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Abstract. Upscaling plant biomass distribution and dynam-
ics is essential for estimating carbon stocks and carbon bal-
ance. In this respect, the Russian Far East is among the
least investigated sub-Arctic regions despite its known veg-
etation sensitivity to ongoing warming. We representatively
harvested above-ground biomass (AGB; separated by dom-
inant taxa) at 40 sampling plots in central Chukotka. We
used ordination to relate field-based taxa projective cover
and Landsat-derived vegetation indices. A general additive
model was used to link the ordination scores to AGB. We
then mapped AGB for paired Landsat-derived time slices (i.e.
2000/2001/2002 and 2016/2017), in four study regions cov-
ering a wide vegetation gradient from closed-canopy larch
forests to barren alpine tundra. We provide AGB estimates
and changes in AGB that were previously lacking for cen-
tral Chukotka at a high spatial resolution and a detailed de-
scription of taxonomical contributions. Generally, AGB in
the study region ranges from 0 to 16kgm™2, with Cajan-
der larch providing the highest contribution. Comparison of
changes in AGB within the investigated period shows that
the greatest changes (up to 1.25kgm~2 yr~!) occurred in the
northern taiga and in areas where land cover changed to larch
closed-canopy forest. As well as the notable changes, in-
creases in AGB also occur within the land-cover classes. Our
estimations indicate a general increase in total AGB through-

out the investigated tundra—taiga and northern taiga, whereas
the tundra showed no evidence of change in AGB.

1 Introduction

Estimated global mean surface temperature has increased
by 0.87°C since pre-industrial times and continues to rise
(IPCC, 2018). The Arctic is warming 2 to 3 times faster than
the global annual average. Here, vast amounts of terrestrial
carbon are stored in the soil organic matter and living plant
biomass (McGuier et al., 2009; ACIA, 2005), and, therefore,
changes in the carbon cycle potentially affected by climate
change are a central issue. In the course of global warming,
positive feedbacks can be observed: for example, encroach-
ment of deep-rooted vegetation due to shrubification can lead
to deeper carbon deposition and act as a potential carbon
sink (Jobbagy and Jackson, 2000). Therefore, estimation of
above-ground biomass (AGB) stocks and detailed knowledge
about the individual taxa contributing to it is of prime interest
in understanding whether the northernmost forests and tun-
dra also change in biomass in analogy to the widespread ob-
served shrubification. This information is essential for mod-
elling terrestrial carbon cycling in vulnerable high-latitude
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ecosystems and will help predict future carbon dynamics that
may accelerate or slow down future warming.

Detailed (species/taxa level) estimation of AGB can pro-
vide more valuable information on an ecosystem’s func-
tioning and its development than AGB estimates at a plant
functional type (PFT) level. For example, a loss of specific
species from one PFT can be replaced by taxa from another
PFT in response to climate change even though total AGB
production remains similar (Bret-Harte et al., 2008). Thus,
the change in AGB between PFTs can be caused by chang-
ing species contributions within PFTs. However, many stud-
ies of Arctic and sub-Arctic regions present AGB state or
change at a PFT level (Résdnen et al., 2018; Berner et al.,
2018; Webb et al., 2017; Walker et al., 2003). Some focus
only on shrub biomass of one or more species (Vankough-
nett and Grogan, 2015; Berner et al., 2018), while others
focus on tree biomass (Berner et al., 2012) or on species
and PFT AGB of one specific community (e.g. Hudson and
Henry, 2009). Occasionally, a study presents results of AGB
on a PFT level despite sampling methods that suggest a divi-
sion by species in the field (Maslov et al., 2016; Chen et al.,
2009). Very seldom is AGB presented at a species/taxa level
(e.g. Shaver and Chapin, 1991). In consequence, only a few
estimations of species or taxon-specific AGB are available to
assess species/taxa contributions.

Whereas for some Arctic regions in North America, AGB
state and change have been well studied (e.g. Canada in Hud-
son, 2009), the Russian Far East has received less attention
and AGB has never been investigated in the vast areas of cen-
tral Chukotka, which is our study region. The very few exist-
ing circumpolar AGB estimations that also cover these ar-
eas (Raynolds et al., 2011; Santoro and Cartus, 2019) have
a coarse spatial resolution (1km and 100m, respectively)
and, therefore, show only the general AGB gradient of the
lowest in tundra to the highest in taiga. Similarly, the cir-
cumpolar estimation of Epstein et al. (2012) covers AGB
change until 2010 and shows only a general zonal pattern
of change. In consequence, it remains unknown how the
landscape of central Chukotka, with its characteristic tree-
line formed by needle-leaf deciduous trees, mountainous ter-
rain, and high diversity of vegetation communities, responds
to climate warming in terms of terrestrial carbon stocks.

For vegetation and AGB investigations the remote-sensing
index — the normalised difference vegetation index (NDVI)
— is often used. It incorporates information from red and
near-infra-red regions of the light spectrum that reflect plant
biomass of various ecological systems (Pettorelli, 2005).
In the Arctic and sub-Arctic regions remote-sensing algo-
rithms based on satellite-derived NDVI and field measure-
ments have been used to predict the total and exclusively
shrub AGB in Alaska (Epstein et al., 2008; Berner et al.,
2018) and for Cajander larch in north-eastern Siberia (Berner
et al., 2012). Some studies have used very high spatial reso-
lution imagery (Résanen et al., 2018) and hyperspectral field
spectrometry for AGB investigations in north-western and
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northern Siberia and Alaska (Bratsch, 2017) that enable spa-
tially restricted studies on estimations of local AGB. How-
ever, the NDVI can be affected by water content and tall
vegetation shadows, which can influence the spectral sig-
nal of vegetated land (Pattison et al., 2015) and decouple
it from the biomass relationship. Such decoupling or sim-
ilar biomass ranges make distinguishing between different
plant functional types (PFT) or communities difficult. Fur-
thermore, the NDVI may not capture differences in the un-
derstorey of moderately closed forests (Loranty et al., 2018)
because the remote-sensing signal comes from the top of the
canopy.

To capture land cover and land-cover change in central
Chukotka related to taxa, Shevtsova et al. (2020a) established
a redundancy analysis (RDA) model that incorporates the
Landsat NDVI, normalised difference water index (NDWI),
and normalised difference snow index (NDSI). This model,
together with the extensive Landsat satellite data archive,
also made it possible to assess the strength and direction of
AGB changes in central Chukotka over the last few decades.
We used Landsat satellite data and field data from a 2018
expedition in a statistical model for AGB mapping. The aim
was to provide an estimation of AGB stocks and their change
between paired time points (2000/2001/2002 to 2016/2017)
at four focus areas along a tundra—taiga gradient, in central
Chukotka. Our first objective was to reconstruct the AGB
of each sampling plot using individual plant biomass sam-
ples and their corresponding distribution within these plots.
The second objective was to upscale AGB in the focus areas
for the most recent time covered by Landsat 8 satellite data
via statistical modelling. Finally, the third objective was to
apply the developed upscaling approach to the oldest avail-
able good-quality Landsat 7 acquisitions to investigate AGB
changes in the focus areas.

2 Materials and methods
2.1 Study region and field surveys

Our study covers six areas of central Chukotka, Russian Far
East (Fig. 1). Four of them (16-KP-01, 16-KP-02, 16-KP-
03, 16-KP-04) are our focus areas for biomass mapping and
previous vegetation investigations (Shevtsova et al., 2020a);
two further areas (18-BIL-01, 18-BIL-02) are supplementary
and were investigated for representative AGB sampling. All
investigated areas are underlain by continuous permafrost,
and all four focus areas are mountainous.

During the expedition “Chukotka 2018 in July 2018, we
inventoried 40 sample plots (Fig. 1; Biskaborn et al., 2019):
5 sample plots in treeless tundra (16-KP-04), 27 sample plots
in the tundra—taiga ecotone (16-KP-01), and 8 sample plots
in northern taiga (18-BIL-01, 18-BIL-02). Numbers of plots
per habitat are different but align with the concept of strati-
fied random sampling by placing a higher number of plots in
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Figure 1. Overview of the study region and four focus areas — tundra (16-KP-04), northern tundra—taiga (16-KP-01), southern tundra—taiga
(16-KP-03), and northern taiga (16-KP-02) — and two areas with supplementary AGB sampling — 18-BIL-01 and 18-BIL-02 (tundra—taiga
to northern taiga). Sample plot names of the 2016 expedition are VO1-V58, sample plot names of the 2018 expedition are ENO1-ENS55
(abbreviated here to EN# rather than EN18#). Overview map modified from Shevtsova et al. (2020a). Base maps of study areas are Landsat 8

RGB composites. Black colour represents no data or water.

the well-represented typical habitats and fewer in the atyp-
ical habitats. In the most homogeneous locations, 15 m ra-
dius sampling plots were demarcated. Heterogeneity was
accommodated by roughly assorting vegetation into two to
three vegetation types per sampling plot. Within each area
of roughly estimated vegetation types we selected three rep-
resentative 2 x 2 m subplots for ground-layer foliage projec-
tive cover assessment. In these subplots, a 50 x 50 cm area
was selected for ground-layer AGB harvesting (major taxa
and others), as well as a 10 x 10 cm area for moss and lichen
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biomass harvesting (Fig. 2). Trees and tall shrubs were sam-
pled directly from the 15 m radius plots. AGB was sampled
in 38 sample plots of the 40 inventoried.

All biomass samples were weighed fresh in the field. In
general, biomass samples with a weight of more than 15¢g
were subsampled to reduce the volume of biomass as there
were limits to what was logistically possible to transport
to the laboratory for drying. All samples were oven dried
(60°C, 24 h for ground-layer and moss and lichen samples,
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Figure 2. Sampling scheme of the 2018 expedition vegetation sur-
vey. Projective cover of tall shrubs and trees was estimated on a
circular sample plot with a radius of 15 m, while ground-vegetation
type cover was estimated on a 30 x 30 m sample plot. To accom-
modate heterogeneity in the main 30 x 30 m sample plot, two to
three dominant vegetation types were identified (e.g. in this example
“g” and “f”’). Within every vegetation type, three sampling subplots
(sub A, 2 x 2m) were placed for projective cover estimation. Inside
one of these, the most representative subplot per vegetation type, we
placed a subplot (sub B, 0.5 x 0.5 m) for harvesting above-ground
biomass (AGB) from the ground-layer plants, excluding mosses and
lichens, which were instead sampled from a representative smaller
subplot (sub C, 0.1 x 0.1 m).

48 h for shrub and tree branch samples, up to 1 week for tree
stem discs) and weighed again.

Our 2018 vegetation and biomass sampling plots were
consistently placed in similar vegetation communities to
those investigated in 2016. In 2016, we investigated only
projective cover, whereas in 2018 both projective cover and
AGB were estimated. Only tall dense Alnus viridis ssp. fru-
ticosa (Rupr.) Nyman (hereafter Alnus fruticosa) shrub asso-
ciations were not sampled during the expedition in 2018; this
association is a rare type of vegetation community that only
occurs in a few places in the area of interest. Additionally,
we sampled the vegetation at an old fire scar, mostly con-
sisting of patches of tall non-creeping Salix spp. shrubs with
graminoids and dead, upright tree stems of Larix cajanderi
Mayr.

The sampling protocols for projective cover and AGB
sampling are different for (1) trees (all Larix cajanderi),
(2) non-creeping shrubs (Salix spp., Alnus fruticosa, Pinus
pumila (Pall.) Regel), and (3) ground-layer plants (including
creeping shrubs, herbs, mosses, and lichens).

Tree cover and heights of all trees were visually estimated
in the 15 m radius plot after training with a clinometer (Su-
unto, Finland). Detailed parameters of 10 trees per 15 m ra-
dius plot were recorded: height, crown diameter, crown start,
stem perimeter at basal and at 1.3 m height, and vitality. We
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aimed to representatively sample at least three (tall, medium,
low) of these trees for AGB. Samples included, if available,
needle biomass, one small living branch, one medium-sized
living branch, one big living branch, one dead branch, and
ideally three stem discs (basal height at 0 cm, breast height
at 130 and 260 cm). We estimated the number of branches
on each felled tree before felling by eye as follows: (1) num-
ber of big branches, (2) number of medium branches on a
representative big branch, and (3) number of small branches
on a representative medium branch. From the 107 trees sam-
pled, 53 trees were fully sampled, 41 trees were sampled only
from the tree trunk, and 13 trees were sampled only from
branches and needles. Stem biomass was reconstructed us-
ing allometric equations (Appendix A) based on the assump-
tion of a cone-shaped tree form. Using exponential models
(Appendix A), we were able to reconstruct total and partial
(wood, needle) AGB of all trees (separately for dead and liv-
ing trees) in each 15 m radius plot. We converted our AGB
estimates into averages of kg m~2 for each 15 m radius plot.

Non-creeping shrub cover was estimated in the 15m ra-
dius plot. If present, three representative shrub individuals
from each species were sampled for AGB: leaf/needle and
branch. The average total and partial AGB from representa-
tive shrubs was then converted to kgm~2 for each sample
plot (Appendix A).

Ground-layer vegetation cover was estimated in 2 X 2m
representative subplots. AGB of ground-layer plants was es-
timated by harvesting 50 x 50 cm subplots; AGB of mosses
and lichens was estimated by harvesting 10 x 10cm sub-
plots. By accounting for the vegetation types within each
15m radius plot, the total average AGB of each sampled
taxon was estimated in kg m~2 per sample plot (details in
Appendix A).

All AGB estimations (total and per taxon) were analysed
in four land-cover classes (1, larch closed-canopy forest; 2,
forest tundra and shrub tundra; 3, graminoid tundra; 4, pros-
trate herb tundra and barren areas; Shevtsova et al., 2020a)
and are reported by their median with their interquartile
range (IQR) as a measurement of statistical dispersion.

2.2 Above-ground biomass upscaling and change
derivation

A redundancy analysis (RDA) model was built with foliage
projective cover of 36 taxa from the 2016 expedition sam-
ple plots as dependent variables and Landsat spectral indices
(normalised difference vegetation index (NDVI), normalised
difference water index (NDWI), normalised difference snow
index (NDSI)) as predictors (Shevtsova et al., 2020a; Ap-
pendix B). We used the RDA model to predict RDA scores
for the 40 new sample plots of the 2018 expedition. Foliage
projective cover of the new sample plots covered the same
taxonomical resolution and was standardised by applying
a Hellinger transformation (Legendre and Legendre, 2012).
Every position in the ordination space describes a specific
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vegetation composition with specific coverage, as well as a
combination of Landsat spectral indices associated with it.
Using the RDA scores, we assigned sample plots from the
2018 expedition to the four established land-cover classes
using k-means classification: (1) larch closed-canopy forest,
(2) forest tundra and shrub tundra, (3) graminoid tundra, and
(4) prostrate herb tundra and barren areas (Shevtsova et al.,
2020a).

For predicting the total AGB for the 2018 sample plots,
the RDA scores of the two first axes were used to build a
generalised additive model (GAM; R package “mgcv”) using
Eq. (1).

Total AGB = RDA1 + s(RDA1, RDA2), (1)

where RDA1 and RDA?2 are the ordination scores of the
first and second axes, respectively, of the 2018 expedition
data from sample plots where AGB was sampled and s is
a smooth monotonic function. The parameterised GAM was
subsequently used to estimate the total AGB for the four fo-
cus areas based on the RDA scores of Landsat spectral in-
dices (Table 1). Specifically, for each focus area the AGB was
mapped for each of two time points: recent (2016 or 2017)
and historical (2000, 2001, or 2002). From AGB maps with
a 15-16 years difference covering the same focus area, AGB
change maps were produced. The state of and any change in
AGB were estimated within and between land-cover classes
for land-cover state and change maps (Shevtsova et al.,
2020a). All final estimations of AGB state are presented in
kgm~2 as the median with the IQR.

All analyses were performed in R (R Core Team, 2017)
using the packages “vegan” version 2.5—4 (Oksanen et al.,
2019), “raster” version 2.6—7 (Hijmans, 2017), mgcv (Wood,
2011), “sp” (Pebesma and Bivand, 2005), “factoextra” ver-
sion 1.0.5.999 (Kassambra and Mundt, 2017), and “ggplot2”
(Wickham, 2016).

3 Results
3.1 Vegetation composition and above-ground biomass

In situ projective cover data of all 2018 expedition vegetation
sample plots are described in Shevtsova et al. (2020b). The
main vegetation communities of the study region assessed
were (1) barren areas, covered only by rock lichens; different
vegetation associations of the open tundra such as (2) non-
hummock poorly vegetated areas with Dryas octopetala L.
and various herbs dominant or (3) hummock tundra with
graminoid dominance (Eriophorum vaginatum) and creeping
shrubs (Salix spp., Betula nana); (4) high dense Pinus pumila
shrub associations; and (5) Larix cajanderi tree stands with
different degrees of openness and different understorey com-
positions.

The predictions of the 40 new sample plots categorised
into RDA space assigned 2 sample plots to the class “larch

https://doi.org/10.5194/bg-18-3343-2021

3347

closed-canopy forest”, 17 sample plots to “forest tundra and
shrub tundra”, 13 sample plots to “graminoid tundra”, and
7 sample plots to “prostrate herb tundra and barren” (Fig. 3).
In situ AGB values for each investigated 2018 expedition
vegetation sample plot (Fig. 4) are published in Shevtsova
et al. (2020c).

In the larch closed-canopy forest L. cajanderi makes
the highest contribution to AGB (92% or 10.20kgm™2
(IQR =5.09 kg m~2) on average of the total of 11.04 kg m—2
(IQR=4.98kgm™2), Fig. 5). Other major vegetation
groups are mosses and lichens (4%; 0.43kgm™2
(IQR =0.004 kg m~—2)) and low and dwarf shrubs (4 %;
0.41kgm=2 (IQR=0.10kgm~2)), among them Betula
nana ssp. exilis (0.21 kgm~2 (IQR = 0.017 kg m~?)), Ledum
palustre L. (0.10kgm~2 (IQR =0.019 kg m~2)), Vaccinium
vitis-idaea L. (0.08kgm™2 (IQR =0.061kgm~2)), Salix
spp.  (0.006kgm~2 (IQR=0.004kgm™2)), Empetrum
nigrum L. (0.006kgm~2 (IQR=0.006kgm~2)), and V.
uliginosum L. (0.003 kg m~2 (IQR = 0.003 kg m~2)).

In the forest tundra and shrub tundra, 60 % of the average
sample plot AGB (1.44kgm~2 (IQR=2.40kgm ?))
is Larix cajanderi which accounts for 0.86kgm™2
(IQR=1.45kg m~2), followed by mosses and lichens
(28%; 0.40kgm~2 (IQR=0.19kgm™2)). Low and
dwarf shrubs are 10% (0.14kgm™—2 (IQR=0.27kgm™2)
of total sample plot AGB, among them Betula nana

(0.05kgm™2  (IQR=0.09kgm™2)), V.  vitis-idaea
(0.04kgm=2  (IQR=0.06kgm™2)), Ledum  palus-
tre  (0.03kgm=2 (IQR=0.05kgm=2), V.  uligi-

nosum (0.02kgm~2 (IQR=0.06kgm™2)), Salix spp.
(0.003kgm™2 (IQR=0.118kgm™2)), and E. nigrum
(0.001 kgm~2 (IQR=0.010kgm~2)). The remaining 2 %
(0.03kg m~2 (IQR=0.01 kg m~2)) are mostly graminoids
or other herbs.

In the graminoid tundra, 56% (0.25kgm™2
(IQR=0.32kgm™2)) of the average sample plot
AGB (0.36kgm™2 (IQR=149kgm™2)) are mosses
and lichens, 20% (0.07kgm~% (IQR=0.98kgm~2))
are low and dwarf shrubs, and the remaining 10 %
(0.04kgm=2 (IQR=0.17kgm~2)) are other plants
(grasses and forbs). Low and dwarf-shrub contribu-
tors are B. nana (0.02kgm~2 (IQR =0.04kgm™?)),
L. palustre (0.018kgm™2 (IQR=0.067kgm~2)), Salix
spp. (0.019kgm™2 (IQR=0.03kgm™2)), V. vitis-idaea
(0.013kgm~2 (IQR=0.019kgm™2)), and V. uliginosum
(0.008 kgm~2 (IQR = 0.024 kg m~2)).

The average (median) sample plot AGB of the pros-
trate herb tundra and barren areas is 0.11kgm™2
(IQR=0.25kgm™2), of which 82% is dwarf-shrub
biomass with a dominance of Dryas octopetala (0.07 kg m—2
(IQR=0.08kgm~2)) and minor contributions of V.
uliginosum (0.006kgm~2 (IQR =0.014kgm™2)), V. vitis-
idaea (0.005kgm~2 (IQR=0.005kgm~2)), L. palustre
(0.002kgm~2 (IQR=0.008kgm~2)), and Salix spp.
(0.001kgm~2 (IQR =0.002kgm™2)). Moss and lichens

Biogeosciences, 18, 3343-3366, 2021
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Table 1. The four focus areas with corner coordinates (decimal degrees (DD), WGS 84) and acquisition times of the historical and recent
Landsat spectral indices (NDVI and NDWI for peak summer, NDSI for snow-covered conditions) used for the redundancy analysis (RDA).

Focus area  Ecological Upper left Lower right (Historical image product) (Recent image product)
zone/ecotone coordinates coordinates Landsat 7 ETM+ Landsat 8 OLI
(DD) (DD) spectral indices spectral indices
16-KP-01 northern 67.226° N, 67.401° N, NDVI, NDWI NDVI, NDWI
tundra—taiga 168.096° E 168.621°E 30 Jul 2001 31 Jul 2016
NDSI NDSI
24 Mar 2001 16 Mar 2016
16-KP-02 northern taiga 67.020° N, 67.173° N, NDVI, NDWI NDVI, NDWI
163.432°E 163.938°E 8 Aug 2000 12 Aug 2016
NDSI NDSI
22 Mar 2001 5 Mar 2016
16-KP-03 southern 65.876° N, 65.998° N, NDVI, NDWI NDVI, NDWI
tundra—taiga 166.103° E 166.509° E 30 Jul 2001 31 Jul 2016
NDSI NDSI
24 Mar 2001 16 Mar 2016
16-KP-04 tundra 67.735° N, 67.831° N, NDVI, NDWI NDVI, NDWI
168.587° E 168.862° E 9 Aug 2002 10 Aug 2017
NDSI NDSI
24 Mar 2001 16 Mar 2016
EN18011
03 800z s ol Expedition site names:
EN18031' EN1bOGS 0 V01-V58 (2016 year*)
EN18034° EN18052 ;- + EN18001-EN18055 (2018 year)
EN18033' ENlSDZ} )
- FNIROOIEN]SOOL LNlSOlUFWUH
EN18003\ \SEniggoriy Land-cover classes:
Nis0ha TN28021 EN18017
— EN18004 o Larch closed-canopy forest
N 1 Forest tundra and shrub tundra
c% S EN18012 EngOZZE\IlSO' Graminoid tundra
b Ef EN18015 5 EN180SS /-
g Enisos, o| *EN18029 EN18025 o e " grq%sgrgzrtseﬂ%rrbeggndra
o LEN18028 vazZ
o EN18026 EN18008 EN18016
e 'Emlgicﬁ *EN18009
-0.2
EN18030 *data from these expedition sites were used
. for the land-cover classification
03 EN18020 | (Shevtsova et al, 2020a)
-0.2 -0.1 0 0.1 0.2 0.3

RDA-1 (21 %)

Figure 3. Vegetation data of 2018 expedition sorted into RDA space built using the 2016 expedition vegetation data and assigned to four
land-cover classes: (1) larch closed-canopy forest, (2) forest tundra and shrub tundra, (3) graminoid tundra, and (4) prostrate herb tundra and

barren areas.

account for 10% or 0.11kgm~2 (IQR=0.32kgm~2) of
the average sample plot AGB. The other 8 % (0.08 kg m~—2
(IQR=0.08kg m~2)) of AGB is biomass of different herbs.

Additionally, we analysed the individual partial AGB of
four taxa: Larix cajanderi, Alnus fruticosa, Pinus pumila,
and non-creeping Salix spp. (Fig. 6). Pinus pumila had a very

Biogeosciences, 18, 3343-3366, 2021

wide range of needle-to-wood mass ratios, including a ra-
tio indicating a higher weight of needle biomass compared
to wood biomass from an individual shrub. For all other in-
vestigated species this is not the case. In contrast, deciduous
needled larch has the lowest weight ratio of needles to wood
when compared to P. pumila, Salix spp., and A. fruticosa.
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Figure 5. Plot-scale average (median) partial AGB in the four vegetation classes. Tall shrubs (Alnus fruticosa, Pinus pumila) were rare and
made up less than 1 % of the average plot AGB and are not included here.

In the different areas of investigation, we observe generally
higher leaf (needle)-to-wood mass ratios in the tundra—taiga
area (16-KP-01) than in the northern taiga (18-BIL-01, 18-
BIL-02).

3.2 Upscaling above-ground biomass using GAM

In the GAM, the RDA scores are explanatory variables and
total AGB is the dependent variable. The first two RDA axes
explain 87 % of the variance in the AGB data (Table 2). Both
variables (parametric coefficient RDA1 and the smooth term
s(RDA1, RDA2)) are highly significant in the model.

We plotted fitted values against residuals for the GAM to
visualise residual standard deviations (SDs) for every sam-
ple plot used in the modelling (Fig. 7). There is some slight
heteroscedasticity, and the SD increases with an increase in
absolute AGB values. The RMSE of the model is 1.08 kg.

https://doi.org/10.5194/bg-18-3343-2021

Based on the most recent Landsat data acquisitions, the
maximum total AGB estimated within our study area is found
in the northern taiga in the larch closed-canopy forests (20—
24kgm~2, 16-KP-02, Fig. 8). In the southern tundra—taiga
transition (16-KP-03) the maximum AGB reached 12 kg m—2
at places in a river valley that are covered by azonal dense
forests. In the northern tundra—taiga (16-KP-01) the maxi-
mum AGB is 4-6 kg m~2 in the forest tundra and shrub tun-
dra. In the tundra (16-KP-04) it is 3-4 kg m~2 on the slopes
of rivers’ valleys.

3.3 Change in above-ground biomass between 2000
and 2017 in the four focus areas

The compiled change maps of recent years (20016/2017)
versus 15-16 years earlier (2000/2001/2002) show the rates

Biogeosciences, 18, 3343-3366, 2021
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Table 2. Estimates and significance values of generalised additive model (GAM) parameters.

Formula: total AGB ~ RDA + s(RDA1, RDA2)

Parametric coefficients

Estimate  Standard ¢ value p
error

(Intercept) 2.30 0.20 11.32 <0.005
RDA1 —0.42 0.06 —6.84 <0.005

Approximate significance of smooth terms
Estimated degrees F value )4

of freedom

s(RDA1, RDA2) 10.53 12.04 <0.005

16-KP-01 18-BIL-01, 18-BIL-02
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Figure 6. Distribution of leaf (needle)-to-wood dry mass ratio
among studied species — Larix cajanderi, Pinus pumila, Salix spp.
(non-creeping), and Alnus fruticosa — in two ecological regions —
tundra—taiga ecotone (16-KP-01) and northern taiga (18-BIL-01,
18-BIL-02); n is number of individuals sampled.

and spatial patterns of AGB change in the four focus areas
(Fig. 9).

Tundra area 16-KP-04, 2002-2017. AGB of prostrate
herb tundra vegetation has not changed within the inves-
tigated period (Okgm~2, IQR=0.12kgm™2 in 2002 and
IQR =0kgm~2 in 2017); AGB of graminoid tundra vegeta-
tion has slightly decreased (0.69 kgm~2, IQR = 0.83 kg m—2
in 2002; 0.58 kg m 2, IQR = 0.99 kg m~2 in 2017). A change
in land-cover class from graminoid tundra to forest tun-
dra and shrub tundra between 2002 and 2017 resulted in
AGB increase from 1.42kgm~2 (IQR=0.49kgm™2) to
1.71kgm~2 (IQR =0.44kgm~2), whereas a change from
prostrate herb tundra to graminoid tundra resulted in AGB

Biogeosciences, 18, 3343-3366, 2021

decrease from 0.48 kg m~2 (IQR = 0.87 kg m~?) to O kg m—2
(IQR =0.23kgm™2).

Northern tundra—taiga area 16-KP-01, 2001-2016. AGB
of prostrate herb tundra vegetation stayed stable at 0 kg m—2
(IQR=0.29kgm™2 in 2001; IQR =0.34kgm~2 in 2016)
on average, while the graminoid tundra AGB increased
from 0.65kgm2 (IQR=1.04kgm™2) to 1.40kgm2
(IQR =0.48kg m~2) and the forest tundra and shrub tun-
dra AGB did not change (1.73kgm™2, IQR =0.50kg m—2
in 2001; 1.70kgm~2, IQR=0.32kgm™2 in 2016). A
change in land-cover class from prostrate herb tundra
into graminoid tundra resulted in AGB increase from
Okgm—2 (IQR=0.24kgm™2) in 2001 to 0.34kgm—2
(IQR =0.67kg m~2) in 2016, as did a change from
graminoid tundra to forest tundra and shrub tundra from
1.27kgm™2 (IQR=0.53kgm™2) in 2001 to 1.69kgm—2
(IQR = 0.29 kg m?) in 2016.

Southern tundra—taiga area 16-KP-03, 2001-2016. AGB
of prostrate herb tundra vegetation did not change and stayed
at 0Okgm~2 (IQR =0.50kg m~2 in 2001; IQR =0.31 kg m >
in 2016) on average, while graminoid tundra AGB in-
creased from 1.00kgm™2 (IQR=0.91kgm™2) in 2001
to 1.50kgm~2 (IQR=0.57kgm™2) in 2016. The for-
est tundra and shrub tundra AGB only slightly changed
(2.00kgm™2, IQR=0.99kgm™2 in 2001; 2.10kgm~2,
IQR =0.79kgm™2 in 2016). A change in land-cover class
from prostrate herb tundra to graminoid tundra resulted
in AGB increase from 0.46kgm~2 (IQR=0.82kgm?)
in 2001 to 0.88kgm™2 (IQR=1.03kgm™2) in 2016,
and a change from graminoid tundra to forest tun-
dra and shrub tundra resulted in AGB increase from
1.43kgm™2 (IQR =0.48kgm~2) in 2001 to 2.02kgm—2
(IQR =0.66kgm~2) in 2016. A major AGB change is as-
sociated with forest tundra and shrub tundra becoming
larch closed-canopy forest resulting in AGB increase from
3.02kgm~2 (IQR=1.29kgm™2) in 2001 to 7.29kgm~>
(IQR =2.53kgm™2) in 2016.

https://doi.org/10.5194/bg-18-3343-2021
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Northern taiga area 16-KP-02, 2000-2016. AGB of
prostrate herb tundra vegetation increased from 0kgm™2
(IQR =0.09kgm™2) to 0.60kgm~2 (IQR =2.60kgm™2);
graminoid tundra AGB increased from 1.30kgm™2
(IQR=0.82kgm™2) to 1.90kgm~2 (IQR =0.69 kg m~2);
forest tundra and shrub tundra AGB slightly increased
from 2.70kgm~2 (IQR=1.33kgm™2) to 3.10kgm~2
(IQR=1.09kgm™2); and larch closed-canopy forest
AGB increased from 7.00kg m~2 (IQR =2.49 kg m~2) to
7.50kgm~2 (IQR =4.65kgm~2) within the time studied.

https://doi.org/10.5194/bg-18-3343-2021

A change in land-cover class from prostrate herb tundra
into largely graminoid tundra resulted in AGB increase
from Okgm~2 (IQR = 0.08 kgm™—2) in 2000 to 1.45kgm—2
(IQR =0.93kgm™2) in 2016, and a change from graminoid
tundra to forest tundra and shrub tundra resulted in AGB
increase from 1.44kgm™2 (IQR=0.61kgm™2) in 2000
to 2.78kgm~2 (IQR=0.96kgm~2) in 2016. Some areas
classed as forest tundra and shrub tundra became larch
closed-canopy forest, which resulted in AGB increase from

Biogeosciences, 18, 3343-3366, 2021
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Figure 9. Maps of change in Landsat-derived total above-ground
biomass (AGB) from historical years (2000/2001/2002) to recent
years (20016/2017) in the four focus areas: treeless tundra (16-KP-
04), northern tundra—taiga (16-KP-01), southern tundra—taiga (16-
KP-03), and northern taiga (16-KP-02). A generally positive trend
in AGB change is detected in the tundra—taiga and northern taiga,
whereas AGB in the tundra largely remains stable or is decreasing.

3.25kgm™? (IQR=1.49kgm™2) in 2000 to 7.20kgm~2
(IQR =4.12kgm~2) in 2016.

AGB of land-cover classes that did not change within the
investigated period tends to have higher values moving from
the tundra to northern taiga (Fig. 10).

We find an increase in AGB for those areas where land-
cover class has changed (Table 3). The highest changes
in the paired years occurred in the southern tundra—taiga
(16-KP-03; +4.30kg m~2) and the northern taiga (16-KP-
02: +4.09 kg m~2) associated with a change in land-cover
class from forest tundra and shrub tundra to larch closed-
canopy forest. The lowest AGB change rates are associ-
ated with a change in land-cover class from graminoid tun-
dra to forest tundra and shrub tundra in the northern taiga
(16-KP-02) and southern tundra—taiga (16-KP-03). In gen-
eral, total AGB in the tundra focus area has not changed
over the time studied (0kgm™2, IQR =0.2kgm™?2), while
in the northern tundra—taiga it has increased by 0.69 kg m~?2
(IQR=0.69kgm~2) and in the southern tundra—taiga by
0.44kgm~2 (IQR=0.91 kgm~2). In the northern taiga to-
tal AGB has increased by 1.3kgm~2 (IQR =1.4kgm™?),
which is much more than in the other focus areas.

Biogeosciences, 18, 3343-3366, 2021
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4 Discussion

4.1 Recent state of above-ground biomass at the field
sites

We estimated total and partial dry AGB for the 2018 expedi-
tion sample plots, which cover a wide range of vegetation
associations (Shevtsova et al., 2020c, d). From these field
biomass samples, AGB estimates range from 0 to 15kg m—2
and, as expected, reflect a gradient of land-cover classes from
the least vegetated prostrate herb tundra and barren areas to
the larch closed-canopy forests.

As in other subarctic and arctic vegetation studies the
taxa found in our study region can be grouped into similar
PFTs for a convenient comparison. Thus, deciduous shrubs
are largely represented by Betula nana, Vaccinium uligi-
nosum, and Salix sp., which are typical circumpolar subarc-
tic species (Grigoryev, 1946) and are widely found, for ex-
ample in the tundra in Alaska near Toolik Lake (Shaver and
Chapin, 1991). In graminoid tundra, which, by its charac-
teristics, is comparable to tussock tundra in Alaska, decid-
uous shrubs contribute 33 % to the total AGB (tundra, me-
dian =0.09 kg m~2 and IQR = 0.05 kg m~2) or 9 % (tundra—
taiga, median = 0.07 kg m—2 and IQR = 0.05 kg m~2), which
is similar to deciduous shrub AGB of Alaskan tussock tundra
(0.09+0.02kg m_z). However, in Alaska, deciduous shrub
contribution to the total AGB is 16 %, which is lower than
for the central Chukotka graminoid tundra but higher than
for the graminoid tundra in the central Chukotkan tundra—
taiga. Evergreen shrub taxa are also similar in our study re-
gion to those near Toolik Lake, Alaska, being mainly repre-
sented by Ledum palustre, Vaccinium vitis-idaea, Dryas oc-
topetala, and Empetrum nigrum, with Pinus pumila in our
study region in contrast to Alaska. Evergreen shrubs gen-
erally have a lower AGB in the graminoid tundra of our
study region (tundra, median = 0.08 and IQR = 0.11; tundra—
taiga, median =0.03 and IQR =0.10) than in the tussock
tundra of Alaska (0.17 40.02kgm™2), but the percentage
of this PFT is slightly higher (31 %) in central Chukotka
than in Alaska (24 %). In the graminoid tundra of the central
Chukotka tundra—taiga, AGB of evergreen shrubs is poorly
represented (4 %). Graminoids in our region were not sepa-
rately sampled but are included as “other”. However, espe-
cially in graminoid tundra, the other class mostly consists
of graminoids and other taxa inclusions are rare, so it can
be a good approximation of graminoid AGB. The main taxa
here, as in Alaska, are Carex sp. and Eriophorum vaginatum.
Compared to the tussock tundra in the Toolik Lake vicin-
ity in Alaska, graminoid tundra of both tundra and tundra—
taiga areas in central Chukotka has much less graminoid
AGB. For the tundra area it is 9% of total AGB (me-
dian=0.02kgm~2; IQR =0.11kgm~2) and in the tundra—
taiga it is 5% (median =0.04kgm~2; IQR =0.14kgm~2),
whereas in Alaskan tussocks it is 16 % of the total AGB
(0.11 4 0.02kgm~2). All vascular plant AGB is similar for
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Figure 10. Average above-ground biomass (AGB) in recent years (2016/2017) within land-cover classes that have not changed between 2000
and 2017 for four investigated locations, covering a vegetation gradient from tundra (16-KP-04) via tundra—taiga (16-KP-01, 16-KP-03) to

northern taiga (16-KP-02).

Table 3. Above-ground biomass (AGB) change associated with land-cover class change in four focus areas from 2000/2001/2002 to

2016/2017.

Tundra 16-KP-04
(kgm~2)

Land-cover class change

Northern tundra—
taiga 16-KP-01,
(kgm™

Southern tundra— Northern taiga
taiga 16-KP-03, 16-KP-02,

2) (kgm~?) (kgm~2)

Prostrate herb tundra and barren
areas — graminoid tundra

—0.30 (IQR = 0.80)

+0.20 (IQR = 0.54)

+0.35 JIQR=0.95) +1.31 JQR =0.98)

Graminoid tundra — forest
tundra and shrub tundra

+0.34 IQR =0.67)

+0.51 QR =0.60)

+0.65 (IQR=0.76)  +1.46 IQR=1.04)

Forest tundra and shrub tundra  — -
—> larch closed-canopy forest

+4.30 IQR=2.55) +4.09 IQR =3.99)

all compared areas of graminoid/tussock tundra. Graminoid
tundra AGB contribution in the tundra area in cen-
tral Chukotka is 0.25kgm~2 (median, IQR = 0.04 kg m~2),
and in the tundra—taiga area it is 0.34kgm™2 (median,
IQR =2.46kgm™2; the high IQR is caused by P. pumila
contributions at two sites). This compares to AGB of
0.3740.03kgm~2 in the tussock tundra of Alaska. The
contribution of vascular plants versus non-vascular plants
is much higher in the graminoid tundra of the Chukotka
tundra area (96 %) than in Alaska (53 %), whereas for the
graminoid tundra of the Chukotka tundra—taiga ecotone their
contribution is similar to that in Alaska (42 %). Total AGB
of graminoid tundra in central Chukotka is strongly differ-
ent between tundra (median = 0.26 kg m~—2) and tundra—taiga
(median = 0.81 kg m~2), with the latter being similar to to-
tal AGB of the Alaskan tussock tundra (0.71 kg m~2), while
the former is similar to total AGB of open areas and open
north-boreal fen in northern Finland (0.30kg m~2; Risanen
et al., 2018). However, major taxa such as Betula nana, Salix
sp., and graminoids have different contributions in these in-
vestigated areas. The tundra area in central Chukotka (only
graminoid tundra class) has higher AGB from B. nana (me-
dian =0.07 kg m~2; IQR =0.03kgm~2) and Salix sp. (me-
dian = 0.01 kg m~2; IQR = 0.009 kg m~2) than these taxa in

https://doi.org/10.5194/bg-18-3343-2021

northern Finland (0.02+£0.05 and 0.0005 £ 0.008 kg m_z,
respectively) but similar AGB of graminoids (0.02kgm™2,
IQR=0.11kgm™?2 versus 0.03 £0.011kgm™?).

The highest contribution to partial AGB in central
Chukotka is from Cajander larch (Larix cajanderi), the only
tree species present in the study region. Despite many stud-
ies using complex allometric equations, mostly including tree
height and stem diameter (e.g. Dong et al., 2020; Alexander
et al., 2012; Bjarnadottir et al., 2007) to estimate AGB of an
individual tree, we used only tree height because stem diam-
eter measurements (stem perimeter) were not available for all
trees. However, where measurements of tree stem diameters
were available, these are shown to be highly correlated with
height (Appendix A, Fig. A3), which makes it rational to use
only height to estimate tree AGB to avoid multicollinearity
in the model. Other parameters (crown height, crown width)
were also measured on a subset of trees and proved to be in-
significant predictors. Thus, using estimated tree height we
provide coherent AGB estimation models by accounting for
living state (live or dead) and ecological zone (tundra—taiga,
northern taiga). We also estimated leaf and wood biomass
separately and summed them in the data processing proce-
dure (Appendix A). These established allometric equations
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can be applied at a broad scale in central Chukotka to a range
of tree heights (up to 20 m), as covered by our study.

4.2 Recent state of above-ground biomass upscaled for
central Chukotka

The AGB of the studied focus areas of central Chukotka
varies along a gradient from <0.5 kg m~2 in the sparsely veg-
etated areas of the tundra to 25kgm™2 in the dense larch
forests of the northern taiga. When comparing areas in the
circumpolar region with a similar vegetation to that of our
study region it can be seen that graminoid tundra in cen-
tral Chukotka generally has less AGB than tussock tundra in
Alaska (Toolik research station; Shaver and Chapin, 1991),
whereas forest tundra in central Chukotka has more larch
AGB than in the Kolyma region (Berner et al., 2018).

Circumpolar remote-sensing-based estimations such as in
Santoro and Cartus (2019) and Raynolds et al. (2011) have
lower spatial resolution and less precise AGB estimates for
central Chukotka than our mapped AGB estimates. The most
recent (2017) European Space Agency (ESA) global AGB
map (Santoro and Cartus, 2019) shows generally lower AGB
estimates for non-mountainous regions of central Chukotka
than our AGB estimates: shrublands in tundra with AGB
of 1.5-4kgm™2 (our estimations) only range from 0.3 to
0.6kg m~2 in the ESA AGB product; our AGB estimates for
forest tundra in the tundra—taiga ecotone range from 2.5 to
3kgm™2 but are 0.07-0.16kgm~2 in the ESA AGB prod-
uct; for graminoid tundra in the tundra—taiga ecotone our
AGB estimates are 0.7-3kg m~2, while ESA AGB is 0.1-
0.8kgm™2; and our larch closed-canopy forests AGB es-
timates are 22-24kgm~2 versus 2.8—4kgm~2 in the ESA
product. In contrast, mountainous regions show unrealisti-
cally high AGB values in the ESA AGB product that are
most likely due to topographical artefacts in the synthetic
aperture radar (SAR) processing of the ESA AGB product
(see also Santoro and Cartus, 2019). However, other spatial
distribution patterns of AGB, especially in the tundra—taiga
areas (16-KP-01, 16-KP-03) are very similar to our AGB re-
sults. The dissimilarities in the AGB magnitudes can be ex-
plained by the different remote-sensing methods: the ESA
AGB product was derived from SAR remote sensing while
our AGB estimates are based on optical Landsat data. SAR-
based biomass estimation is sensitive to vegetation structure
and can only derive higher vegetation layers. Therefore, ESA
AGB can only represent a “living-tree AGB”, while our AGB
estimates include other plant groups (lower shrubs, ground
vegetation, mosses and lichens) of central Chukotka and are
thus more suitable for the investigated area.

Two of our focus areas overlap with the circumpo-
lar above-ground phytomass map of peak-summer season
(Raynolds et al., 2011), and a comparison reveals that AGB
estimates for the tundra—taiga area (16-KP-01) are similar
to each other: 0.65 kg m2 (IQR=1.1 kg m~2) in 2001 and
1.5kg m~—2 (IQR=0.46kg m~2)in 2016 (our estimates) ver-
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sus 0.61-0.97 kg m~2 in 2010. However, for the second area,
16-KP-04, our average AGB estimate is lower during the
whole investigation period at 0Okgm~2 (IQR =0.7kgm~2)
in 2002 and Okgm™2 (IQR=0.37kgm™2) in 2017 ver-
sus 0.61-0.97 kgm~2 in 2010 as estimated by Raynolds et
al. (2011).

Further comparison with AGB of similar vegetation types
in Alaska (Toolik research station; Shaver and Chapin,
1991) shows that tussock tundra has higher AGB in Alaska
(0.71kgm~2) than graminoid tundra in central Chukotka
(0.36 kg m~2), despite having a similar composition that in-
cludes tussocks and also being dominated by Eriophorum
vaginatum. This may be because the AGB of graminoids
and forbs in Alaska (0.12kgm™2) is higher than in cen-
tral Chukotka (0.04 kg m~2) as is the AGB of dwarf shrubs
(0.26kgm? versus 0.07kgm~2). The prostrate herb tun-
dra and barren areas land-cover class in central Chukotka
has a similar composition to heath communities in Alaska
with evergreen dwarf shrubs and extensive exposed ground.
Prostrate herb tundra AGB of central Chukotka is lower
(0.11kgm~2) compared to that of Alaska (0.32kgm™2),
having more lichen and dwarf-shrub biomass. Forest tun-
dra and shrub tundra in central Chukotka is challeng-
ing to compare to Alaskan communities, but generally,
average AGB in this land-cover class is slightly lower
(1.33kgm™2) than AGB of even shrub-only communities in
Alaska (1.39kg m~2), which are formed of tall deciduous
shrubs such as Salix spp. growing on river bars and well-
drained floodplains. In contrast to Alaska, forest tundra and
shrub tundra in central Chukotka includes mostly dwarf or
sparse low shrubs, as well as some tall shrubs and open larch
tree stands, and is found on more diverse landscape features
than river bars. In addition, the AGB of the central Chukotka
tundra and also, partly, the northern tundra—taiga is generally
comparable to the AGB of the North Slope of Alaska, which
ranges from 0 to 4 kg m~2 (Berner et al., 2018).

Comparing our AGB estimates of Larix cajanderi to those
in the area around the river Kolyma (western Chukotka;
Berner et al., 2012) — a close match to our study region by
vegetation composition and partly by environmental settings
— reveals similarities in the spatial patterns of AGB distri-
bution. The highest AGB tends to occur on protected moun-
tain valley slopes in both investigated regions. AGB of Larix
cajanderi open forests in the river Kolyma area ranges, on
average, from 0.5 to 5kgm™2, reaching the maximum of
6.7kgm™2, which is comparable with our forest tundra and
shrub tundra AGB assuming a 57 % representation of Larix
cajanderi in this land-cover class.

Many factors can influence the AGB estimates such as
the number of reference samples, prediction method, and
remote-sensing sensor type (optical, radar), as well as spatial
and temporal resolution of the satellite imagery and products
(Fassnacht et al., 2014). Overall, a comparison with global
and circumpolar AGB estimates highlights great improve-
ments in the accuracy of the estimates and a better way to
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resolve a more landscape related spatial pattern of our AGB
estimates for the study region.

4.3 Change in above-ground biomass within the
investigated 15-16 years in central Chukotka

We derived total AGB changes in the central Chukotka
from Landsat satellite data spanning 15-16 years and
found the greatest change in the dense forests of the
northern taiga (16-KP-02). In the northern tundra—taiga
area (16-KP-01), AGB increased from 2001 to 2016
by 0.046kgm~2yr~! (IQR =0.046kgm~2yr~—!), which is
much faster than the rate estimated by Epstein et al. (2012)
for 1982 to 2010 (0.004-0.015 kg m~2 yr~!). Further, we es-
timated AGB change from 2002 to 2017 in the tundra fo-
cus area (16-KP-04) as being close to 0Okgm 2 yr~! (IQR =
0.013kgm~2 yr~—!) on average, which is lower than estima-
tions from 1982 to 2010 given in the circumpolar above-
ground phytomass map for the Russian Far East (Walker and
Raynolds, 2018). Our results of tundra AGB change being
close to zero are similar to experiments with modelling ex-
treme temperature increases in Alaskan tundra (Hobbie and
Chapin, 1998). In their study, Hobbie and Chapin (1998) con-
clude that, in tundra, plant biomass accumulation depends on
nutrient availability and AGB will only increase if mineral-
isation of soil organic nutrients is stimulated together with
climate warming. Given differences in soil development be-
tween the focus areas of tundra, tundra—taiga, and north-
ern taiga, their conclusion may also apply to our results. In
general, the comparison with circumpolar estimated AGB
changes from 1982 to 2010 (Walker and Raynolds, 2018)
shows that changes in AGB in our focus areas of central
Chukotka between 2000 and 2017 were much faster, prob-
ably because of the stronger warming in the first decades of
the 21st century in these regions.

Our estimates of AGB change within our land-cover
classes show that AGB change does not necessarily lead to
a change in land-cover class. We assume that changes for
different regions within the same stable land-cover classes
could be associated with population size change but also
likely with changes in the plant’s parameters (height, crown
density, etc.). This could explain why the change in AGB
estimated for the graminoid tundra in the northern taiga (16-
KP-02) is greater than for the tundra (16-KP-04, Fig. 10).

5 Conclusions

We successfully used field-based AGB data and Land-
sat satellite data in statistical modelling to map recent
(2016/2017) and historical (2000/2001/2002) states of AGB
in four focus areas along a tundra—taiga gradient in central
Chukotka. The total AGB values consist of major taxon-
specific (and other) estimates that allow us together with the
taxon-related land cover to achieve a more detailed picture
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of AGB change and to reveal changes in major species con-
tributions from areas with diverse ecology. In addition, we
were able to analyse changes in AGB together with changes
in land-cover classes.

AGB of the investigated areas in the field ranged from
0 to 16kgm™2. Taxa making the most contribution to
AGB in our study region include Cajander larch (Larix
cajanderi) in forest stands and dwarf birch, dwarf wil-
lows, heathers, Dryas octopetala (only in prostrate herb tun-
dra and barren areas), mosses, and lichens in tundra ar-
eas. Forested sites generally had higher AGB (2.38kgm™2,
IQR=3.06kgm~2) than open tundra (hummocks with
dwarf or low shrubs 0.65kgm~2, IQR = 0.76 kg m~2; pros-
trate tundra 0.32kgm™2, IQR =0.22kgm™2). Tall Pinus
pumila shrub communities have the highest total AGB
(5.57kgm™2, IQR = 1.14kgm~2) but are rare at the land-
scape level and are azonal. Thus, an expansion of forest
would make the strongest change to total AGB, but it is still
unclear how fast taiga could colonise tundra areas in the up-
coming decades. Nevertheless, taxon-specific estimations al-
low us to separate tree biomass from other vegetation forms,
expanding the usefulness of our study to treeline migration
assessment and forest management in the study region.

Estimation of recent AGB (2016/2017) in our four fo-
cus areas found the highest AGB (24kgm™2) in the larch
closed-canopy forests of the southern tundra—taiga and north-
ern taiga. The lowest AGB occurred in the prostrate herb
tundra and barren land-cover class and largely in the tun-
dra on a landscape scale. On average, above-ground vegeta-
tion of the closed-canopy forest class has AGB of 8.9 kg m ™~
(IQR=6.4kg m~2), the forest tundra and shrub tundra class
has AGB of 3.3kgm™2 (IQR = 1.2kgm™2), the graminoid
tundra class has AGB of 1.4kg m~2 (IQR=0.53 kg m~2),
and the prostrate herb tundra and barren areas class has
AGB close to 0kgm™2 (IQR=0kgm™2; for non-barren
areas 0.4kgm~2, IQR=0.52kgm™2). A comparison with
other available estimations of AGB for central Chukotka re-
vealed that other studies considerably overestimate moun-
tainous prostrate herb tundra and barren areas and underes-
timate tundra—taiga and northern taiga areas. Our satellite-
derived estimations match the magnitude of the ground data
and show greater detail in the spatial phytomass distribution
for the study region.

We found that the greatest AGB changes occurred in the
northern taiga, particularly in the larch closed-canopy forest
class (+4.09kg m_z), which also has the highest AGB and
most favourable environment for the expansion of Larix ca-
Jjanderi which contributes highly (92 % on average) to AGB.
The less favourable environments in the tundra—taiga and
tundra would need more time to adapt to recent climate
changes. We found changes in AGB not only that are associ-
ated with changes in land-cover classes but also within areas
with no changes in land-cover class. This could indicate ei-
ther that vegetation composition changes are not yet promi-
nent enough to trigger a change in land-cover class or that
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there has been a change in plant properties (height, crown
diameter, leaf size, etc.) within the investigated period.

Overall, our mapped AGB of recent and historical times
in central Chukotka is of value in helping to understand re-
gional ecosystem dynamics as well as circumpolar processes,
especially in the light of recent climate changes. The specific
parameterisation of plant biomass from central Chukotka
makes our AGB maps the most suitable for the region and
more precise in terms of spatial resolution than global and
circumpolar estimations of AGB. Future uses of our AGB
state and change maps could include modelling of carbon
stocks and investigating habitat changes in the area. Knowing
the recent and historical AGB distribution and the contribut-
ing taxa is useful for modelling studies that aim to project
future AGB changes, as well as for policy-making, particu-
larly in relation to mitigation of climate-change impacts and
conservation.
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Appendix A: Sampling and above-ground biomass
(AGB) calculation protocol for field data

The ground-layer vegetation AGB was estimated on a
30 x 30 m sample plot. The size and shape of the main plot
were chosen to cover representative areas of present vegeta-
tion types. In contrast, the AGB of tall shrubs and trees was
estimated on a 15 m radius sample plot. The final estimations
are given in kg m~2 to make them comparable across the dif-
ferent sample plot sizes.

Here we present the step-by-step protocol for harvesting
and calculating ground-layer AGB for a 30 x 30 m sample
plot in kgm™2:

1. fresh biomass harvested and weighed (sample of a par-
ticular taxon from a 0.25 m? plot), GFW;

2. fresh biomass subsample from the GFW sample,
subFW (g/0.25 m?);

3. dry biomass from the subsample, subGDW (g/0.25 m?);

4. dry weight from the sample (g/0.25 m?),

GFW x subGDW
GDW= ————, (AD)
subGFW

and for moss samples

GFW x subGDW.

GDW = ; (A2)
0.04 subGFW

5. dry weight of all samples per subplot sub B (as in Fig. 2;
kgm™2),

GDWsubplotb = 0.004 "\ GDW, (A3)
where k is number of taxa sampled on the subplot B;

6. total dry weight for the whole 30 x 30m plot (kg
30m?),

GDWplot = 9a x GDWsubplotb1
+ 9b x GDWsubplotb2, (Ad)

where a and b are proportions of vegetation represented
by subplot B1 and B2 (estimated subjectively during
field data inventory) on the 30 x 30 m plot, respectively;

7. average total dry weight (kgm™?),

GDWplot

GDWavg = 900

(A5)
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Calculation for Pinus pumila shrub AGB

We sampled three (small, medium, big) individual pine
plants on each 15m radius sample plot that contained the
species. With the following steps we calculated the AGB for
each individual plant.

1. woody AGB of all small living branches (g),

DWSmBrsB (S, M, or B)

_ nSBr(FWSmBIB x subFWSmBrB)
N subDWSmBrB

where subDWSmB1B is dry weight of subsample of
small-branch wood; S, M, or B is size of an individ-
ual plant; nSBr is the number of small branches; and
FWSmBrB or subFWSmBrB is the fresh weight of a
whole sample or subsample of small-branch wood, re-
spectively;

; (A6)

2. needle AGB of all small living branches (g),

DWSmLsB (S, M, or B)

_ nSBr(FWSmLB x subFWSmLB) (A7)
B subDWSmLB ’

where subDWSmLB is dry weight of subsample of
small-branch needles and FWSmLB or subFWSmLB
is the fresh weight of a whole sample or subsample of

small-branch needles, respectively;

3. woody AGB of all big living branches (g),

DWBIBrsB (S, M, or B)

nBiBr(FWBiBrB x subFWBiBrB) AS
B subDWBiBrB ’ (A8)
where subDWBiBrB is dry weight of subsample of big-
branch wood; nBiBr is the number of big branches;
and FWBiBrB or subFWBIBrB is the fresh weight of
a whole sample or subsample of big-branch wood, re-
spectively;

4. woody AGB of all dead branches (g),

DWdBrsB (S, M or B)

ndBr (FWdBrB x subFWdBrB) A9
B subDWdBrB ’ (A9)
where subDWdBTrB is dry weight of subsample of dead-
branch wood; ndBr is the number of dead branches;
and FWdBrB or subFWdBrB is the fresh weight of a
whole sample or subsample of dead-branch wood, re-
spectively;

5. average AGB of small-living-branch wood (across the
three differently sized samples; g),
DWSmBrsB (S)

+ DWSmBrsB (M)
+DWSmBrsB (B) |

DWSmBrsBAv = 3 ;

(A10)
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Figure A1. Distribution of basal (a) and breast height (b) diameter values of trees from two focus areas: northern taiga (18-BIL) and northern
tundra—taiga (16-KP-01). We also made separate models for living and dead trees as there are obvious differences in the wood densities and
no needle material for dead trees. Total AGB of a tree was calculated from partial needle and wood biomass estimations.

6.

10.

average AGB of small-living-branch needles (g),
DWSmLSsB (S)
+DWSmLsB (M)
DWSmLsBAv = M (A11)
. average AGB of big-living-branch wood (g),
DWBIBrsB (S)
+DWBIBrsB (M)
DWBiBrsBAv = m; (A12)
average AGB of dead-branch wood (g),
DWdBrsB (S)
+DWdBrsB (M)
DWdBrsBAv = W; (A13)
average individual plant wood total AGB (including

cone biomass; g),

AvWoodDW = DWSmBrsBAv
+ DWBIiBrsBAv + DWdBrsBAv

+nc x cB, (A14)

where AvWoodDW is the average dry weight for only
the woody part of a plant, nc is number of cones, and
¢B is cone biomass;

average volume of a shrub crown (cm?),
SHxSCrlx SCr2 + MHxMCrl
CrV = ><MCr2+BH§<BCrl><BCr2 i (A15)

where SH, MH, and BH are heights of small, medium,
and big plants, respectively, and Crl and Cr2 are two
measurements of a diameter of a crown perpendicular
directions;
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11.

12.

13.

average wood AGB of Pinus pumila (gm~2),
10000
DWAvWood = AvWoodDW x Tk (A16)
r

where DWAvWood is the average woody mass of a plant
(m~2);

average needle AGB of Pinus pumila (gm™?),
10000
DWAvLs = DWSmLsB x v (A17)
r

where DWAVLs is the average needle mass of a plant
(m~2);

total average AGB of Pinus pumila shrub on a 15 m ra-
dius sample plot (kg m~2),

TDAGBPp = 0.1 e(DWAvWood + DWAVLs), (A18)

where TDAGBPp is the total average AGB of a plant
on the 15 m radius sample plot and e is cover of Pinus
pumila shrubs on the 15 m radius sample plot (%).

Calculation for Alnus fruticosa and Salix sp. shrubs AGB

We sampled three (small, medium, big) individuals as for Pi-
nus pumila at each plot if present. Calculations are similar to
those for pine but include not only big and small branches
but also medium branches.

Calculation for Larix cajanderi AGB

Larix cajanderi trees were representatively subsampled at the
following parts: living branches (small, medium, big), dead
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Figure A2. Allometric models, established for larch AGB: (a) for a needle biomass of a living tree in the area 16-KP-01, (b) for a wood
biomass of a living tree in the area 16-KP-01, (c¢) for a needle biomass of a living tree in the area 18-BIL, (d) for a wood biomass of a living
tree in the area 18-BIL, and (e) for a wood biomass of a dead tree in both areas.
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Figure A3. Relationship between tree height and perimeter of the tree stem at 0 (a) and 1.3 m (b).

branches, needles from small branches, stem (ideally three where TDAGB is total dry AGB of a tree, DBrLB is dry
tree discs at 0, 1.3, and 2.6 m heights), and cones. Total AGB weight of biomass of branches and leaves, DTrB is dry
of an individual tree (g) from the field survey of 2018 expe- weight of stem biomass.
dition was calculated as follows. )
1. DBrLB = nSBr x SmBrB + nSBr x SmLB
+ nMBr x MBrB + nBiBr x BiBrB
TDAGB = DBrLB + DTrB, (A19) + ndBR x dBrB + nc x cB, (A20)
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where nSBr is number of small branches, SmBrB is
small-branch dry biomass, SmLB is small-branch nee-
dles dry biomass, nMBr is number of medium branches,
MBr1B is medium-branch dry biomass, nBiBr is number
of big branches, BiBrB is dry biomass of big branches,
ndBR is number of dead branches, dBrB is dead-branch
biomass, nc is number of cones, and ¢B is cone biomass.

DTrB = Va_p x TrDensa_g + Ve_c
X TrDensg_c + V¢ x TrDensc, (A21)

where V is volume (A-B is a base of a tree stem from 0
to 130 cm; B—C is a middle part of a tree stem from 130
to 260 cm; C is a top part of a tree stem from 260 cm to
the top) and TrDens is the wood density of a tree part
(base, middle, or top).

TrDens TrDens
TrDenss_p = A er B (A22)

where TrDensy is the wood density of tree disc A and
TrDensg is the wood density of tree disc B.

TrDens TrDens
TrDensg_c = B —; ¢ , (A23)

where TrDensc is the wood density of a tree disc C.

2
Vadis D adis
TrDensp = ——~ =g h Adisc 5
BAdisc 2

D.\?
77 h Adisc 7 Crl

X Crw X hadisc, (A24)

where Vagisc 1s volume of a tree disc sampled at O cm
tree stem height; Bagigsc is dry weight of a tree disc sam-
pled at O cm tree stem height; hagisc is height of a tree
disc sampled at 0 cm tree stem height; Dagisc is diame-
ter of a tree disc sampled at O cm tree stem height; D,
is diameter of a circular hole in the central part of a
disc (if present); and Crl and Crw are length and av-
erage width of a crack in the tree disc, respectively (if
present). TrDensg and TrDensc are calculated by anal-
ogy with TrDensx.

. Calculation of volume of a tree part (base, middle, or
top) varies depending on presence or absence of a cen-
tral hole in the tree stem.

Biogeosciences, 18, 3343-3366, 2021

Scenario 1. A hole in the tree disc is absent — D, =0:
1307 ((Da\*> ([ Dg\*
Vap= —/| == =
=(3) < (3)
D D
+<%)) (A25)

where Va_p is the volume of a tree stem part from 0
(A) to 130 cm (B), D4 is diameter of disc A, and Dg is
diameter of disc B.

2
Ve = w x (%) , (A26)

where V( is the volume of a top part of a tree stem from
260 cm to the full height of a tree (H) and Dc is the
diameter of disc C.

Scenario 2. A hole in the tree disc is present only in disc
A —-D; #0 (only A):

= () (3)
()

13071
3 ( 2 ) , (A27)

where D, is the diameter of a central circular hole in
disc A.

Vc is analogous to Scenario 1.

Scenario 3. A hole in the tree disc is present in discs A
and B - D; #0 (A and B):

130 Da\? Dg \?
= () ()
D x Dy
H(257)
1307 (( D.a\> (Dz\>
"3 (( 2 ) +<T>
+ <DZA;< DZB)>’ (A28)

where D_p is the diameter of a central circular hole in
disc B.

V. is analogous to Scenario 1.

The next step in estimation of Larix cajanderi AGB was to
estimate partial individual tree AGB for the 15 m radius sam-
ple plot, limited to tree height as a predictor (Eqs. A29-A34,
Fig. A2). We did not use the tree stem diameter or perime-
ter for this purpose, because AGB is highly correlated with
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Table A1. Statistics of the models for reconstructing total tree (larch) AGB.

Model formula Rgdj Estimate Standard error 7 value  p value (>|¢])
A:1og(TTAGB)=a x H + b x /BrPer1.34+Int  0.597 a=0.004 0.001 2.977 0.004
b=0.130 0.233 0.56 0.579
Int=15.381 0.417 12.91 <0.001
B: log(TTAGB) =a x H + Int 0.601 a=0.005 0.0005 10.31 <0.001
Int=5.527 0.323 17.11 <0.001
C: log(TTAGB) = b x +/BrPerl1.3+ Int 0.551 a=0.78 0.084 9.31 <0.001
Int=4.93 0.410 12.02 <0.001

TTAGB is total tree AGB; H is tree height; BrPer1.3 is perimeter of tree stem at breast height or 1.3 m; a and b are coefficients; Int is intercept.

tree height (Fig. A3). We differentiated between allomet-
ric equations to estimate partial individual larch AGB from
trees from two ecological regions (tundra—taiga and northern
taiga).

To assess the different models for different regions we
used a Wilcoxon rank sum test on measurements of tree stem
perimeters. It showed significant differences between the
basal perimeter and perimeter at a 1.3 m height of trees from
16-KP-01 (tundra—taiga, 178 samples) and BIL-18 (north-
ern taiga, 74 samples) (Fig. Al). In both cases, the tree
basal perimeter (p = 0.007453) and tree perimeter at 1.3 m
(p =0.03014) in the tundra—taiga is statistically greater than
in northern taiga. Since individual trees are significantly dif-
ferent in the two regions, different AGB-prediction models
are required for the tundra—taiga and northern taiga focus ar-
eas.

Below are the allometric equations that we established:

1. needle biomass of a living tree (area 16-KP-01; g),
703.62

_H-5195"
1 4+ ¢ 208.69

AGBn (16-KP-01) = (A29)

where AGB is above-ground biomass and H is tree
height in centimetres (Kruse et al., 2020);

2. needle biomass of a living tree (areas 18-BIL-01 and

18-BIL-02; g),

AGBn (18-BIL) = 12.176¢"0029H . (A30)
3. needle biomass of a dead tree (both regions; g),

AGBnd = 0; (A31)

4. wood biomass of a living tree (area 16-KP-01; g),

78 713.63
AGBwI (16-KP-01) = e (A32)
1+ e 7O
5. wood biomass of a living tree (area 18-BIL; g),
AGBwI (18-BIL) = 170.69¢%-0046H , (A33)
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6. wood biomass of a dead tree (both areas; g),

AGBwd = 203.3¢%0057H (A34)
Larix cajanderi AGB for a 15m radius sample plot was
calculated as follows:

LCAGB = "AGBn+ Y | AGBw.

where k is the number of trees on the 15 m radius sample
plot, AGBn is the needle biomass of a tree, and AGBw is the
woody biomass of a tree.

Tree stem perimeter and tree height are closely correlated
(Fig. A3), but we tested three models for reconstructing to-
tal larch AGB to test this relationship. Table Al shows that
just using tree height gives an acceptable estimate of AGB.
The highest Rz%dj of 0.601 is returned by the model (B) that
uses only tree height as a predictor. It is slightly lower for
the model (A) with both tree height and tree stem perimeter
at breast height (Rgdj =0.597), and the tree stem perimeter
is an insignificant predictor. The lowest Rgdj of 0.551 is for
the model (C) that uses only the tree stem perimeter at breast
height as a predictor of total tree AGB.
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Appendix B: Landsat satellite data and statistical
analysis as preparation for the AGB upscaling

For each time stamp (2000/2001/2002 and 2016/2017) we
used available Landsat acquisitions: peak summer and snow-
covered (Table B1; Shevtsova et al., 2020a). We used peak-
summer acquisitions to derive two Landsat spectral indices
(normalised difference vegetation index (NDVI), normalised
difference water index (NDWI)) and snow-covered acquisi-
tion for derivation of the normalised difference snow index
(NDSI). Before calculating the indices, the Landsat data were
topographically corrected. The subsets that we used for land-
cover classification were cloud free and cloud shadow free.
Additionally, we masked all water bodies. Landsat 8 data
were transformed to Landsat 7-like data.

Landsat spectral indices NDVI, NDWI, and NDSI and pro-
jective cover of different taxa were used in the RDA, which
made it possible to distinguish two RDA axes, which in to-
tal described 29 % of the variance in the projective cover
through the Landsat spectral indices (Fig. B1).

Based on RDA scores we built a classification using the k-
means method. We were able to derive four stable land-cover
classes: (1) larch closed-canopy forest, (2) forest tundra and
shrub tundra, (3) graminoid tundra, and (4) prostrate herb
tundra and barren areas (Fig. B2).

Table B1. Dates and short description of Landsat data used for retrieving spectral indices and further land-cover classification (in Shevtsova
et al., 2020a).

Focus area ~ Landsat acquisition Short description (season, Landsat
mission, spatial resolution)

year month day

16-KP-01 2001 7 30 peak summer, Landsat 7, 30 m
2001 3 24 snow-covered, Landsat 7, 30 m
2016 7 31 peak summer, Landsat 8, 30 m
2016 3 16  snow-covered, Landsat 8, 30 m
16-KP-02 2000 8 8  peak summer, Landsat 7, 30 m
2001 3 22 snow-covered, Landsat 7, 30 m
2016 8 12 peak summer, Landsat 8, 30 m
2016 3 5 snow-covered, Landsat 8, 30 m
16-KP-03 2001 7 30 peak summer, Landsat 7, 30 m
2001 3 24 snow-covered, Landsat 7, 30 m
2016 7 31 peak summer, Landsat 8, 30 m
2016 3 16  snow-covered, Landsat 8, 30 m
16-KP-04 2002 8 9  peak summer, Landsat 7, 30 m
2001 3 24 snow-covered, Landsat 7, 30 m
2017 8 10 peak summer, Landsat 8, 30 m
2016 3 16  snow-covered, Landsat 8, 30 m
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