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Figure 1. Roadside area through a network of ice-wedge polygons, Prudhoe Bay QOilfield, Alaska. The

Author contact: dawalke r@ alaska.edu effects of roadside flooding and road dust have caused subsidence of the ice-wedges and erosion of
the polygon centers, transformed the previous low-centered polygons to high-centered polygons,
’)() ‘) 'l and altered the soil properties and vegetation of the polygon centers and troughs in a wide swath of
) L

tundra adjacent to the road.
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Pre-Road Two vegetation datasets were selected from the Alaska Arctic Vegetation

Prudhoe Bay region (1970s)

Arctic—tundra areas with ice-rich permafrost do not adequately a. | | Archive (AVA-AK, https://arcticatlas.geobotany.org/catalog/qroup/plot-

archive) for the analyses:

consider the likely long-term cumulative effects of climate change | T S R e e S \ ) + Walker (1985) for the 23 Prudhoe Bay plots sampled in 1975-1976
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Table 1. Synoptic table of fidelity (®), frequency (%), and mean cover (%) of diagnostic taxa in plots of
undisturbed moist, wet, and aquatic tundra plant communities sampled during the 1970s (Walker et al. 1980)
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Cluster 2. Disturbed m:)ist Sanionia uncinata (Hedw.) Loeske pleurocarpous moss
tundra, Type U4d, polygon Cassiope tetragona [s. tetragona] (L.) D. Don evergreen dwarf shrub
centers I Abietinella abietina (Hedw.) Fleisch. pleurocarpous moss
Cardamine digitata Richardson erect forb

oo st | ot | s |t | i s | s [ow \ R, Road dust caused large reductions in common moist-tundra diagnostic species, particularly small forbs,
Sfo ©) \ [ _ Lsstraras iplemenay spench i mosses, and lichens. The effects of dust were strongly related to distance from the road and were
e » S";if‘biﬁiﬁ greatest on the downwind side of the road.
e Ibg WDDD ;E'““rem\ Flooding increased permafrost degradation, polygon center-trough elevation contrast, and vegetation
_otg | ig—F productivity.
O While it was not possible to isolate the influence of any of these factors, the combined datasets provide
b- Species richness unique insights into the rate and extent of ecological disturbances associated with infrastructure-
- | — v = OL. affected ice-rich-permafrost landscapes under decades of climate warming.
s il DR Synopsis of changes associated with the four scenarios (Figure 4):
" | Figure 8. Ordination of the disturbed CS (2014) and comparable undisturbed Prudhoe (1970s) plots. a. NMDS Scenario A: Prior to road construction (1949—1968). Analysis of aerial photographs taken in 1949 and 1968 revealed little detectable change in the area of
o . = ordination of plots showing the distribution of undisturbed (1970s) plots (open squares), disturbed (2014) thermokarst ponds, polygon morphology, or vegetation distribution along either the JS or CS transects in the twenty years between 1949 and 1968 (Walker et al. 2015, 2021; Water-

Species richness per 1-m-2 plot

Carex scirpoidea Michx. rhizomatous sedge
Didymodon asperifolius (Mitt.) H. Crum, Steere & L [acrocarpous moss
Masonhalea richardsonii (Hook.) Karnefelt fruticose lichen

Undisturbed Distwbed |Undisturbed Disturbed | Shallow  Desper polygon-center plots (closed circles) and disturbed (2014) polygon-trough plots (closed inverted triangles). body analysis not shown here.)
Labels are plot ID numbers. b. Joint-plot showing relationship of the groups of floristically similar plots Scenario B: Climate-related change (1969—present):

n=6 n=6
_ _ (numbered ellipses, defined by cluster analysis) to environmental gradients depicted by orange vectors in the « Changes to thermokarst pond abundance: The area of thermokarst ponds at the JS site increased 8.3x between 1968 and 2013 at the JS site (Jorgenson et al. 2015) and 6x at CS
c. Growth-form cover in moist and wet tundra center of the ordination space showing direction and strength of correlations (r? cutoff > 0.2 ). Plot-symbol Transect T1, with a similar rather abrupt increase starting in the 1990s (waterbody analysis not shown here). This change corresponded to a combination of upward trends in air

colors are accordina to veaetation tvpes shown in the cluster analvsis dendroaram (Fi ure 6) Axes 1 and 2 are temperature (winter and summer), annual permafrost temperatures, and precipitation (summer rain and winter snow) since the late 1990s. The increases in temperature and
Y g9 yp y g9 9 ) precipitation likely led to increased the active layer thickness (ALT = summer thaw depths), resulting in the top surfaces of many ice wedges melting and creating thermokarst

63 — Risis Cluster §a. Mainly deeper —water Ditrichum flexicaule (Schwaegr.) Hampe acrocarpous moss Moist tundra Prudhoe (1970s) n=10 labeled with variables correlated with each axis. ponds (Jorgenson et al. 2006, Walker et al. 2021).
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Peltigera canina (L.) Willd. foliose lichen
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f Changes to polygon morphology and vegetation distribution: Melting of the ice wedges caused reduction in the elevation of the polygon troughs relative to the polygon centers
Wettundra CS (2014) n=14 Re ere nces and the drainage of water into the troughs, resulting in a shift from low-centered ice-wedge polygons dominated by wet tundra to a transitional high-centered polygons
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6 b ;13;; - Outlier 6b. Deep-water trough I Cratoneuron filicinum (Hedw.) Spruce pleurocarpous moss T| - doi.10.1002/2015JF003602.

(Scorpidium-Hippuris comm.) Outlier 4c. Disturbed wet tundra on heavy dust near Cinclidium arcticum Schimp. acrocarpous moss T ; ) Hennekens, S.M. and Schaminée, J.H.J. 2001. TURBOVEG, a comprehensive data base management system for vegetation data. J. Veg. Sci. 12: 589-591. Available from doi.org/10.2307/3237010. Scenario C: Climate-related change + road dust (1 969—present):
4C T2-005-C road (Dupontia comm.) Carex maritima Dewey caespitose sedge of --- Y - - - - ) Kanevskiy, M., et al. 2017. Degradation and stabilization of ice wedges: Implications for assessing risk of thermokarst in northern Alaska. Geomorphology. 297: 20-42. Available from
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Pedicularis albolabiata (Hultén) Kozhevn. erect forb fvergreen  Deciduous  Graminoid fo Pleurocarpus  Acrocarpous  Lichen dx.doi.org/10.1016/j.geomorph.2017.09.001. . Loss of common diagnostic species: Thirty-two common diagnostic species recorded in moist tundra plots sampled in the 1970s did not occur in plots sampled in 2014, , including

Groups 2 & 4, undisturbed moist tundrg, Type U4, and undisturbed wet tunda, Type M2 shrub shrub moss moss Kanevskiy, M., et al. 2021 in review. Cryostratigraphy of the upper permafrost and risk of ice-wedge thermokarst in relation to road infrastructure, Prudhoe Bay Oilfield, Alaska. Submitted to Arctic . . .
Vegetation types (modified from Walker 1985) Orthothecium chryseum (Schwacr) B.S.G. pleurocarpous moss . 3| - 2| of scienve Special Issue. many common small forbs, mosses, and lichens that are strongly affected by heavy roadside dust (Table 1, Figure 7a).

Calliergon megalophyllum Mikutowicz pleurocarpous moss : 2| - 0 2|~ 0 51 0 McCune, B., Grace, J.B. and Urban, D.L. 2002. Analysis of Ecological Communities. Gleneden Beach, OR: MIM Software Design. Decreased species richness: There were 38% fewer species in the CS (2014) moist tundra plots and 46% fewer species in the wet tundra plots compared to similar plots sampled

Campylium stellatum (Hedw.) C. Jens. pleurocarpous moss

|:| Undisturbed moist tundra, Types U3 & U4, Prudhoe (1970s) oo stelatu e € . . : Figure 7. COmparison Of the Prudhoe (19705, Rayn;(l)c(lzsl,) I\:)I;(.lztlzil.izzgi%;eT()lelal'cil\/le/gizelczo;ggical effects of 62 years of infrastructure and climate change in ice-rich permafrost landscapes, Prudhoe Bay Qilfield, Alaska. Global Change Biology, in the 1970s (Figure 7b).

[] bisturbed moist tundra, Types U3d & Uad, CS (2014) Braya glabella s. purpurascens (R. Br.) Cody rosette forb - of - ' e - - - = undisturbed) and Colleen (CS 2014, disturbed) Tichy, L., Holt, J. & Nejezchlebova, M., 2011. JUICE program for management, analysis and classification of ecological data, Brno: Vegetation Science Group. Masaryk University. Changes to growth-form cover: Pleurocarpous moss cover in CS (2014) moist-tundra plots was 38% of cover reported in moist-tundra plots sampled in the 1970s and 12% of

Tortella tortuosa (Hedw.) Limpr. acrocarpous moss

|:| Undisturbed wet tundra, Type M2, Prudhoe (1970s) Salix richardsonii Hook. deciduous erect dwarf shrub ol . a| Walker, D.A. 1985. Vegetation and environmental gradients of the Prudhoe Bay Region, Alaska. CRREL Report 85-14, Hanover, NH: U.S. Army Cold Regions Research and Engineering Laboratory, 240 values in wet tundra (Figure 7c). Lichens were very sensitive to dust. In the 1970s, lichen cover in moist-tundra habitats (Types U3 and U4) averaged 4.9 + 0.9%; whereas in 2014,

Gouprs 3 & 4, disturbed moist and undisturbed wet tundra tundra datGSEtS. a. Numbers Of diagnOStiC pp. Available from https://hdl.handle.net/11681/9420. . . -y . . . . . .
|:| Disturbed wet tundra, Type M2d, CS (2014) Drepanocladus brevifolius (Lindb.) Warnst. pleurocarpous moss / Walker, D.A.,, et al. 2015. Infrastructure-thermokarst-soil-vegetation interactions at Lake Colleen Site A, Prudhoe Bay, Alaska. Fairbanks, AK: Alaska Geobotany Center, AGC 15-01, 92 pp. Available no lichens were observed in any of the Colleen moist-tundra pIOtS within 50 m of the road' and onIy 3 lichen species occurred with nEgllglble cover at 385 m from the road.
Scenario D: Climate-related change + road dust + flooding (1969—present):

o
o

Dryas integrifolia s. integrifolia Vahl evergreen prostrate dwarf shrub

(%4
o

Carex bigelowii Torr. rhizomatous sedge

o
o
S

Plagiochila arctica Bryhn & Kaal. leafy liverwort

w
o

Cover (% t s.e.)

Blepharostoma trichophyllum v. brevirete Bryhn & K (leafy liverwort

|
|
|
|
1 Group 2, undisturbed moist tundra, Type U4
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|
|
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Group 4, undisturbed wet tundra i ' ' T T constant, and dominant species. Derived from the from dor.ora/10.18739/A2M6E1BQSM.
|:| Undisturbed aquatic tundra, Types M4 & E1, Prudhoe (1970s) Cinclidium latifolium Lindb. acrocarpous moss 3 0 3 SynoptiC table (Table 1) b. Species richness in Walker, D.A. et al., 2021 in review. Cumulative impacts of a gravel road and climate change in an ice-wedge polygon landscape, Prudhoe Bay, Alaska. Arctic Science Special Issue.

Salix ovalifolia v. ovalifolia Trautv. deciduous prostrate dwarf shrub | ---

, , o : * Enhanced impacts of climate change to ice-wedge degradation and thermokarst: Center-rim microrelief, water depths, and snow depths were greatest in troughs on the flooded
|:| Disturbed aquatic tundra, Types M4d & E1d, CS (2014) Lg:f;”;g{f:;}jr;s‘;f;(Trautv‘) Kalela :::222::232 iZ:e . moist, wet, and GC]UGtiC undisturbed and disturbed F u n d i n g side of the road
Juncus biglumis L. rush - - - - - - H H . . . . . . . . .
. . . . L. e . vegetation units derived from the cluster analysis Surface dust layers were thickest on the T2 (SW and downwind) side of the road with 14 cm in study plots and exceeding 40 cm in some polygon troughs near to the T2 transect.
Figure 6. Cluster analysis of CS (2014) and Prudhoe (1970s) plots. Brief descriptions of Meesia rquetra (1 ficter) Aongstr acTocarpaus moss g f Y

Bistorta vivipara (L) Delarbre erect forb : of (Figure 6) [mean + standard error of the mean US National Science Foundation (NSF ArcSEES, NNA, and AON initiatives, Grant Nos. 1928237, 1832238, 1304271, 1263854, 1002119, 1231294, 1204110) and the US National Flooding caused more productive sedge vegetation with greater leaf area index (LAl) in both the polygon centers and troughs. The enhanced productivity on the flooded side of
the numbered clusters are on the branches of the dendrogram. Group 7, shallows water gsatic fundra Aeronautics and the Space Administration (NASA LCLUC Grant No. NNX14AD90G) with contributions from the Bureau of Ocean Energy Management and US Geological Survey. the road was likely caused by a combination of wetter early-summer soils, deeper thaw, higher rates of organic-matter decomposition, more nutrients from the dust, and high inputs of

Scorpidium scorpioides / Limprichtia revolvens pleurocarpous moss _ H H
Group 8, deep-water aquatic tundra (5.6.). c. Growth form cover in groups Of moist and "A feces and decayed organic matter from the waterbirds that persistently graze the area. Enhanced productivity and erosion of mineral material into the troughs on the flooded side
F

Calliergon giganteum (Schimp.) Kindb. pleurocarpous moss - - - - - - - 57 50 233 W€t un disturbed and disturbed plo ts.

of the road is adding to the litter layer and helping to protect the ice wedges from further thaw (Kanevskiy et al. 2917, 2021).
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