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Introduction

Measurements of biomass, leaf-area index (LAI), and
Normalized Difference Vegetation Index (NDVI) were
obtained from permanent vegetation plots represen-
tative of common vegetation types at study sites near
Deadhorse in Prudhoe Bay, Alaska, which are part of
the NSF-funded project, Navigating the New Arctic:
Landscape evolution and adapting to change in ice-
rich permafrost systems (NNA-IRPS) (figure 1).

Numerous characteristics of Arctic vegetation, in-
cluding biomass, productivity, leaf-area, chlorophyll
content, and fractional cover of vegetation are rou-
tinely assessed using ground-level and satellite-based
spectral vegetation indices. NDVI is the most widely
used spectral index, and is calculated as follows:

NDVI = (NIR - R)/(NIR + R),

where R and NIR stand for the spectral reflectance val-
ues in the red (visible) and near-infrared regions of the
spectrum.

The data were collected to help assess the relation-
ships between satellite-derived spectral data and
ground-level measurements of vegetation and site
factors. Such comparisons are necessary because
measurement of LAl and NDVI in the Arctic are af-
fected by a wide variety of unique environment- and
instrument-related factors (e.g., Shippert et al. 1995,
Asner et al. 1998; Stow et al. 2004; Hope et al. 2005; Bu-
chhorn et al. 2013, 2016a; Raynolds et al. 2011, 2016,
Myers-Smith et al. 2015, Frost et al. 2022, Heijmans, et
al. 2022, Bergstedt et al. 2023, Jespersen et al. 2023).

The focus here is on the variation of biomass, LAI,
and NDVI across the site-moisture gradient in non-
acidic tundra at the boundary between Bioclimate
Subzones C and D (CAVM Team 2003), or the ap-

proximate transitional band between the High and
Low Arctic (Bliss 1997), where the zonal vegetation is
currently predominantly graminoid, prostrate dwarf-
shrub, moss tundra with few erect shrubs. This report
complements earlier studies that focused on trends
in biomass, LAI, and NDVI in mesic (zonal) vegetation
across the full Arctic summer temperature gradient in
North America and Europe (Raynolds et al. 2006, Ep-
stein et al. 2008, 2021, Bhatt et al. 2010).

Site-moisture status is probably the most import-
ant factor to consider regarding variation in vegeta-
tion productivity in the Prudhoe Bay region and other
flat tundra wetlands where the water table is largely
controlled by the presence of near-surface perma-
frost (Raynolds et al. 2016). The flat thaw-lake plains
are characterized by extensive areas of ice-wedge
polygons with high percentages of wet and aquat-
ic tundra. Additionally, since the early 1990s, small
thermokarst thaw ponds, many with large amounts
of aquatic vegetation (Watson-Cook 2022), have in-
creased dramatically over much of the northern Alas-
ka (Jorgenson et al. 2006, 2022; Raynolds et al. 2014;
Kanevskiy et al. 2017, 2022; Frost et al. 2022).

Biomass, LAl and NDVI data were collected from
permanent vegetation plots at the Natural Ice-Rich
Permafrost Observatory (NIRPO) site where there are
extensive plot-based and map data that portray the
surficial geology, landforms, permafrost, soils and
vegetation across the full local site-moisture gradi-
ent (Walker et al. 2023). LAl and NDVI data were also
collected from the nearby Colleen and Airport road-
side disturbance study sites (Walker et al. 2015, 2016).
These data are presented without analysis because of
the lack of biomass data at the roadside sites.
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Figure 1. Locations of NIRPO, Colleen and Airport study sites near Deadhorse, Alaska, in
the vicinity of the airport and other service area infrastructure. Credit: Martha Raynolds.



2 Methods

2.1 Study areas

Ground-based measurements of LAl and NDVI were
obtained during 19-20 July 2023 from permanent
vegetation plots at the Natural Ice-Rich Permafrost
Observatory (NIRPO), Colleen site, and Airport site,
near Deadhorse, Alaska (Figure 1).

2.1.1 NIRPO plots

The 59 NIRPO 1 x T m permanent vegetation plots
are located within in the approximately 88 ha NIRPO
site within the larger NIRPO-Jorgenson-Colleen (NJC)
study area (Figure 2a); 45 plots are in the vicinity of
research transects T6, T7, T8, and T9, and 14 plots are
in the vicinity of Lemming Pingo (Figure 2b).

The locations of the NIRPO plots were chosen to
be representatives of a full range of dry, moist, wet,
and aquatic vegetation habitats encountered along
transects T6, T7, T8, T9, and the Lemming Pingo vicin-
ity within three surficial geology units described by
Rawlinson (1993) and associated landforms (Figure 2,
Table 1).

Forty-four plots were sampled in 2021, including 35
moist to wet terrestrial plots (21-01 to 21-35) and nine

NIRPO-Jorgenson-Colleen Area

125250 500

Meters

aquatic plots in ice-wedge thermokarst ponds (21A-
22, 26, 27, 28, 29, 27, 35, 38, 40). Fifteen plots were
sampled in 2022, including 8 dry plots (22-01-06,
22-13, and 22-14 on Lemming Pingo), one moist bird
mound on Transect 8 (22-15), and 6 aquatic plots in
lakes and ponds near Lemming Pingo (22-07 to 22-
12). The methods of vegetation and environmental
sampling were described in previous AGC data re-
ports (Walker et al. 2022a, 2023).

2.1.1.1 Plot characterization

The legend codes used in figures characterizing the
NIRPO plots throughout this report are defined in Ta-
ble 1. The surficial geology codes refer to Quaternary
age deposits described by Rawlinson (1993). The cor-
responding landforms refer to the landscape features
associated with the surficial geology units. These
include residual surfaces, lakes and ponds, drained
thaw-lake basins (ice-poor and ice-rich), and pingos.

Surficial features correspond in part to “landforms”
in the Geobotanical Atlas of the Prudhoe Bay Region
(Everett 1980) and include patterned-ground features
(e.g., frost boils, types of ice-wedge polygons, hum-

21A35 21A-34
21A-32

49T,

30

22-10:2209

Meters

Figure 2. The NIRPO Study Area. a. The NIRPO site (yellow rectangle) within the larger NIRPO-Jorgenson-Colleen research
area. The landforms (white boundaries) are derived from surficial-geology units (Rawlinson 1993): R = residual surface; DLip
= drained lake basin, ice poor; DLir1 = drained lake basin, ice rich, phase 1; DLir2 = drained lake basin, ice rich, phase 2.
b. Locations of NIRPO vegetation plots. Credit: Martha Raynolds.
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mocky terrain, zoogenic features such as bird mounds

and animal dens), as well as featureless terrain.
Surficial-feature elements are common “parts” of

surface features (e.g., ice-wedge polygon basins, rims,

METHODS

and troughs, frost-boil centers and interboil areas, bird ture codes for mapping purposes.

Table 1. Abbreviated legends for characterizing plots and maps by surficial geology, landforms, surficial features, surficial-feature ele-
ments, and vegetation habitats at the NIRPO site. Legends codes are arranged alphabetically within each category, except for Vegetation

Habitats, which are arranged in four groups along a site-moisture gradient.

Surficial geology
Codes and boundaries mapped by Rawlinson (1993) and used in Tables A1 and A2.

Qsg Undifferentiated Quaternary-age, alluvial sand and gravel deposits with overlying windblown silt and peat
Qt Thaw-lake deposit

Qti Ice-rich thaw-lake deposit

Landforms

These codes correspond to characteristic landforms within the surficial geology units mapped by Rawlinson (1993).

DL. Drained lakes

DLip
DLir

DLir1
DLir2

Drained lake basin, ice poor

Drained lake basin, ice rich

Drained lake basin, ice rich, Phase 1, some ice wedges, and mainly disjunct low-center polygons
Drained lake basin, ice rich, Phase 2, well-developed ice wedges and low-center polygons

L. Lakes and ponds

L1 Deeper lake, including undrained thaw lakes and deeper water bodies remaining after partial drainage
L2 Shallow lake or pond with marl bottom

L3 Ice-wedge thermokarst pond

P Pingo

R Residual surface

Surficial features

Codes are based on units in previous legends (e.g. Everett, 1980, Walker et al. 2023.) The terminology follows Everdingen 2005
where applicable.

AH Aligned hummocks

BM Bird mound

DP Disjunct polygon rims

FB Frost boils

H Hummocky terrain

HCP1 High-center or flat-center ice-wedge polygon, < 0.5 m center-trough relief

HCP2 High-center or flat-center ice-wedge polygon, = 0.5 m center-trough relief

P Irregular pattern, mixed features

L1 Deeper lake or ponds (> 1 m deep)

L2 Shallow lake with marl bottom

L3 Thermokarst pond

LCP1 Low-centered ice-wedge polygon, < 0.3 m center-trough relief

LCP2 Low-center ice-wedge polygon, = 0.3 m center-trough relief

N Non-patterned ground (featureless)

RP Reticulate pattern (small polygons, < 2 m diameter, generally on well-drained sites)

TP1 Transitional polygon (with remnant polygon rims), < 0.5 m center-trough relief

TP2 Transitional polygon (with remnant polygon rims), > 0.5 m center-trough relief

z Zoogenic features, including pingo summits fertilized by small mammals, animal dens, burrows, and bear diggings; bird mounds have their own unit (BM)

Surficial-feature elements
These common “parts” of surface features more or less correspond to “microsites” of previous legends (e.g., Walker et al. 2023).
The lower-case codes can be attached to the surface feature for mapping purposes.

b

C

Center (basin) of low-center polygon

Center of flat- or high-center polygon or transitional polygon

Irregular topography associated with degraded troughs and/or collapsed polygon rims

None

Rim, includes rims of disjunct polygons, intact low-center polygons, and remnant rims on transitional polygons.
Trough of ice-wedge polygon

Continued on next page

mounds, hummocky, and featureless areas) that more
or less correspond to “microsites” of previous legends
(e.g., Walker et al. 2023). The lower-case surficial-fea-
ture-element codes can be attached to the surface-fea-
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Table 1 (continued)
Vegetation habitats
The 17 habitat types occurring within the 59 NIRPO plots are starred (¥). Previous codes from Walker 1985 and recent AGC data reports
(Walker et al. 2022a, 2023) are in the first set of parentheses for each unit. Dominant or frequent species are enclosed in the second set.
D. Dry nonacidic tundra. Dominant plant functional types: Prostrate evergreen shrubs, cushion forbs, crustose lichens, acrocarpous mosses
D1* (B1) Dry nonacidic tundra, cold, windblown, gravelly sites. (Dryas integrifolia, Oxytropis nigrescens, Lecanora epibryon)
D2* (B2) Dry to moist nonacidic tundra on fine-grained, organic-rich soils. (Dryas integrifolia, Saxifraga oppositifolia, Salix reticulata)
D2t (--) Transitional dry tundra on organic-rich soils; transitional dry tundra due to change in drainage, most closely resembling type D2
D3t (B16d, B17d, U10d) Transitional dry tundra with dry riparian components (Salix ovalifolia, S. lanata, Dryas integrifolia, Carex capillaris, Hulteniella integrifolia)
Dfb (B3) Dry to wet nonacidic sparsely-vegetated frost-boils (Saxifraga oppositifolia, Juncus biglumis)
Dsn* (U6) Dry to moist, and nonacidic, early-melting, snowbeds (Cassiope tetragona, Dryas integrifolia, Masonhalea richardsonii)
Dz* (U10) Dry nonacidic zoogenic vegetation, mostly on pingo summits and animal disturbances on south-facing slopes (Festuca baffinensis, Cerastium beeringia-
num, Syntrichia ruralis)
M. Moist nonacidic tundra. Dominant plant functional types: Graminoids (sedges), prostrate deciduous and evergreen shrubs, pleurocarpous mosses
M1* (U3) Moist nonacidic tundra with abundant lichens (Eriophorum triste, Dryas integrifolia, Salix reticulata, Tomentypnum nitens, Thamnolia subuliformis)
M2 (U2) Moist nonacidic tussock tundra (Eriophorum vaginatum, Dryas integrifolia, Salix reticulata, Tomentypnum nitens, Thamnolia subuliformis)
M3* (U4) Moist nonacidic tundra with few lichens (Eriophorum triste, Dryas integrifolia, Salix arctica, Tomentypnum nitens)
M3d (U3d, U4d, B10d, B16d, B17d) Disturbed tundra due to dust or other anthropogenic disturbance, most closely resembling moist nonacidic tundra (type M3)
M3t* (--) Transitional moist nonacidic tundra; transitional tundra due to change in drainage, most closely resembling moist nonacidic tundra (type M3)
Msh (U8) Moist nonacidic riparian low shrublands (Salix lanata, S. alaxensis)
Mz* (U10) Moist zoogenic vegetation on bird mounds and moist animal disturbances (Carex scirpoidea, Arctagrostis latifolia, Cerastium beeringianum, Sanionia uncinata)

W. Wet nonacidic tundra. Dominant plant functional types: Graminoids (sedges), pleurocarpous mosses

W1* (M2) Wet nonacidic mires with saturated soils (Carex aquatilis, Eriophorum angustifolium, Drepanocladus brevifolius)

wid (M2d) Disturbed tundra due to dust or other anthropogenic disturbance, most closely resembling wet nonacidic tundra (type W1)

W2* (M4) Very wet nonacidic mires with shallow standing water (Carex aquatilis, Scorpidium scorpioides)

W2t (--) Very wet transitional nonacidic mires; transitional tundra due to change in drainage, most closely resembling wet nonacidic tundra (type W2)
Wz (--) Wet zoogenic and enriched tundra; rich wet nonacidic tundra due to anthropogenic or zoogenic enrichment

A. Aquatic minerotrophic vegetation. Dominant plant functional types: Graminoids (sedges and grasses), aquatic forbs, pleurocarpous mosses

Al* (E1) Aquatic sedge marsh (Carex aquatilis, Eriophorum angustifolium)

ATt* (M4/E1, E1t) Transitional aquatic vegetation dominated by sedges (Carex aquatilis, Scorpidium scorpiodes)

A2* (E2) Aquatic grass marsh (Arctophila fulva)

A3t* (E3, Em) Aquatic moss marsh (Scorpidium scorpioides; Calliergon richardsonii)

Ad4t* (Ef) Aquatic forb marsh (Hippuris vulgaris; Ranunculus gmelinii; Sparganium hyperboreum)

L Unvegetated water in lakes and ponds

L1 (W1) Lakes with deeper water generally >1 m deep (dark colored lakes on aerial images)

L2* (--) Shallow ponds and lakes with marl bottoms (light colored lakes, ponds (includes barren intermittent marl pond margins on aerial images)

L3* (--, Es) Thermokarst ponds with sparse undifferentiated vegetation (used mainly for mapping ponds, where aquatic vegetation is difficult to determine)

Twenty-eight vegetation habitats are listed in Ta-
ble 1. These are grouped according to the five broad
habitat categories (D, Dry nonacidic tundra; M, Moist
nonacidic tundra; W, Wet nonacidic tundra; A, Aquatic
vegetation; and L, generally unvegetated or sparse-
ly vegetated lakes or ponds. The names of the units
within each habitat category are derived from vege-
tation units described earlier (Walker 1985, Walker et
al. 2015, 2016, 2022a, 2023, Watson-Cook 2022) and
are meant to be compatible with international habitat
types (Davies et al. 2004, Mucina et al. 2016, Walker et
al. 2018b).

2.1.2 Aboveground biomass methods

Biomass sampling and sorting procedures described
in Walker et al. 2023 (p. 8) are summarized here:

Terrestrial biomass. A 50-cm x 20-cm (0.1 m?) alu-
minum sampling frame was nailed to the tundra near

each plot in an area that matched as closely as possible
the composition and structure of the vegetation in the
plot. The tundra within the frame was cut around the
inner margin of the frame with a bread knife. An addi-
tional cut was made to divide the sample in half, form-
ing two 25-cm x 20-cm subsamples. The frame was
then removed, and each half was cut horizontally 2-3
c¢m beneath the tundra surface. Each half sample was
removed from the sample area and placed in a 1-quart
Ziploc® bag with the plot number, date of harvest, and
the sample half (e.g., 1 of 2 or 2 of 2) recorded on the
bag and on a Post-it® note placed inside the bag.

The samples were frozen for transport to UAF,
where they were kept frozen until removed for pro-
cessing and thawed. The aboveground plant parts
were clipped with scissors and sorted into plant
functional types (PFTs): evergreen shrubs, deciduous
shrubs (leaves and woody stems), graminoids (live
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and dead), horsetails, forbs, mosses, lichens, and litter.
Mass values for each PFT in each 0.1-m? sample plots
were multiplied by 10 to obtain biomass per 1-m2.
Important considerations were: (1) The sorted moss
component included both the green surface layer and
the dead component to the level where the moss lost
its structure and became part of the top organic soil
layer. (2) Windblown silt is common in the study area
and is known to influence the determination of organ-
ic-matter content. Many soil horizons that appear to
be organic horizons have too much windblown silt to
be classified as organic horizons according to the U.S.
Soil Survey criteria (Everett and Parkinson 1977). (3)
The moss component was washed to remove as much
windblown silt as possible, but it is likely that many of
the moss samples still contained an unknown amount
of mineral material, and the reported moss mass val-
ues are probably high.

Aquatic biomass. A coring device was developed
for sampling biomass and soils in thermokarst ponds
(Watson-Cook 2022). The cylindrical cores had a diam-
eter (D) of 15.24 cm (6 in) (cross-section area of approx-
imately mir> = 182.42 cm?). The sample of aboveground
biomass was removed by slicing the core with a knife at
the sediment surface. The biomass samples were then
thoroughly washed in the field to remove trapped min-
eral sediment before freezing. Upon thawing in the lab,
the core was again washed and then sorted by plant
growth forms and dried according to the same proce-
dures as the terrestrial vegetation plots. To obtain bio-
mass per 1 m?, the biomass values for the sample area
of the aquatic plots were multiplied by 54.82 (humber
of sample areas per m?).

200T + 200C

100C T5

550C
T55

T

48

T525T

METHODS

All biomass samples were dried at 65 °C until a con-
stant mass was obtained (approximately one week).
PFT and total biomass data for NIRPO plots are in
Walker et al. 2023, Appendix 8.

2.1.3 Colleen and Airport plots

LAl and NDVI data were also collected from 46 plots
in disturbed roadside areas at the Colleen site (Walker
etal. 2015) and Airport site (Walker et al. 2016, 2018a)
(Figure 3). The data from these plots are included in
this report, but they are not analyzed with the NIRPO
plots because of the lack of biomass data from these
sites and other differences in the baseline datasets.

The Colleen site was described in publications that
focus on the impact of the Spine Road on vegeta-
tion, hydrology, and permafrost within 200 m of the
road (Kanevskiy et al. 2017, 2022, Walker et al. 2022a).
Transects T1 and T2 are in an area of transitional ice-
wedge-polygons that have extensive thermokarst
ponds. The primary impacts are caused by heavy road
dust on the northeast side of the road. Road dust plus
extensive roadside flooding occurs on the southwest
side of the road.The Colleen plots are located in paired
ice-wedge-polygon centers and troughs at 5, 10, 25,
50, 100, and 200 m from the road (24 plots total).

Plots along Airport transects T3 and T4 are distribut-
ed in polygon centers and troughs along 100 m tran-
sects on both sides of the road (20 plots total). Distur-
bances at the Airport site are more varied and more
severe than at the Colleen site and include impacts
from the 2015 Sagavanirktok flood (Shur et al. 2016,
Toniolo et al. 2017, Kaneveskiy et al. 2022, Walker et.
al. 2016, 2018a, Zwieback, 2023). Airport transect T5

Figure 3. Locations of
plots in disturbed tun-
dra along five road-
side transects at the
a. Colleen and b. the
Airport sites. Credit:
Martha Raynolds.

- T3100T
T3100€C
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begins at 25 m from the road (to avoid an area heavily
disturbed by fiber-optic cable trenches) and extends
to 100 m (6 plots total).

2.2 Grouping plots into moisture
categories

2.2.1 Earlier concepts of site-moisture
gradients in the Prudhoe Bay region

The NIRPO conceptual site-moisture gradient builds
on ecological investigations in the Prudhoe Bay region
conducted in the 1970s by the International Biologi-
cal Program’s Tundra Biome that recognized the key
roles of soil pH, site moisture, and the permafrost ta-
ble for defining soil and vegetation units along meso-
and microtopographic gradients (Webber and Walker
1975; Everett and Parkinson 1977, Walker et al. 1980,
Walker 1985, Walker and Everett 1991).

A conceptual meso-topographic catena for a portion
of the Prudhoe Bay region portrays vegetation types
and soils of the region along a small slope with approx-
imately 2-3 m of vertical relief (Figure 4a, Walker 1985).
Dry plant communities and soils occur on the top and
shoulder of the slope; moist vegetation and soils occur
on backslope and footslope; wet vegetation in the flat-

Conceptual non-acidic tundra meso-topographic catena
VEGETATION:.

Stand Type:

Community Name:

SOIL:

ter toe slope and plain at the bottom of the slope; and
aquatic vegetation in the margin of a small lake.

Figure 4b depicts the effects of microtopographic re-
lief on soils and vegetation in a series of six ice-wedge
polygons, from dry high-center polygons with over 0.5
m of relief near a small stream to very wet low-center
polygons with shallow late-summer water in the poly-
gon basins, and less than 0.3 m of topographic relief
(Walker 1985). This depiction applies to the eastern
nonacidic portion of the oilfield in the 1970s and 1980s,
before extensive ice-wedge melting and trough sub-
sidence began, and when most low-center ice-wedge
polygons had troughs that were approximately at the
same elevation as the polygon centers, without stand-
ing water. Many current ice-wedge polygons, soils, and
vegetation are in transitional states related to changes
in drainage status associated with the degradation of
ice wedges and increase in thermokarst ponds (Jorgen-
son et al. 2006, 2022, Raynolds et al. 2014, Kanevskiy et
al. 2017, 2022, Frost et al. 2022).

A major factor affecting soil moisture measure-
ments is the amount of windblown silt. Most of the
Prudhoe Bay region spans areas influenced by calcar-
eous loess blown from the broad alluvial floodplain of

Idealized section of nonacidic tundra polygonal ground
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Figure 4. Conceptual sections of terrain and soil variation along the site-moisture gradient, Prudhoe Bay region, Alaska. a.
Mesotopographic moisture catena with typical soils and vegetation (Walker 1985). The soil types were classified by Everett
and Parkinson (1977). b. Idealized section of tundra showing various types of ice-wedge polygons (Walker 1985). Codes refer
to typical vegetation and soil mapping units described in the Geobotanical Atlas of the Prudhoe Bay Region, Alaska (Walker
etal. 1980) and are cross referenced in Table 1. Note reference to permafrost and active layer in both figures.
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the Sagavanirktok River (Everett and Parkinson 1977,
Walker and Everett 1991). The addition of mineral ma-
terial to the organic soil surface horizons increases soil
bulk density and decreases its water-holding capacity.

2.2.2 Data used to define the conceptual site-
moisture gradient

The conceptual site-moisture gradient used in this
report is specific to the nonacidic tundra at the NIRPO
site and includes vegetation habitat types described
for the study site in recent publications, including dry
and transitional-tundra types, zoogenic plant com-
munities, and aquatic lake vegetation types. Subjec-
tive field estimates of site and soil moisture along
with laboratory measurements of gravimetric and
volumetric soil moisture were used to help define the
conceptual site-moisture gradient.

Field estimates of site moisture and soil moisture.
Subjective (scalar) estimates of site moisture at the
ground surface (Table 2a) and soil moisture in the
rooting zone (Table 2b) were made during the NIRPO
vegetation surveys in 2021 and 2022 (Walker et al.
20223, 2023).

Laboratory measures of soil moisture. Soil plugs
15 x 15 ¢cm in area and 40 cm long were collected us-
ing a tile spade from sites immediately adjacent to
each 1 x 1 m plot. The major soil horizons were briefly

METHODS

described. A soil sample was removed from the top of
the mineral horizon just below the organic soil hori-
zons using a 180 cm? soil can. Soil analyses were con-
ducted at the UAF Forest Soils Lab. Gravimetric soil
moisture was calculated by weighing the wet sample,
oven drying it at 105 °C for 24-48 h, reweighing, and
calculating the mass of water lost as a percentage of
the mass of the dried soil. Volumetric soil moisture
was calculated as the volume of water lost during dry-
ing as a percentage of the volume of the soil can (180
cmd). Other soil data from the samples, including wet
and dry color, bulk density, particle analysis, total or-
ganic matter, and soil pH are reported in earlier NIRPO
data reports (Walker et al. 2022a, 2023).

2.2.3 Arrangement of the NIRPO vegetation
habitat types along the conceptual site-
moisture gradient

The 59 NIRPO plots were grouped according to four
broad site-moisture categories (Dry tundra, Moist
tundra, Wet tundra, Aquatic vegetation). Eight of the
plots, all on Lemming Pingo, were considered “Dry
tundra” (site-moisture codes 3 and 4, xeric to subxeric);
18 plots were considered “Moist tundra” (codes 5 and
6, mesic); 13 were “Wet tundra” (codes 7 and 8, sub-
hygric), 15 were “Aquatic,” and 5 were “Lake” or ponds
with sparse or no vegetation (hygric and hydric, codes

Table 2. Site and soil moisture scales used in the NIRPO plot vegetation surveys (modified from Komdrkovd 1983).

a. Site moisture scale

Code Description

1 Extremely xeric, almost no soil moisture, no plant growth, e.g., extreme polar desert

Very xeric, very little soil moisture, e.g., dry sand dunes

Xeric, little soil moisture, e.g. stabilized sand dunes, dry ridge tops

Subxeric, noticeable soil moisture, e.g., well-drained slope, ridges

Subxeric to mesic, slightly moist site, e.g., upper slopes of gently sloping terrain

Mesic, moderate moisture, e.g., many zonal sites on gentle slopes or raised microsites

N(foaojun|dh|lw( N

sions with saturated soils

Mesic to subhydric, considerable late-season moisture, saturated soils, depression but usually without late-season standing water, e.g., lower slopes, depres-

8 Subhydric, considerable moisture, saturated soils throughout summer, with occasional standing water, less than 10 cm deep

9 Hydric, aquatic sites with up to 100% of the surface with standing water 10-50 cm deep most of the summer

10 Hydric, aquatic sites with deeper water 50-150 cm deep

b. Soil moisture scale

Code Description

1 Very dry, very little moisture, soil does not stick together

Dry, little moisture, soil somewhat sticks together

Damp, noticeable moisture, soil sticks together but crumbles

Damp to moist, very noticeable moisture, soil clumps

Moist, moderate moisture, soil binds but can be broken apart

Moist to wet, considerable moisture, soil binds and sticks to fingers

Wet, considerable moisture, water drops can be squeezed from the soil

Very wet, much water can be squeezed from the soil

VWi |N[aojun|dh|lw( N

Saturated, water drips from the soil

o

Very saturated, soil is more liquid than solid
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9 and 10). The A and L vegetation habitat codes were
used for mapping to separate deeper lakes and ponds
with little or no vegetation from aquatic sites with
considerable vegetation.

Finer-level habitat characterizations within the
broad site-moisture categories were based on habitat
types described in earlier data reports (e.g., Walker et
al. 2022a). Representative photos of 16 of vegetation
habitats are in Figure 5. Plot data regarding plant-com-
munity composition, growth-form structure, biomass,
soils, site factors, and photos were obtained from pre-
vious data reports for the NIRPO, Colleen, and Airport
sites (Walker et al. 2022a, 2023).

Site moisture (scalar) and volumetric soil mois-
ture were used to help align the vegetation habitats
along the conceptual site-moisture gradient. Figure
6a shows the distribution of site-moisture scores
grouped by the four broad site moisture categories.

9

Variation in site moisture for the 17 vegetation habi-
tats within these four categories are displayed in Fig-
ure 6b. Scalar values of site moisture are visually inter-
preted in the field based on the amount and depth of
surface water and saturation of the soil surface. The
subjective measurements provided a clear separation
for the four moisture groups and a generally clear
trend for the 17 vegetation habitats, although there
were areas of score overlap between some habitats.

There was less clear separation of volumetric soil
moisture values of the four site-moisture groups and
the 17 vegetation habitat types (Figure 6c and d) than
with scalar estimates of site moisture (Figure 6a and
b). Variation in volumetric soil moisture can be caused
by numerous factors related to, for example, variation
in the degree of soil organic matter and soil texture
within soil profiles and also to inconsistent methods
of collecting the soil samples.

Dry tundra Moist tundra

Wet tundra

e e e——

lichen-ric

M3. Moist nonacidic tundra, lichen

|-}

e’ry'w nonaculc tunra, A28

e —

Figure 5. Examples of major vegetation habitats within the four broad site-moisture groups. Credit: Wz and A4t by Olivia

Hobgood. All other photos by Amy Breen.
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Figure 6. Distribution of scalar site-moisture scores and volumetric soil-moisture values across the conceptual site-moisture
gradient. a. Scalar site-moisture scores by four broad site-moisture groups. b. Scalar site-moisture scores by 17 vegetation
habitat types. c. Volumetric soil moisture by four broad site-moisture groups. d. Volumetric soil moisture by 17 vegetation
habitat types. The box-plot diagrams show the mean value (black dots), standard deviation (error bars), median (middle val-
ue in the data set, colored horizontal line within the boxes), first quartile (median value of the lower half of the dataset, lower
limit of the boxes), and third quartile (median value of the of upper half of the dataset, upper limit of the boxes.

2.3 LAI measurements

Nondestructive measurements of LAl were made
using a LI-COR LAI-2000 Plant Canopy Analyzer (Fig-
ure 7a). The instrument contains a fish-eye optical
sensor (148" field of view) that measures radiation
in a nearly hemispheric view of the sky. The meth-
od includes an above-canopy measurement of dif-
fuse sky radiation, which was compared with the
mean of four below-canopy measurements to de-
termine how much of the above-canopy radiation
is attenuated by the vegetation canopy (Figure 7b).
The instrument calculates the light transmittance
for each below-canopy measurement based on the
above-canopy value.

The center plot markers were removed to avoid
interference with the measurements. The readings
were all taken with a 270° view cap over the lens to
exclude view of the observer from the sensor. The
measurements were taken with the sensor placed in

the shadow of the observer during each measure-
ment to reduce varying light conditions in the plant
canopy (Figure 7c). One above canopy measurement
was taken from the center of the plot with the instru-
ment held level, followed by four below-canopy mea-
surements taken at the ground surface near the cen-
ter of each of the four quarters of the plot. After the
fourth below-canopy measurement, the control-unit
displayed six values: (1) mean LAl; (2) standard error
of the LAI (SEL); (3) diffuse non-interceptance (DIFN),
which is the fraction of sky visible to the sensor; (4)
mean tilt angle of the sensor (MTA); (5) standard er-
ror of the MTA (SEM); and (6) the number of pairs of
above- and below-canopy observation included in
the calculations (SMP). In some cases, one or more of
the below-canopy readings were rejected for various
reasons including: (1) rapid changes in the light condi-
tions, (2) a non-level instrument, or (3) very little erect
vegetation or extensive water cover. In these cases,
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Control
unit

1
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Detector

<+ Viewing
lenses

Mirror

Optical
Sensor

&

View caps for sensor

Figure 7. LI-COR LAI-2000 Plant Canopy Analyzer. a. The LAI 2000, includes the control unit, optical sensor with handle, level,
fish-eye lens at the end of the sensor, and view caps for excluding part of the sky. b. Schematic of the fish-eye lens end of the
sensor. The light is reflected off a mirror to detectors arranged in five concentric rings from zenith (0°) to 74°. Photo and image,
LI-COR, Inc. c. Above-canopy measurement under partly cloudy conditions, with the sensor in the shadow of the observer with
270° view cap over the lens to exclude view of the observer. (Note the position of the fish-eye canopy viewing lens, which is
approximately 2 cm above the ground surface when the sensor is placed flat on the ground.) Credits: a and b, LI-COR Inc.; ,

Amy Breen.

new measurements were made until at least three
measurements were included in the calculations. The
theory and mathematics for calculating the LAl from
the measurements are in the LAI-2000 Operating
Manual (LI-COR, Inc. 1992).

2.4 NDVImeasurements

NDVI is an index of photosynthetic capacity or chlo-
rophyll content (greenness of vegetation), which s cal-
culated from the reflectance of the vegetation in the
near-infrared (NIR) and red (R) bands of the spectrum
using the formula: NDVI = (NIR - R)/(NIR + R). Vegeta-
tion absorbs red light for photosynthesis and reflects
near-infrared light. The difference in the reflectance of
the NIR and R bands varies between 0 and 1. Bare soil
generally has NDVI values close to zero; sparse veg-
etation generally has low NDVI values (0-0.05), and
dense chlorophyll-rich vegetation generally has high
values (>0.6); and plots with large components of
open water often have negative NDVI values.

NDVI measurements were taken with a Spectra Vis-
ta Corporation (SVC) i-Series field-portable spectro-
radiometer (model HR-1024i) (Figure 8a) using a 25°
fiber-optic light guide with the spectrometer carried

in a backpack (Figure 8b). The measurements were
made at each plot immediately preceding the LAl
measurements. A standard reflective whiteboard with
near 100 percent reflectivity was used for solar radia-
tion reference readings, followed by a target reading
in each of the four quadrants of each 1 m? plot (total-
ing one reference reading and four target NDVI read-
ings per plot). The reference whiteboard was attached
to a leveled tripod roughly 1 m off the ground (Figure
8¢). All spectral-reflectance measurements were also
taken at about 1 m above the ground, in consistent
light conditions, avoiding shadows and interference
from plot markers or the observer. Near-infrared re-
flectance NIR (858 nm wavelength) and red (648 nm)
reflectance were used to calculate NDVI. The four tar-
get measurements were averaged to attain average
NDVI per plot.

Other data collected at the time of the LAl and NDVI
measurements included: (1) height of the plant can-
opy (four measurements in the centers of the 4 quar-
ters of the plot) (2) an estimate of the percentage of
the plot covered by water, and (3) a photo of the plot.
Snow depths were measured on all the plots 30 April-
May 3, 2024.
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Figure 8. a. Spectra Vista Corporation (SVC) field-portable spectroradiometer, model HR-1024i. b and c. Kelcy Kent making
field measurement of NDVI with the spectrometer carried in a backpack linked and a fiber-optic cable to a hand-held 25° field
of view radiation sensor. Note in c the reflective calibration whiteboard mounted nearby on a tripod. Credits: a, Courtesy of
Spectra Vision Corp.; b and ¢, Amy Breen.

2.5 Data analysis

The 59 NIRPO plots include 50 terrestrial plots (21-
1 to 21-35 and 22-1 to 22-15) (Walker et al. 2023)
and nine selected aquatic plots (21A-22, 26, 27, 28,
29, 35, 36, 38, 40) (from Watson-Cook 2022). These
are grouped hierarchically according to four broad
site-moisture categories (dry tundra, moist tundra,
wet tundra, aquatic vegetation) and then into 17 veg-
etation habitat subunits that occur within the 59 sam-
pled plots (Table 1).

To identify relationships between NDVI and de-
pendent variables (LAl and aboveground biomass
components), we regressed each variable separately
against NDVI.

To better understand the relationship between
NDVI and LAI, we also regressed these variables by
site moisture type and surficial feature. To examine
the relationship between plot moisture and depen-
dent variables (NDVI, LAI, biomass components), we
regressed each variable separately as well against vol-
umetric soil moisture and our scalar soil moisture vari-
able. Univariate regressions were conducted in Micro-
soft Excel with best-fit equations and R? presented.

To examine trends across the moisture gradient, we
averaged values by habitat type for canopy height,
water depth, thaw depth, snow depth, biomass com-
ponents, LAl and NDVI. We present these data as bar
graphs ordered from dry to aquatic.
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3 Results and Discussion

Key plot data from the 59 NIRPO plots included 3.1 Trends of key site variables along the
surficial geology, landform, surficial feature, surfi- site-moisture gradient
cial-feature element, vegetation habitat, NDVI, LAI, to-
tal biomass, vegetation height, and water depth, and 3.1.1 Vegetation height, thaw depth, water

plot photos numbers are in Appendix Table A1. The depth, and snow depth
table is arranged and colored by the four site-mois- The mean vegetation canopy height, thaw depth,
ture groups (dry tundra-pink; moist tundra-yellow; water depth, and snow depth are summarized for
wet tundra-light blue; aquatic vegetation—-dark blue). each vegetation habitat type along the conceptual
Additional plot data including biomass by plant func- site-moisture gradient (Figure 9).
tional types, estimates of PFT cover, other site factors, Average vegetation height increased in habitats
and photos of all vegetation plots are in previous AGC along the soil moisture gradient from dry D1 to aquat-
data reports (Walker et al. 2022a, 2023). ic AT and then declined in the deeper aquatic types
140 -
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Owater depth
msnow depth
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E
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0 Ll T

D1 D2 Dsn Dz M1 Mz M3 M3t W1 W2 A1 A1t A2 A3t A4t L2 L3

Dry tundra Moist tundra Wet tundra Aquatic vegetation

Site moisture gradient EE——

Figure 9. Mean site characteristics (vegetation canopy height, thaw depth, water depth, and snow depth) for vegetation
habitats along the NIRPO conceptual site moisture gradient. Vegetation height, thaw depth, and water depth were measured
in August 2023, snow depth April 30-May 3, 2024 (Walker et al. 2022a, 2023). N values are numbers of plots. Error bars show
standard deviation. Legends for the vegetation habitats are in Table 1.
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(A1t-L3 ). The shortest vegetation was in aquatic hab-
itats with little emergent vegetation (A3t, A4t, L3: 0-2
cm above the water level) and the dry habitats (D1-
Dsn: 2-7 cm, N=3). The tallest vegetation was in the
aquatic habitats with graminoid vegetation (A1-A2:
21-29 cm above the water level, N=3). Intermediate
heights were encountered in the moist and wet habi-
tats (M1-L2) (20-28 cm, N=7).

Average thaw depths were deepest in dry types D1-
Dsn (120-128 cm, N=3).The dry zoogenic community
on the pingo summit (Dz) had shallower mean thaw
(82 cm, N=1), probably due to a somewhat thicker
vegetative layer and a thick insulative organic-rich A
horizon. Mean thaw depth varied narrowly in all other
habitat types (M1-L3, 42-60 cm, N=13 habitat types).

No standing water occurred in the dry and moist
habitat types and intermittent marl pond margins
(D1-M3, L2, N=38). The moist transitional type M3t
had an average of 2 cm of water. Wet types had shal-
low water (W1-W2, A3t: 4-6 cm, N = 3) aquatic sedge
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types had intermediate water depth (A1 and A1t
11-16 cm, N = 2); and lake and thermokarst pond
habitats had the deepest water (A2, A3t, A4t, and L3:
41-72 cm, N=4).

Mean snow depths were shallowest in dry wind-
blown habitats (D1, Dz, Mz: 4-11 cm, N=3). The deep-
est snow occurred in ice-wedge thermokarst ponds
and deeper troughs (A3t, A4t, L3:68-72 cm,N=3).The
dry snowbed plot had intermediate snow depth (Dsn:
54 cm, N=1). Dry, moist, wet, and aquatic habitats in
flatter terrain had intermediate snow depths (D2, M1,
M3, M3t, W1, W2, L2, A1, A1t, A2: 22-52 cm, N =9).

3.1.2 Biomass

Estimates of mean aboveground biomass sorted by
plant-functional types are displayed for each vegeta-
tion habitat along the conceptual site-moisture gradi-
ent (Figure 10). The mean total aboveground biomass
(MTAB) of the dry nonacidic tundra plots was 888 +
271 g m? (N=8) and ranged between 825 g m? on

w1 w2 A1 A1t A2 A3t A4t L2 L3

Dry tundra Moist tundra

Wet tundra

Site moisture gradient >

Figure 10. Mean total aboveground biomass x plant-functional types within vegetation habitats along the NIRPO conceptu-
al site moisture gradient. Data are from Walker et al. (2023). Legends for the vegetation habitats are in Table 1.
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the dry pingo summit (type Dz) to 1394 g m? in the
dry snowbed (Dsn). The unexpected relatively high
amount of biomass in dry plots was comparable to
that of the moist tundra plots, due mostly to the num-
ber of woody stems of prostrate to hemi-prostrate ev-
ergreen shrubs [196 g m? on the pingo summit (Dz) to
743 g m2in the snowbed (Dz)]. Dryas integrifolia was
the dominant evergreen shrub in all dry types, and
Cassiope tetragona was co-dominant in the snowbed.

The MTAB in the moist nonacidic tundra plots was
1011 £ 289 g m? (N=17) and ranged from 1198 + 254
g m? (N=7) in moist lichen-rich tundra (M1) to 839
+ 232 g m? m (N=5) in moist nonacidic tundra that
lacks high cover of lichens (M3). The MTAB in the wet
nonacidic tundra types was 522 + 245 g m? (N=14)
and varied between 602 + 245 g m? (N=9) in wet
nonacidic tundra (W1) to 379 £ 219 g m? (N=5) in
very wet nonacidic tundra.

The MTAB for all aquatic vegetation was highly vari-
able (1081 + 1717 g m?, N=20). Most of the variation
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was concentrated in the transitional types found in ice
wedge thermokarst ponds and troughs, (A1t, A3t, and
A4t, biomass = 1818 + 2334 g m?, N=9). The aquat-
ic moss type A3t, dominated by Calliergon richard-
sonii or Scorpidium scorpioides had by far the greatest
amount of biomass (4843 + 1174 g m?, N=3). Bio-
mass was much lower and less variable, in the group
of non-transitional types found in shallow marl lake
margins (including types, A1, A2, L2, and L3, biomass
=347+381gm? N=11)

The biomass of individual plant functional types
had peaks in different parts of the site-moisture gra-
dient (Figure 11). Deciduous shrubs peaked in moist
tundra; evergreen shrubs peaked in dry to moist tun-
dra; graminoids in aquatic to moist tundra; forbs in
dry tundra and aquatic forb vegetation; horsetails in
wet to moist tundra; lichens in dry and moist tundra
with lichens, and bryophytes in aquatic-moss vegeta-
tion. Litter was most abundant in the graminoid moist
tundra types.
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L 2 ®
500 400 ° 400
600
300 300
200+ +
Y 400
200 ® ¢ 200
[
100 + °
200 L4 100 o 100
] i ¢ - X T
.4 4 ¢
e tenoosoe 0 tenscsasees {®7° - 0 ¢ $°ccens®s oo
fNENT NO ST N fA s g N® CNENEN®®C N fa s N fTNCfNENOS TN fA s g e CN L NENO®T N fN s g @
oogegOo=s=2=233<g<g3 - oo@eas=2=233<3<Q3 - oo@ga=s=2=233<<g34- 00s05=523z1<QI A
‘ horsetail lichen bryophyte litter
80 L 6000 O 500
400
40- 604 @
| 4000 200
40
2 * 200 p ®
° 20 2000 + .+
¢ e s 100{ = @
0@ . ebossee | o ®|leoctenocsvece be ...+. % +§£%
ol® ° oo oe® ° eoee
58AsigEsSa595Ess  F0FAEigEsSiie5ids F0pAsigissiiegidi A8jdsiggsfiaidiiss
total vascular plant total cryptogam total aboveground
8007 '3 6000 O 6000 °
600
¢ 4000 4000
o
4004 +.+ O
++ % 2000 2000
200+
1 ot etens
v ,%eind % ¢
0 * ¥ et teoel oo | el o 4

NNNNNNNNNNNNNNNNNNN

oo

NNNNNNNNNNNNN

Vegetation habitat types

Figure 11. Aboveground biomass of plant functional types in vegetation habitat types along the NIRPO site-moisture gra-
dient. The box-plot diagrams show the mean value (black dots), standard deviation (error bars), median (middle value in the
data set, colored horizontal line within the boxes), first quartile (median value of the lower half of the dataset, lower limit of
the boxes), and third quartile (median value of the of upper half of the dataset, upper limit of the boxes). Note differences in
vertical scales. Legends for the vegetation habitat are in Table 1.
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3.1.3 Trends of LAl and NDVI with site moisture

Mean LAl and NDVI are shown for the four site-mois-
ture groups and 17 vegetation habitat types along the
conceptual gradient (Figure 12). LAl and NDVI values
forindividual plots are in Appendix Table A1.Thereisa
trend of generally increasing LAl from the dry habitat
type D1 to the mires with saturated soils (type W1),
and then there is a steep decline in both NDVI and
LAl in the aquatic types where standing water affects
both the LAl and NDVI values except for the transition-
al type A1t, which includes the subsiding thermokarst
troughs with lush stands of the emergent sedge Car-
ex aquatilis. Negative mean NDVI values occurred in
habitats where there is deep standing water with no
emergent vegetation (types A4t and L3).

The highest mean LAl values occurred in the wet
group of vegetation habitats (mean LAl = 0.93 £ 0.45)
(Figure 12a, b), even though this group had the low-
est mean total biomass (522 + 253 g m™). This was
most likely due to relatively high proportion of tall-
er live and standing dead sedges with vertically-ori-
ented leaves that intercept a relatively high propor-
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tion of light despite the relatively low foliar biomass
compared to lower growing prostrate shrubs with
dominantly planar leaf orientation and more woody
biomass that form a high proportion of the cover and
biomass in the dry and moist groups of habitats.

Low mean LAl values, occurred in the dry group
(mean LAl =0.22 £ 0.32, N=8) and the aquatic group
(mean LAl = 0.29 £+ 0.35, N=20). These low values do
not reflect the relatively high mean total biomass of
either the aquatic group (1018 + 1717 g m*, N=20),
where most of the biomass is below the water surface,
or the dry group (942 + 271 g m?), where much of
the biomass is very low growing prostrate evergreen
shrubs, mosses, and lichens. The primary component
of the biomass in both of these was not sensed by the
LAI-2000 viewing lens because the height of most of
the vegetation did not exceed the height of the LAI
radiation sensor when the instrument was placed on
the soil surface (approximately 2 cm) (see Figure 8).
The moist group of vegetation habitats had interme-
diate LAl (mean LAI=0.53 £0.22, N=17) and relatively
high total biomass (1011 + 289 g m?).

e 58 Veg Total bio-
habitat LAI NDVI mass (g m?)
1.54 group | N |Mean| SD |Mean| SD | Mean| SD
® Dry 8 | 0.22(0.22| 0.59 (0.10 | 942 | 271
104 D1 3| 004|007 0.57|0.03| 829 80
D2 3 1023|010 0.52]0.02| 947 | 356
+ & | & + + 9 oz | 1]o6 0.79 825
0.5 ® Dsn 1] 048 0.64 1384
+ + + $ @% - Moist 17| 0.53 |0.32 | 0.58 |0.07 | 1011 | 289
0.0 @ % e M1 | 7| 033]|0.10| 054 |0.03|1198| 254
dryttlmdra moist tundra wet tundra aqulatic é é .5 g g é g = ; g é = é 5 g ﬁ “’_Il M3 51054]029] 058]005] 839) 232
a = «E < M3t | 4 | 0.86|042| 0.61|0.09| 932 317
d o0s! pe Mz 1] 062 0.70 886
- ° Wet |14 0.93 |0.45| 0.57 |0.08 | 522 | 253
L +4 + + e@o 0.67,9 3 > > + + + + % ) W1 9 | 1.07 050 | 0.60 |0.08 | 602 | 245
de W2 5 068|021 052]006| 379| 219
”P‘ 04 # @ Aquatic | 20 | 0.29 |0.35 | 0.19 |0.34 | 1018 [1717
® 0.24 % Al 3 1043/028| 042 |0.04| 268 173
o ) Alt 31090036 061|006 455 123
0.0 A2 31032(020( 029|016 | 748 | 528
Y -0.24 ® A3t 31 0.10|0.15| 0.19|0.42 | 4843 | 1174
°® d @ A4t 31 0.09(0.15(-0.14|0.00 | 216| 161
I I . . B O L2 2 | 0.150.00 | 0.25 |0.08 25 10
dry tundra moist tundra wet tundra aquatic 38 g a b= g g g E E < i 9 § i N 9 L3 3 0.00 | 0.00 | -0.28 | 0.06 242 | 214
Site moisture groups Vegetation habitat type

Figure 12. Distributions of NDVI and LAl x four site-moisture classes and 17 vegetation habitat types across the conceptu-
al site-moisture gradient. a. LAl by four broad site-moisture groups; b. LAl by 17 vegetation habitat types; c. NDVI by four
broad site-moisture groups; d. NDVI by 17 habitat types. The box-plot diagrams show the mean value (black dots), stan-
dard deviation (error bars), median (middle value in the data set, colored horizontal line within the boxes), first quartile
(median value of the lower half of the dataset, lower limit of the boxes), and third quartile (median value of the of upper
half of the dataset, upper limit of the boxes). Mean and standard deviation of the LAl, NDVI and biomass values are dis-

played in the right-hand table.



RESULTS AND DISCUSSION

Relatively high mean NDVI values above 0.5 oc-
curred in dry, moist, and wet site-moisture groups
(Figure 12¢, d). The lowest NDVI values were in the
aquatic plots, with several values below 0 in sites
where most of the biomass is below the water surface.

The contrast between LAl and NDVI is largely a func-
tion of what the sensors on the two field instruments
see. The LAI-2000 is an upward-viewing instrument
that measures intercepted light penetrating through
the plant canopy. The Spectra Vista spectroradiome-
ter is a downward-viewing instrument that is strongly
affected by the reflectance of background water and
soil visible through the plant canopy.

For example, in habitat type D1, prostrate evergreen
shrubs (dominated by Dryas integrifolia) composed
an average of 54 +14 percent of total biomass (Figure
12). Other low-stature growth forms including lichens,
bryophytes, and litter, collectively composed an av-
erage of another 38 percent. As a result, an average
of approximately 92 percent of total biomass in D1
was potentially not viewable by the LAI-2000 sensors;
whereas nearly all of the D1 biomass can be viewed
by the NDVI sensors. This accounts for the large dif-
ference between LAl and NDVI values for dry tundra.
Similar patterns are seen in other dry and moist types
(Dsn, Dz, and M1), where prostrate evergreen dwarf
shrubs contribute a large component of total bio-
mass. A similar problem occurs in aquatic types, where
much of the biomass is below the water surface (A1t,
A2, A3t, and A4t). It is less of a problem where taller
graminoids are viewed by the sensors of both the LAI
and NDVlI instruments (types Mz, M3, A1 W2).

As discussed, NDVI values were depressed in aquat-
ic sites where the majority of the biomass is below
water. Several NDVI values obtained from aquatic
habitats (e.g., types L3, A3t, and A4t) were negative.
Aquatic plots with relatively large components of
floating or emergent biomass (types A1, Alt, A2, A3t)
had relatively high NDVI values. The aquatic moss
type A3t (dominated by Calliergon richardsonii) had
extreme high mean biomass (over 3500 g m?) that
was not reflected in either the LAl or NDVI data. How-
ever, NDVI for type A3t was relatively high compared
to most other aquatic types due to the floating mats
of moss detectable by the instrument's sensors.

3.2 Trends of NDVIvs. LAl

Overall, NDVlincreased logarithmically with respect
to LAl for the full dataset (Figure 13), similar to the ND-
VI-LAl relationship observed for datasets along the full
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Arctic bioclimate gradient in Arctic Russia (Epstein et
al. 2021). NDVI begins to saturate at LAl values above
approximately 0.4. NDVI vs. LAl have mixed trends for
the four site-moisture groups (Figure 13b) and the
groups of plots on different surface features (Figure
13c). The NDVI vs. LAl trends for the wet and aquatic
plots most closely match the trend for all plots.
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Figure 13. NDVIvs. LAl a. All plots; b. site-moisture groups;
c. surface features. Best-fit trend lines are shown for groups
with more than three plots. LAl values of 0, NDVI values <0,
and groups with <3 values were removed from the analysis.
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3.3 Colleen and Airport plots

LAl and NDVI data from the nearby Colleen and Air-
port sites are presented in Appendix Table A2 includ-
ing plot characterization, vegetation height, and wa-
ter-cover data that were collected at the same time.

The data from these sites are presented without anal-
ysis because of differences between the Colleen and
Airport datasets compared to the data collected at
the NIRPO site:

e No biomass data have been collected from the
Colleen or Airport sites to compare with the NIR-
PO data.

e LAl data were collected but in different years and
using different instrumentation than used at the
NIRPO site. LAl data were collected from Colleen
plots and at 1-m intervals along transects T1 and
T2 in 2014 and from the Airport plots and tran-
sects T3 and T4 in 2016 using an AccuPAR LP-80
PAR/LAI Ceptometer®. LAl data for the Colleen site
are in AGC Data Report 15-01 Tables 2.1A, 2.1B,
2.2A and 2.2B (Walker et al. 2015). LAl data for the
Airport site are in AGC Data Report 16-01, Tables
3.1A,3.1B, 3.2A and 3.2B (Walker et al. 2016)

RESULTS AND DISCUSSION

e Field spectroscopy data were collected from the
Airport plots and transects in 2015 using a Spec-
tral Evolution PSR+3500° full range spectrometer
that measures reflected surface radiance in the re-
gion from 345 to 2507 nm in 6-8 nm channels. Full
spectral signatures from the 20 center and trough
plots along T3 and T4 are in AGC Data Report 16-
01, Fig. 2.9 (Walker et al. 2016). NDVI values were
calculated for points at 1-m intervals along Tran-
sects T3 and T4 and for the 20 center and trough
plots (Walker et al. 2016, Tables 3.1A, 3.1B, 3.2A
and 3.2B).

e Preliminary analysis of the Colleen LAl data were
presented in posters at the Arctic Change 2014
meeting in Ottawa, Canada (Raynolds et al. 2014)
and the Xl International Conference on Permafrost
in Postdam, Germany (Buchhorn et al. 2016b).

An analysis of the LAl and NDVI data from the road-
side plots at the Colleen and Airport sites in compari-
son with plots in comparable vegetation types at the
NIRPO site would be useful for studies using remote
sensing tools to examine the cumulative effects of
roads on adjacent tundra areas.



4 Conclusions

The vegetation of the Prudhoe Bay region is chang-
ing rapidly due to the warming climate, increasing
abundance of erect shrubs, changes in the abundance
and distribution of water, and infrastructure-related
factors, especially near roads and gravel pads. This
data report and preliminary analysis focused on 59
permanent vegetation plots within the 0.88 km? NIR-
PO site. The vegetation at the NIRPO site is representa-
tive of the nonacidic calcareous tundra found in thaw
lake plain landscapes downwind of the Sagavanirktok
River at the northern edge of Bioclimate Subzone D
(CAVM Team 2003).

The vegetation classification (Table 1) included the
classification includes four broad site-moisture cat-
egories (dry tundra, moist tundra, wet tundra, and
aquatic vegetation) subdivided into 28 finer level veg-
etation habitats. The full legend is being used for on-
going efforts to classify and map the vegetation of the
NNA-IRPS study site.

A conceptual site-moisture gradient for the NIR-
PO site was constructed by arranging 17 vegetation
habitats that occurred in the sampled plots according
to subjective site-moisture scores determined in the
field during the plot surveys (Table 2) and the mean
volumetric soil-moisture values determined from soil
samples of the top mineral soil horizons of each plot.
Key site and vegetation factors all showed differing
trends across the conceptual site-moisture gradi-
ent. Thaw depth peaked in the dry types. Vegetation
height peaked in the wet and aquatic types. Water
depth and snow depth peaked in the aquatic types.
LAl peaked in wet tundra (especially W1) with sec-
ondary peaks in moist and aquatic transitional types
(M3tand ATt) also near the center of the site-moisture
gradient. NDVI values were relatively high across dry,
moist, and wet site-moisture groups and lowest in the
aquatic plots where most of the biomass was below
water (Figure 12).

Aboveground biomass of individual plant growth
forms also had maxima in different parts of the gra-
dient (Figure 11). Total biomass was greatest in transi-
tional aquatic moss plant communities in thermokarst
ponds (type A3t, 4.7 kg m?, N=3). This value included
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communities dominated by Scorpidium scorpioides
and Calliergon richardsonii and far exceeded values
from all the other vegetation habitats in the Prudhoe
Bay region. The high values need to be confirmed
with more samples from similar thermokarst-pond
communities elsewhere.

The instruments used for collecting the LAl and
NDVI data both have limitations for accurately reflect-
ing trends in biomass. The LAI-2000 instrument miss-
es the biomass of very low-growing plants, including
most mosses, lichens, prostrate dwarf shrubs, litter,
and many small forbs because of its elevated sensor.
This is a problem especially in dry tundra where these
growth forms compose the majority of the biomass,
and there is low cover of taller growth forms.

Currently, erect deciduous shrubs do not contribute
large amounts of biomass in any of the plots sam-
pled at the NIRPO site due to the cold coastal sum-
mer climate (Figures 10). Deciduous-shrub biomass
averaged only 6.7 £ 9 percent of the total biomass
for moist tundra types and less than 2 percent for dry,
wet, and aquatic vegetation. Nearly all this was con-
tributed by prostrate dwarf shrubs (e.g., Salix arctica,
S. reticulata, S. rotundifolia, S. ovalifolia). Dense patch-
es of erect willows, mainly Salix lanata, occur in some
streamside sites within the Prudhoe Bay oilfield and
on some heavily disturbed sites along roads, such as
disturbed trenches of buried communication cables.
On undisturbed dry, mesic, and wet habitats, erect
willows are generally sparsely distributed within the
oilfield. However, erect deciduous shrub abundance is
rapidly changing in the region as the climate warms
and in response to infrastructure-related disturbances
that warm the soil (Walker et al. 2022b).

It would be useful to periodically conduct similar
surveys supplemented with photos to document the
increase in erect shrubs within the oilfield and in oth-
er bioclimate subzones along the Dalton Highway.
Satellite and drone-based remote-sensing methods
are the only practical way to monitor changes over
long periods of time, but baseline ground informa-
tion is essential to interpreting the data obtained
from aerial sensors.
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ALASKA GEOBOTANY CENTER

The Alaska Geobotany Center (AGC) is dedicated to understanding northern ecosys-
tems through the use of geographic information systems, remote sensing, field exper-
iments, and cooperative team research projects. We share a commitment to excellence
in field research and teaching with the goal of inspiring an appreciation of northern
ecosystems and making our research and teaching relevant to societal issues and con-
cerns, particularly issues relevant to the state of Alaska.

Alaska Geobotany Center
Institute of Arctic Biology
University of Alaska Fairbanks

P.O. Box 757000
Fairbanks, AK 99775-7000
Phone (907) 474-2459

www.geobotany.uaf.edu






