange precipitates along river corridors points to mobilization

of at least Fe from catchment soils. To assess the chemical composition of
orange streams, water samples from the Agashashok, Kugururok, and Sal-
mon rivers were collected during the summer of 2022 from discolored
reaches (n = 10) and compared to samples collected from nearby reference
streams (n = 13; Supplementary Fig. 1)20. These three riverswere selected for
water sampling because (1) they were within watersheds with existing
monitoring locations as part of theNational Park Service’s Arctic Inventory
&Monitoring program, (2) we had directly observed orange streamswithin
each watershed, and (3) they were accessible via helicopter or fixed-wing
aircraft from Kotzebue, Alaska.

In our study, orange streams had lower pH (mean pH ± standard
deviation = 7.41 ± 0.75) compared to reference streams (7.98 ± 0.24; two-
tailed t test: t = 2.510, df = 20, P = 0.035; Fig. 2a) and other comparable
unimpaired stream and rivers across the region21. Lower pH values in the
orange streams are likely due to the input of Fe-containing water of sub-
stantially lower pH into the stream system. The pH would be higher in the
affected orange stream compared to the acidic input because ofmixing and/
or buffering effects. For example, we sampled a recently formed terrestrial
seep in the Agashashok River basin that was highly acidic (pH = 2.6);
Vegetation downgradient of the seep was blackened and dead, likely indi-
cating that low pH of the seep waters contributed to the death of adjacent
tundra vegetation (Supplementary Fig. 2) and lower pH in receiving stream
waters. Further, concentrations of SO4

2- (Fig. 2b) and major (Fe, Al, and
manganese (Mn)) and trace elements (Co,Ni, Cu, Zn, Cd, lead (Pb), arsenic
(As)) were 1–2 orders of magnitude higher in orange streams relative to
reference streams across the three evaluated watersheds (Fig. 2c, d, Sup-
plementary Fig. 1), and highly elevated in the terrestrial seep in the Aga-
shashok River. For instance, total Zn and Ni concentrations were 16 and 43
times higher in impaired reaches (n = 8) compared to reference streams
(n = 10) and as high as 340mg L–1 and 5.4 mg L–1 in the terrestrial seep,
respectively. Concentrations of filtered and particulate metals of orange
streams show that nearly 90% of the total metal content is particulate, with
one exception being notable concentrations of dissolved aluminum (Al;
Supplementary Fig. 1)20.

Constraining the onset of stream discoloration
To discern the onset of stream discoloration, we focused on Fe-impacted
streams from the three watersheds we sampled to determine the chemical
composition of the impaired water: the Agashashok, Kugururok, and Sal-
mon rivers. Using Landsat images from the mid-1980s through 2022, we
calculated a Redness Index that detects the red color of Fe oxides based on a
comparison of spectral bands (see “Methods” for details)22. Landsat analyses

Fig. 1 | Map of orange stream observations across
the Brooks Range in northern Alaska. Orange
circles indicate orange streamobservations, red stars
indicate sites where water samples were collected
(Fig. 2)20, and blue circles are nearby villages.
Hydrologic Unit Code-6 (HUC) basins are shown as
black outlines from the National Watershed
Boundary dataset67. The hill-shade layer utilizes the
USGS National Elevation Dataset68. Map generated
in Esri ArcMap software. Map credit: Kenneth
Hill, NPS.
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indicated elevated redness in these streams in 2018 (Fig. 3). We also
observed elevated Redness Index values (>1.5) during 2007–2008 in the
SalmonRiver.Reviewofhigh-resolution IKONOSimagery (<5m) indicates
impacted conditions in 2008-2010, 2012, and 2018 at seeps in some head-
water tributaries of the Salmon River (Supplementary Table 1). However,
annual Landsat scenes (30m) downstream suggest a possible shift from
orange to clearwater conditions on the mainstem Salmon River from 2008
to 2018 (Fig. 2). Additional research could improve understanding of the
onset, duration, seasonality, and underlying causes of downstream impacts.

Biological consequences of trace metal mobilization
Arctic rivers provide habitat for a broad array of resident and diadromous
fish (i.e., fish that migrate between salt and fresh water), many of which are
critical for subsistence, sport, and commercial fisheries. Climate change is
already impacting high-latitude fish species, including Pacific salmon
(Oncorhynchus spp.), due to effects of warming on marine and freshwater
ecosystems23–25. Adding to those concerns, mobilization of Fe and toxic
metals toArctic streams in northernAlaskamay both degradewater quality
and reduce habitat. Within Kobuk Valley National Park, a considerable
decrease in stream biodiversity was observed at an existing monitoring
location when a headwater tributary of the Akillik River changed from clear
to orange between early and late summer of the same year (Fig. 4; Supple-
mentary Fig. 3). Here, we documented the complete loss of fish species,
juvenile Dolly Varden (Salvelinus malma) and Slimy Sculpin (Cottus
cognatus)26 subsequent to abrupt decreases in stream pH (Supplementary
Fig. 3). The impact on both the small-bodied sculpin with a small home
range27 and the wide-ranging Dolly Varden with either an amphidromous
or resident life history strategy28 suggests the broad effect of the shift inwater
quality. The loss of fish coincided with a steep decrease in benthic macro-
invertebrate diversity and periphyton biomass29. The exact mechanisms
driving these biological shifts are currently unresolved but likely occurred
through several pathways (Fig. 5). First, elevated concentrations of toxic
metals (e.g., Fe, Zn, Ni, Cu, Cd) can be directly absorbed from the water
column by aquatic biota, yielding direct toxic effects on producers and

consumers. The accumulation of these metals in fish gills, liver, and muscle
tissue is known to structurally impair gills, damage DNA, and decrease
growth and survival19,30. Ultimately, a complete water quality assessment
could ascertain if trace metal concentrations exceeded acute and chronic
exposure levels for a range of aquatic biota basedonwater pH, hardness, and
DOC concentration31,32.

In a second pathway, the presence of Fe(III) precipitates and sub-
sequent deposition on benthic surfaces may negatively affect lower trophic
levels, either by blanketing benthic habitat or through the bioaccumulation
of metals at higher trophic levels (Fig. 5). The blanketing of benthic habitat
bymetal oxides, and in particular both Fe andMnoxides,may contribute to
enhanced trace metal sorption and uptake33 and subsequent incorporation
into the food web. A third pathway reducing fish abundance may occur
through the emigration of fish to unimpaired habitat. Beyond the deleter-
ious effects when elevated, Fe concentrations may decrease to levels that
produce a positive effect on food web productivity by fertilizing these oli-
gotrophic ecosystems. For instance, nitrogen-fixing primary producers that
are Fe-limited respond positively to higher concentrations, with bottom-up
effects through the food web34. Other metals may also have positive effects
on stream biota, such as molybdenum limitation of nitrogen fixation and
nitrate reduction35. Thawing permafrost may also increase the flux of Fe to
the Arctic Ocean, where Fe may function to stimulate marine phyto-
plankton productivity36. Ultimately, the consequences of this recent metal
mobilization for stream food webs are uncertain in Arctic watersheds
undergoing permafrost thaw.

Possible causes of trace metal mobilization to streams
The thawing of permafrost can alter stream chemistry through changes in
watershed hydrology and biogeochemical cycling in the Arctic. Permafrost
restricts water infiltration, confining groundwatermovement to shallow soil
horizons8. Permafrost thaw allows deeper groundwater penetration and
alteration of stream flows, temperature, and chemistry7,37,38. Because per-
mafrost stores large amounts of carbon, nutrients, and tracemetals, often for
hundreds to thousands of years2–4, its thaw transfers soil organicmatter and

Fig. 2 | Summary of geochemical observations
from impaired orange streams and unimpaired
reference sites.Box plots of (a) pH, (b) SO4

2-, and (c)
sum of total metals (Al, Mn, Fe, Zn, Ni, Cu, Co, Cd,
As, Pb) of unimpaired streams (n = 13) and
impaired streams (n = 10) of the Agashashok,
Kugururok, and Salmon rivers, and a terrestrial seep
(n = 1). dPie chart indicating average distribution of
metals from unfiltered water samples of impaired
streams. Box plots present the median as the center
line, the 75th and 25th percentile ranges as the upper
and lower box boundaries, the 90th and 10th per-
centiles are the error bars, and letters identify dif-
ferences of statistical significance (two-tailed t tests:
pH: t = 2.51, df = 20, P = 0.035; SO4

2-: t =−2.777,
df = 15, P = 0.014; Sum of Metals: t =−3.353,
df = 15, P = 0.004).
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mineral deposits from a perennially frozen and largely inert state to a bio-
geochemically active state. The altered soil saturation, groundwater flow,
andwarmer soil temperatures enhancemicrobial andweathering processes,
which can change the chemistry of groundwater inputs to streams. In recent
years at meteorological stations located in each of the watersheds, air and
ground temperatures have abruptly increased compared to the preceding
30-year record, exceeding the freezing threshold for near-surface
permafrost39. Shrubification and associated increases in snowpack in the
region can also contribute to permafrost thaw40. Given the coincidence of
warm, snowy years in 2018 and 2019 with elevated Redness index for the
three sampled watersheds (Supplementary Fig. 4), we hypothesize that cli-
mate change-induced permafrost thaw is responsible for the abrupt shifts in
stream color and chemistry. Important changes include shifts in the con-
centration, age, and character of dissolved organic matter41 and the flux of
dissolved nitrogen species, base cations, trace metals, SO4

2-, and suspended
sediments6,7,17. Permafrost thawhas already been linked to dramatic shifts in
water quality in Arctic national parks42, including increased SO4

2- and Fe
concentrations and decreased pH (to <3)43, which may be in response to
changes in chemical weathering of minerals. Further, not all permafrost is
the same composition. Soil parentmaterial, geologic setting, and ground ice
content all influence stream chemistry in Arctic watersheds42.

We propose two distinct processes that may explain orange streams
and are end member processes along a continuum of combined effects
(Fig. 5). The chemistry of orange streams, including the lower pH and
relatively high concentrations of SO4

2- and trace metals, is consistent with
sulfidemineral weathering as the primary driver of stream discoloration. In
upland terrain, permafrost thaw can expose mineral deposits, or more

commonly, sulfide-rich rocks such as shales and their metamorphosed
equivalents, to chemical weathering processes, altering the geochemistry of
groundwater and receiving stream water (Hypothesis 1 [H1]9; Upland
Processes panel in Fig. 5). Importantly, while Alaska has an extensive
mining history, our observations of orange streams are not downstream of
anymines and aremostly within protected lands. Similar findings have also
been documented near Red Dog Mine in northwest Alaska, where thermal
erosional features have caused abrupt increases in stream total dissolved
solids, which are comprisedmainly of SO4

2-, calcium (Ca2+), Fe, and diverse
tracemetals43. The Brooks Range hosts extensive sulfideminerals, including
pyrite (FeS2)

44, the most abundant, which can undergo enhanced oxidative
weathering in association with thawing permafrost and enhanced
groundwater flows9. Pyrite weathering releases Fe2+ and sulfuric acid
(H2SO4) to groundwater and often results in concomitant release of trace
metals hosted in the pyrite that can be toxic to aquatic organisms (e.g., zinc
(Zn), nickel (Ni), copper (Cu), cadmium (Cd)). Additional metal sulfide
minerals might also be present and vulnerable to oxidative weathering.
Following mobilization and groundwater transport to surface water, Fe2+

will oxidize to Fe3+ and form Fe(III) oxyhydroxide minerals under cir-
cumneutral pH. Regardless of the oxidation state of Fe released to rivers,
which was not confirmed in this study, Fe-oxyhydroxides will form at the
pH of mainstem rivers. The precipitation of Fe(III) oxyhydroxide is likely a
major source of increased turbidity in orange streams, with important
implications for stream biota45. The susceptibility of streams tometal inputs
from chemical weathering of sulfide minerals (H1) and the ultimate fate of
Fe and other metals will be influenced by carbonate lithologies, which are
common in the Brooks Range46 and buffer acidic groundwater inputs to

Fig. 3 | Time-series analysis of three discolored streams in northwest Alaska using
Landsat. Field photographs (a, d, g), Landsat satellite images (b, e, h), and time-
series data for an optical reflectance index, or Redness Index (c, f, i), for the Aga-
shashok River (top row), a tributary of the Kuguroruk River (middle row), and the
AnaktokCreek tributary of the SalmonRiver (bottom row) in northwest Alaska. The

time-series data were generated using average Redness index values (seemethods for
details) for summermonths of each year from1985 through 2022. The orange circles
indicate Redness Index values > 1.5, discolored by Fe mobilization. Gray circles
represent Redness Index values < 1.5, indicating clear water or streams unimpacted
by Fe mobilization. Photo credits Jonathan O’Donnell/NPS; Michael Carey/USGS.
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streams. Increases in pH can also result frommixing with other waters with
substantially higher pH, such as through the convergence of a tributarywith
a larger stream. Importantly, some metals such as Fe will precipitate from
solution onceO2 andpH levels rise, while others can remain in solution over
long distances of transport under more typical surface water conditions.

Climate change is dramatically reducing the spatial extent of Earth’s
cryosphere, with extensive consequences for surface waters6,7. This study is
the first to report acid rock drainage in response to permafrost thaw in an
Arctic region unimpacted by land-use effects. Prior research has reported
acid rock drainage in subarctic and Arctic regions; however, these studies
showed how road construction accelerated active layer thickening and
subsequent water quality impacts47. In an analogous situation to our
observations in the Brooks Range, natural acid rock drainage has increased
in the temperate zone of Europe and SouthAmerica. There, climate change,
drought, and soil thermal shifts have facilitated enhanced sulfide mineral
oxidation, with acid rock drainage tracking the elevation shift in mountain
permafrost and periglacial limits48,49. For instance, in the European Alps,
acid rock drainage was associated with warmer soil temperatures and
enhance groundwater flow in a regions underlain by mountain permafrost
and pyrite-bearing rock50,51. Taken together, the preliminary observations of
sulfide mineral weathering being a primary process driving the increase
metal loading in northwest Alaskan rivers is consistent with processes
observed globally.

Alternatively, in lowland organic-rich permafrost soils (e.g., peatlands)
andmineral-soil wetlands, changes in soil drainage and redox potential due
to soil thaw can mobilize and transform stored Fe and carbon through
coupled microbially facilitated reactions (e.g., Fe reducing bacteria),
enhancing lateral transport to streams (Hypothesis 2 [H2]; Lowland Pro-
cesses panel in Fig. 5)10,13. Permafrost thaw can cause both wetting and

drying of soils, depending on topographic factors, ground ice content, soil
texture, and new groundwater flow patterns52. In peatlands and other
lowland ecosystems, permafrost thaw often reduces soil drainage, causing
soils to become water-logged. Under these conditions, for example, Fe(III)
associated with soil organic carbon can undergo dissimilatory iron reduc-
tion by heterotrophic microbes at circumneutral pH to mobilize dissolved
Fe2+ ions. In this form under anoxic soil conditions, Fe2+ can then be
transportedby groundwater to streams,where Fe2+will oxidized to Fe3+ and
formFe(III) oxyhydroxide particulates in surface water. Surface water pH is
a master variable on the Fe2+ oxidation rate and Fe3+ solubility in surface
waters. Under H2, we are less likely to observe elevated SO4

2- and trace
metals associated with elevated Fe concentrations in orange streams com-
pared toH1, which gives us an effectiveway of distinguishingwhichprocess
may be responsible for stream water impairment in a given catchment.
Mechanisms described inH1 andH2may also co-occur at an impaired site.
While H1 appears to be the primary driver of orange streams in mountai-
nous upland terrain of Arctic national parklands, further work is needed to
partition the relative importance of both mechanisms in Arctic river net-
works draining lowland terrain.

Considerable uncertainty exists regarding the subsurface flow paths in
thawing permafrost terrain that contribute to metal transport to streams.
Our observations of orange streams indicate both point and non-point
sources of Fe to stream ecosystems, potentially reflecting different modes of
permafrost thaw53. Point sources may be driven by localized permafrost
thaw, which can allow for new flow paths to wet sulfide-bearing minerals.
Abrupt deep thawmay also increase permeability of aquifers, either through
the loss of excess ice and increased hydraulic conductivity8 or through
altered groundwater flux along geologic fault lines54. As permafrost thaws,
deep sub-permafrost groundwater may recirculate, contributing water,

Fig. 4 | Tracking the effects of iron mobilization
on stream food webs. Images of a headwater tri-
butary of the Akillik River in Kobuk Valley National
Park, Alaska, illustrating a shift from clearwater on
June 12, 2017 (a) to orange stream conditions on
August 30, 2018 (b). The blue arrows point to the
same boulder near the confluence. c Stream food
web data collected in before (September 2017) and
after (September 2018) the color change demon-
strates the reduction in benthic biofilmproduction,
corresponding decline in benthic macroinvertebrate
density, and a complete loss of resident fish (DV =
Dolly Varden, SS = Slimy Sculpin). The open white
circles in (c) represent observations where species
absence was documented.
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solutes, and other metals to stream flow. Non-point sources are more likely
caused by broad-scale deepening of the active layer and talik formation
(perennial unfrozen layers)55. Under this scenario, groundwater is routed
primarily through comparatively shallow supra-permafrost zones where Fe
ismobilized throughchemicalweathering (H1)ormicrobial processes (H2).

Implications for rural communities and subsistence users
The emergence of orange streams in northern Alaska represents an unex-
pected threat to subsistence fisheries and rural drinking water supplies.
Communities in northwest Alaska are disconnected by roads and depend
both socioeconomically and culturally on subsistence foods such as fish,

Fig. 5 | Conceptual models of hypothesized processes contributing to the discoloration of Arctic streams in Alaska’s Brooks Range. The illustration includes
consequences for water quality, aquatic food webs, and human implications, including drinking water and subsistence fishing.
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large ungulates, and marine mammals56. Our preliminary data suggest that
metal mobilization may increase the vulnerability of important subsistence
fish species—suchasDollyVarden, chumsalmon (Oncorhynchus keta), and
whitefish (Coregonus sp.)—to population decline. The scale of these impacts
may depend on the timing and magnitude of metal inputs and their
downstream persistence, most importantly the metal speciation under
oxygenated, circumneutral pH conditions (i.e., dissolved versus particulate)
and other water quality conditions (e.g., hardness andDOC concentration).

Beyond the effects on subsistence resources, the metals transported
downstream from headwater streams to higher-order rivers may impact
drinking water supplies to rural communities. Preliminary measurements
indicate that As and Pb concentrations did not exceed U.S. EPA drinking
water criteria in the impaired reaches tested, though concentrations of Cd,
Ni, and Mn exceeded either U.S. EPA drinking water criteria or World
Health Organization guidelines (Supplementary Fig. 1)31,32. At a minimum,
this disturbance may present taste issues for drinking water that require
enhanced water filtration to mitigate the increased particulate load. In rural
Alaska, climate and associated disturbances (permafrost thaw) can function
as primary drivers of water resource impairment. Disturbance along river
corridors, including bank erosion and retrogressive thaw slumps, can pro-
foundly affect water quality through deposition of sediments, nutrients, and
ions in river water57.The observed presence of dissolved and precipitated
metals through processes described here present a similar challenge to
drinking water access in remote Alaska, particularly for villages proximal to
orange streams.

One community, the coastal village of Kivalina near Cape Krusenstern
National Monument (Fig. 1), is particularly vulnerable to drinking water
impairment. The community relies on drinking water primarily from the
Wulik River, whichdrainsNational Park lands but is also downstream from
the RedDogMine (Fig. 1). Permafrost thaw combinedwith high flows have
altered sediment loads in theWulik River watershed, affecting the drinking
water supply in Kivalina58. In some instances, bottled water has been
shipped to residents of Kivalina during periods of impaired river water.
Similar issues have impacted the village of Selawik, located south of Kobuk
Valley National Park and downstream of a large permafrost thaw slump
depositing silt into the Selawik River and impacting drinking water supplies
for the village59. Recent metal mobilization poses an additional threat in the
face of all these challenges.

The recent onset of streamdiscoloration inAlaska’s BrooksRange is an
emergent threat to stream ecosystems, water quality, and subsistence
resources in Arctic Alaska and potentially other regions undergoing per-
mafrost thaw. Climate change and associated permafrost thaw appear to be
the primary drivers of stream impairment, as shifts in stream color coincide
with a period of rapid warming and increased snowfall. Our initial findings
indicate that orange streams are an indicator of impaired water quality and
are associated with declines in stream biodiversity and habitat degradation
(as outlined in Fig. 5). Understanding the magnitude, spatial extent, per-
sistence, and timing of stream degradation may inform management
responses by federal and state agencies andadaptationby rural communities
and subsistence users.

Methods
Geochemical assessment of impaired and reference streams
We compared the chemical composition of orange streams to nearby
unimpaired reference streams, largely derived from the NPS Arctic Inven-
tory & Monitoring Program20,42. All stream and river water samples were
collected during the open-water period between June and September in
202220. At sites within the watersheds of the Agashashok, Kugururok, and
Salmon rivers, water samples from discolored reaches and reference loca-
tions were collected 25 cm below the surface or shallower in streams less
than 25 cm deep in a well-mixed location of the stream reach and were
filtered in situ using a 0.45-µm high-capacity capsule filter connected to a
Geopump Series II peristaltic pump (Geotech Environmental Equipment,
Inc. Denver, CO, USA). Discrete in situ measurements of stream tem-
perature, pH, specific conductivity, and dissolved oxygen were collected

using a YSI ProDSS multiparameter meter (YSI Incorporated, Yellow
Springs,OH,USA).Continuous in situmeasurementswere also collectedby
deploying a YSI EXO3 multiparameter sonde. Samples for metal analysis
were preserved in the field with 1% volume/volume Omnitrace HNO3 and
stored at 4 °C until analysis. Total metal concentrations on unfiltered water
samples were measured after digestion (3% HNO3, 8 hour digest at 65 °C)
and matrix adjustment (to 2% HNO3, 0.5% HCl) by ICP-MS analysis
(Thermofisher iCAP RQ ICP-MS)49. Filtered metal concentration was
measured by ICP-MS analysis60. Samples for sulfate were stored at 4 °C and
analyzed by ion chromatography (Metrohm A Supp 7 column)61.

Time series of stream discoloration using Landsat
Time series of historical water conditions were produced from Landsat,
Collection 2, Tier 1 Surface Reflectance products derived by the USGS
(Fig. 3)22,62. Surface reflectance improved the comparison between multiple
images over the same region by accounting for atmospheric effects such as
aerosol scattering and thin clouds, which assisted in the detection and
characterization of Earth surface change. Areas of interest (AOIs) within
study rivers were manually delimited to correspond with Landsat pixel
geometry and observed Fe precipitate in surface water and orange staining
on stream beds. AOI area ranges from 0.5 to 1.0 hectare. From all available
Landsat scenes acquired between 1985 and 2022, we filtered and retained
only scenes acquired over theAOI for themonths of July orAugust to avoid
turbidity effects from breakup and vegetation senescence, and with scene-
wide cloud cover <30%. Clouds and cloud shadows were masked from the
resultant scenes.

A ferric ironRedness Indexwas calculated63 for each scenebasedon the
ratio of surface reflectance sensed in the red band and blue band64. The
Redness Index is sensitive to iron at low concentrations63 and is fitting for
detecting the presence of ferric iron minerals (e.g., hematite, goethite, and
jarosite) which present as shades of red and orange and strongly affect the
Landsat blue band65. In general, clearwater streams with low DOC
concentrations16 and high pH may by more vulnerable to orange dis-
coloration, as opposed to brown-water streamswith higherDOC and lower
pH42. Available daily values from July and August and average values were
plotted, and outlier values were inspected and removed from analysis fol-
lowing manual scene inspection for atmospheric contaminants missed in
the masking process (e.g., smoke from summer wildfires). For scenes
acquired by ThematicMapper sensors (Landsat 4 and 5) and the Enhanced
Thematic Mapper (ETM+ ) sensor (Landsat 7), a simple ratio of [Red/
Blue] was calculated. For scenes acquired by the Operational Land Imager
(OLI) sensor (Landsat 8 and 9), we included a site-specific corrective factor
[e.g. (Red / Blue) – X, where X is the correction factor] so values were
consistent with the previous sensors. Mean Redness Index values were
calculated from all pixels intersected by the area of interest for each Landsat
scene. Site-specific corrective factors are calculated by comparing mean
annual Redness Index values derived from ETM+ and OLI sensors for the
years (2013-2022) when both sensors are in operation. The average offset is
calculated from all available years and applied to individual OLI scenes.
Finally, amean annual Redness Index valuewas summarized fromavailable
values for each year and graphed. For the overall study area, mean annual
Redness Index values ranged from 0 to+2.5. We did not directly compare
iron concentration in surface water with Redness Index values. We also
assumed consistent surface conditions, given that stream channels in our
AOIs were incised and not meandering or braided in these sections of the
watershed. Waters are historically clear flowing from non-glacial sources.
Assuming the AOI corresponds with a consistent water surface, values of
0-0.5were interpretedasdeep clearwater, 0.5–1.5 as clear shallowwater, and
>1.5 as Fe oxide-stainedwater.We identified aRedness Index value of 1.5 as
a threshold to identify the timing of stream color change from clear to
orange/red. Similar approaches have been used when setting thresholds for
index values66. The threshold value was supported by (1) field observations
of recent stream color change, and (2) derived Redness Index values for
control surfaces with no known change (Feniak Lake, Noatak National
Preserve; Great Kobuk Sand Dunes, Kobuk Valley National Park).
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Stream food web characterization
Benthic biofilm, benthic macroinvertebrates, and resident fish were col-
lected from a tributary of the Akillik River in Kobuk Valley National Park
prior to stream discoloration (September 2017) and after stream dis-
coloration (September 2018). We accessed this site via Robinson R44 II
helicopter. Benthic biofilm was measured in situ using a Benthotorch (bbe
Moldaenke, Kiel, Germany) hand-held fluorometer, which distinguishes
taxa (green algae, cyanobacteria, diatoms) and provides estimates of
standingbiomass. Each tributarywasmeasured at 3 randomtransects andat
each transect, 3 measurements were taken with the Benthotorch near the
right bank, in the middle of the thalweg, and near the right bank. The nine
biofilm measurements were averaged to characterize the headwater tribu-
tary each year and then average across years. Benthic macroinvertebrates
were sampled using kick nets. Four kicknet samples were collected in riffles
and4kicknet samples collected in runsperheadwater streamwith collection
lasting 1minute per sample and encompassing 0.25m2 area (National
Aquatic Monitoring Center, namc-usu.org). In the laboratory, individuals
were identified to the lowest practical taxonomic level (usually Family) to
compare composition, richness, and density. Macroinvertebrate samples
were processed by the National Aquatic Monitoring Center (Logan, UT,
USA) and data are publicly available29. Resident fish were collected using
backpack electrofishing. Upon capture, fish were identified to species.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are publicly available through
the U.S. Geological Survey20–22,26,29. Data releases are available for geochem-
istry (https://alaska.usgs.gov/products/data.php?dataid=611; https://alaska.
usgs.gov/products/data.php?dataid=401), remote sensing analyses (https://
alaska.usgs.gov/products/data.php?dataid=642), resident fish (https://alaska.
usgs.gov/products/data.php?dataid=598), and stream macroinvertebrates
(https://alaska.usgs.gov/products/data.php?dataid=643).
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