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Abstract
The dendroecology of larch (Larix gmelinii Rupr.) in the world’s northernmost forest provided insight into the complex 
relationship of tree growth, forest stand establishment, and changing eco-climatic factors. The Ary-Mas forest in the northern 
Siberia (72° + NL) is an ecological island, surrounded by tundra. We hypothesized that the environmental constraints that 
limit larch growth in this harsh habitat include soil moisture and winter winds as well as low air temperature. We constructed 
and analyzed the larch growth index (GI) chronology from the eighteenth century until 2019. We found that the larch GI 
depended on the air temperature, soil moisture anomalies, and winter wind speed, and that dependence was significantly dif-
ferent before and after the 2000s. Larch GI responded to the onset of climatic warming in the 1970s by a minor GI increase 
followed by a GI decrease until the end of 1990. Increased air temperature early in the growing season favored increased 
GI, whereas elevated winter wind speed negatively influenced larch growth. After warming in the 2000s, the length of the 
growing season increased by 15 days, and larch GI was sensitive to air temperature both early and late in the growing sea-
son. The adverse influence of winter winds has gradually decreased since the 1970s, becoming a minor factor in the 2000s. 
Soil moisture in “wet, cold soils” negatively influenced larch growth. Meanwhile, decreased soil moisture in the northern 
lowlands favored increased larch growth. We found that larch growth increases were strongly correlated with GPP and NPP 
(gross and net primary productivity) within the Ary-Mas site and for the central Siberian Arctic. We infer that this Arctic 
region continues to be a carbon sink.
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Introduction

Forests of larch (Larix. sibirica Ledeb., L. gmelinii, and L. 
cajanderi Mayr) dominate northern Russia and the Arctic 
treeline and occupy 70% of the permafrost zone, primarily 
in open stands (Bondarev 1997; The Forest Fund of Rus-
sia 2003). Within the permafrost zone, larch outcompetes 
Siberian pine (Pinus sibirica Du Tour), spruce (Picea 
obovata Ledeb.), and Siberian fir (Abies sibirica Ledeb.) 
due to its deciduous habit and dense bark that protects 
against winter desiccation, snow abrasion, and fire injury. 
As pyrophytic species, larch are well adapted to periodic 
natural wildfire, due to resistance to fire injury and the 
ability to readily regenerate in burned areas (Abaimov 
et al. 2002; Kharuk et al. 2021a).

The effects of global warming have been most signifi-
cant at high latitudes (Gulev et al. 2021). Since the onset 
of climatic warming in the 1970s, larch growth in the per-
mafrost region has increased, accompanied by increased 
stand density in the northern Ural Mountains (Shiyatov 
et al. 2007; Esper et al. 2010) with similar patterns evident 
in northern Siberia (Kharuk et al. 2006; Kirdyanov et al. 
2013; Wieczorek et al. 2017). Elevated air temperatures 
early in the growing season were considered a primary 
driver of increased larch growth (Kharuk et al. 2019). More 
generally, gross and net primary productivity (GPP and 
NPP, respectively) have increased in the Arctic and sub-
arctic zones (Vickers et al. 2016; Bhatt et al. 2017; Hember 
et al. 2017; Kharuk et al. 2021a). Increased radial growth of 
larch is correlated to increased GPP estimates from remote 
sensing analysis (Kharuk et al. 2015, 2019). This is distinct 
from atmospheric warming at lower latitudes which have 
caused widespread conifer decline and mortality due to the 
combined effect of drought stress and insect attacks (e.g., 
Allen et al. 2015; Kharuk et al. 2017, 2021b).

During the recent decades of warming, larch has 
migrated into the polar and alpine tundra (Kharuk et al. 
2013). Upward shifts in alpine treeline are significantly 
faster in subarctic than in temperate regions (Lu et al. 
2021). In the Arctic permafrost zone, warming promoted 
the migration of less cold-resistant “southern conifers” 
(Pinus sibirica, Abies sibirica, and Picea obovata) into the 
larch dominance zone (Kharuk et al. 2005). Outside of the 
permafrost zone, climate-driven growth stimulation has 
been described for many boreal tree species (e.g., Kull-
man and Kjallgren 2006; Harsch et al. 2009; McMahon 
et al. 2010).

However, in recent decades, larch growth in the Sibe-
rian Arctic was less than that predicted by dendroclimatic 
models. The decreased growth sensitivity of larch and 
other conifers include a hiatus in climatic response during 
the 1990s and 2000s (Kharuk et al. 2019). More broadly, 

the deviation of recently observed growth from dendro-
climatic models developed from earlier observations (the 
“divergence phenomenon”) has been described and vari-
ously interpreted for other boreal and sub-boreal tree spe-
cies (e.g., Smith et al. 1999; Andreu-Hayles et al. 2011; 
Lebourgeois et al. 2012). The complexity may be that 
although temperature has an important effect on growth, it 
is not the only factor that controls growth in the permafrost 
in the changing climate. Other variables, such as water and 
wind regimes, also influence vegetation growth, and their 
significance may be modified by ongoing changes in cli-
mate (e.g., Kullman 2005; Kirdyanov et al. 2013; Kharuk 
et al. 2015; Zhang et al. 2016).

In this paper, we analyze climate-driven changes in larch 
growth index (GI) and vegetation productivity within the 
Ary-Mas “forest island,” the world’s northernmost forest 
stand (72° + N). We hypothesize that in permafrost, the 
response of larch’s to climate change may be modulated not 
only by warming but also by moisture and wind regimes. We 
seek the answer to the following questions:

How did larch growth evolve during ongoing climate 
change?
How has larch responded to shifts in temperature, mois-
ture, and wind regimes in recent decades?
Does larch growth within our study site relate to broader-
scale trends in GPP and NPP?

Study area

Ary-Mas in central Siberia contains the northernmost 
known forest stands (72°26′N/102°02′E; Fig. 1). This for-
est is composed of larch (Larix gmelinii), the frontier tree 
species in northern Siberia. Larch occupies terraces on the 
high southern bank of the Novaya River at elevations of 
up to 80 m a.s.l. Trees occur in strips 0.5–1.5 km wide and 
approximately 20 km in length along the river. Sparse stands 
spread away along the creeks connected to the Novaya for 
approximately 3–4 km. In the boggy lowland to the north, 
larch trees occur in wind-protected sites (e.g., around the 
lakes) and can be found dozens of kilometer northward.

Within Ary-Mas, larch stands are generally sparse with 
crown closure (CC)  < 0.3), although local areas may have 
CC  > 0.5. Average tree height and diameter at breast height 
(1.3 m above ground line, DBH) was 5–8 m and 10–14 cm, 
respectively with individuals reaching 10–12 m and 25 cm, 
respectively. Cone production begins at about 30 years of age. 
Cones become abundant, although the seed germination rate 
is low. Tree age can reach 500–700 years. Larch trees originate 
both from seedlings and from vegetative layering. In addition, 
Ary-Mas is a State reserve and a sacral forest and an important 
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cultural resource for indigenous people. Thus trees have rarely, 
if ever, been cut (Ary-Mas 1978). In addition, we compare 
larch at Ary-Mas to supplementary sites in Kotuy and Kotuy-
kan (Fig. 1b) as previously described (Kharuk et al. 2013, 
2019). These latter supplementary sites are typical of larch 
(Larix gmelinii) stands within the permafrost zone.

Climate

Climate of the study area is strongly continental, with an 
annual precipitation of 250 mm and an average air temperature 
of  − 12 °C. The relative air humidity in summer is approxi-
mately 75%. The snow cover lasts for about 245 days with 
maximal snow depth (30–60 cm) occurring in March. The 
mean July temperature is  + 12 °C (with maximal values up 
to  + 37 °C). The period with temperatures above the freezing 
point lasts approximately 110 days. However, subzero temper-
atures and snowfall are possible throughout the summer. The 
coldest months are January and February (average monthly 
temperature is  − 32 °C, absolute minimum is  − 59 °C). The 
mean winter wind speed is 4 m/s; strong winds (> 10 m/s) 
occurred during 40 days/year. Within the permafrost, the 
depth of seasonal soil thawing reaches 50–70 cm in mineral-
ized areas, up to 1 m on steep slopes of open woodlands, and 
10–30 cm under moss cover (Ary-Mas 1978).

Methods

Field studies

Field studies in Ary-Mas were conducted in July 2020. 
Three test plots (approximately 0.5 ha each) were established 

along the elevation gradient from the first terrace to the top 
of the watershed, a total distance of  ~ 1 km) (Fig. 1a). Test 
plot 1 (TP1) was established within a closed-canopy stand 
(CC  > 0.3). Due to tree density and age (see below), we 
consider TP1 to be a “larch refugium” where trees have sur-
vived despite the harsh environment. TP 2 and 3 were estab-
lished in sparse stands of younger trees which we consider 
evidence of later recruitment due to environmental changes 
including warming. Tree and stand characteristics (stem 
diameter, tree height, stand density, regeneration, ground 
cover, and soil type) were determined. For dendrochrono-
logical analysis, we randomly selected trees within  ~ 0.5 ha 
of the TP center. We extracted individual tree cores with an 
increment borer from 20 trees to represent each TP. Cores 
were taken at DBH height (1.3 m above ground line) from 
the southern-facing stem. In addition, former inventory data 
for twelve TPs were also used in the analysis (Norina, 1978; 
Annals of the State Reserve “Taimyrsky” (n.d.) http://​taimy​
rsky.​ru/​letop​is/​letop​is.​htm).

Dendrochronological analysis

Increment cores (20 cores per TP; in 60 cores in total) were 
mounted, finely sanded, and treated with contrast powder to 
enhance the visualization of annual ring boundaries. Ring 
widths were measured on a LINTAB-6 platform with an 
accuracy of 0.01 mm. Ring widths were cross-dated fol-
lowed by quality assessment with COFECHA software 
(https://​www.​ldeo.​colum​bia.​edu/​tree-​ring-​labor​atory/​resou​
rces/​softw​are; Holmes 1983).

We found a high degree of coherence among the tree-ring 
measurement series from TP1-3 with the average correla-
tion to the pooled master series as 0.68, with locally absent 

Fig. 1   a The Ary-Mas study area and its location within Central Siberian Arctic. Stars (1) are test plots (TP1–TP3) established in 2020. Dots (2) 
are TP established in 1970 and 1990. b Ary-Mas site (I) and supplementary sites Kotuykan (II) and Kotuy (III) (Kharuk et al. 2013, 2019)

http://taimyrsky.ru/letopis/letopis.htm
http://taimyrsky.ru/letopis/letopis.htm
https://www.ldeo.columbia.edu/tree-ring-laboratory/resources/software
https://www.ldeo.columbia.edu/tree-ring-laboratory/resources/software
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rings at 1.14%. Consequently, the pooled measurement 
series from TP 1–3 were the basis of the dendroclimatic 
analysis. Since larch age difference between DBH and root 
levels is about 60 years (Norina 1978), we estimated tree age 
from ring counts plus the addition of that an age correction 
factor. The Ary-Mas larch chronology was developed using 
ARSTAN software (Cook and Holmes 1986; https://​www.​
ldeo.​colum​bia.​edu/​tree-​ring-​labor​atory/​resou​rces/​softw​are). 
To reduce the effect of long-term trends unrelated to the 
eco-climate factors to be tested, each ring width series was 
fitted with a negative exponential or negative linear trend 
line. Then, the residual Ary-Mas chronology (RES chro-
nology in ARSTAN) was constructed using autoregressive 
modeling to remove all first-order and greater autocorrela-
tion to emphasize the high-frequency variability in radial 
growth associated with year-to-year changes in climate. For 
statistical analysis, the residual chronology was normalized 
by conversion to Z-scores with a mean of zero and standard 
deviation of 1.0 to create the larch growth index (GI). We 
tested the intraseasonal relationship of GI to climate vari-
ables with a moving 20-day-average window with a 5-day 
incremental step (Fakhrutdinova et al. 2017).

Eco‑climate variables

The larch GI was analyzed against the main eco-climate 
variables: air temperature, precipitation, SPEI drought index 
(standardized precipitation-evapotranspiration index), wind 
speed, growth period length, and EWTA (equivalent water 
thickness anomalies). The latter represents total terrestrial 
water storage anomalies and it is characteristic of the mois-
ture regime. The length of the seasonal growth period was 
defined as the number of days with T > 0 °C.

Air temperature, precipitation, and wind speed daily 
data were obtained from the nearby Khatanga station of 
the World Meteorological Organization (station 20,891, 
approximately 55 km distant from TP; 72°59′N/102°28′E). 
Data were obtained from the AISORI web-service (http://​
aisori-​m.​meteo.​ru/​waiso​ri/).

The standardized precipitation-evapotranspiration index 
(SPEI) is the difference between precipitation and poten-
tial evapotranspiration and is inversely related to the degree 
of drought (Vicente-Serrano et al. 2010). TP1-3 were all 
located within the same 0.5° × 0.5° SPEI pixel (correspond-
ing to an area of 17 × 55 km) and data were obtained from 
the Global Drought Monitor (http://​sac.​csic.​es/​spei). Soil 
moisture variation was obtained as equivalent water thick-
ness anomalies (EWTA) as provided by NASA-JPL in 
GRACE data package L3 RL06 (vers. 4) for 2002–2019 
from NASA-JPL (https://​podaa​copen​dap.​jpl.​nasa.​gov/​opend​
ap/​hyrax/​allDa​ta/​tellus/​L3). TP1–3 were all located within 
one GRACE pixel (34 × 111 km at the study site latitude).

We calculated mean annual summer GPP (Running and 
Zhao 2015)  and mean annual NPP  (Running and Zhao 
2019) values (in C, kg/ha) for the Ary-Mas site (period 
2000–2020). We used 3 × 3-pixel area (i.e., 0.45 ha) for 
each of TP1–TP3; the central pixel coincided with the given 
TP. In addition, we calculated GPP and NPP temporal lin-
ear trends within the entire central Siberian Arctic for the 
2000–2020 period (Figs. 1b, 9). Trends were calculated 
based on the Theil-Sen estimator, a non-parametric method 
that fits a regression line through the median of the slopes 
determined by all pairs of sample points (Sen 1968; Conover 
1999). This estimator is less sensitive to outliers and it is 
more accurate than simple linear regression (Fernandes and 
Leblanc 2005). We obtained the Theil-Sen estimator in the 
Python programming language from library pymannkendall 
1.4.2 (https://​pypi.​org/​proje​ct/​pyman​nkend​all). We applied 
the estimator in ESRI ArcGIS software to analyze the spatial 
distribution of multiband raster datasets of GPP and NPP for 
the 2000–2020.

Statistical analysis

Four sets of statistical analysis were applied to the GI and 
environmental variables. Pearson correlation analysis identi-
fied significant relationships between the GI and individual 
climate variables. Forward-stepwise regression identified 
subsets of climate variables associated with variation in GI. 
Statistically significant regressions (p < 0.05) included 1–3 
independent variables selected on the basis of having the 
lowest Akaike information criterion (AIC) (Akaike 1974). 
We also applied hierarchical multiple regression analysis in 
which an additional independent variable was added into 
the regression equation at each step (“block”) of the analy-
sis (Tabachnick and Fidell 2013). The hierarchical multiple 
regression analysis identified the contribution of each vari-
able to variation in GI. Piecewise regression analysis was 
used to detect break points in time-series of larch GI, GPP, 
and NPP (Ryan and Porth 2007). We used StatSoft Statis-
tica (http://​stats​oft.​ru) and IBM SPSS Statistics Base V27 
(https://​www.​ibm.​com/​analy​tics/​spss-​stati​stics-​softw​are) 
software for statistical analysis.

Results

Dynamics of eco‑climatic factors

For Ary-Mas, winter temperature minima have increased 
since 1980 (Fig. 2a). No significant trends in precipita-
tion were found (Fig. 2b), whereas the drought index SPEI 
became increasing negative since the end of the 1980s, indi-
cating increased drought (Fig. 2c). Water storage anoma-
lies (EWTA) became increasingly negative throughout 

https://www.ldeo.columbia.edu/tree-ring-laboratory/resources/software
https://www.ldeo.columbia.edu/tree-ring-laboratory/resources/software
http://aisori-m.meteo.ru/waisori/
http://aisori-m.meteo.ru/waisori/
http://sac.csic.es/spei
https://podaacopendap.jpl.nasa.gov/opendap/hyrax/allData/tellus/L3
https://podaacopendap.jpl.nasa.gov/opendap/hyrax/allData/tellus/L3
https://pypi.org/project/pymannkendall
http://statsoft.ru
https://www.ibm.com/analytics/spss-statistics-software
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the period of available data (since 2001), which indicated 
decreased water storage including soil moisture content 
(Fig. 2d). Wind speed anomalies (both summer and winter) 
decreased from 1970 until about 2005 (Fig. 2e). The winter 
warming was accompanied by an increase in the length of 
the growing season, with an earlier onset of 8 days in spring 
and with delayed termination by 5 days in fall (Fig. 3).

Tree and test plot characteristics

Larix gmelinii was the only tree species in the three test 
plots, occurring on wet gley soils. Tree characteristics varied 
among TP1–3 including mean tree height (4.5–6.1 m), DBH 
(13–16 cm), and age (140–300 years at DBH height) with 

the regeneration density ranging from 3000–10,000 stems 
ha−1 (Table 1). Regeneration appeared generally healthy 
(mortality  < 5%). Notably, seedling establishment mostly 
occurred within bare soil (e.g., within cryoturbation micro-
sites; Fig. S1).

The shrub and herbaceous vegetation was rather simi-
lar for TP1–3. The shrub layer was composed of willow 
and birch (Salix glauca L., S. pulchra Cham., Betula exi-
lis Sukaczev). The low shrubs and herbaceous ground 
cover layer contained Ledum palustre L., Vaccinium vitis-
idaea L., Carex arctisibirica (Jurtzev) Czerep., Cassiope 
tetragona (L.) D. Don, Eriophorum vaginatum L., and Equi-
setum arvense L. The nearly continuous moss and lichen 
cover was comprised of Dicranum acutifolium (Lindb. & 

Fig. 2   Dynamics of anomalies 
of air temperature (a), precipita-
tion (b), drought index SPEI 
(c), water storage (as EWTA) 
(d), and wind speed (e) within 
the Ary-Mas site. Trends are 
significant at p < 0.05

-4

-3

-2

-1

0

1

2

3

19
50

19
60

19
70

19
80

19
90

20
00

20
10

20
20

S
P

E
I [

re
la

tiv
e 

un
its

]

Year

Summer (JJA)

rs2=0.26

rs2=0.31

(c)

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

20
00

20
05

20
10

20
15

20
20

]
mc[

AT
W

E

Year

Summer (JJA)

Winter (DJF)

rw2=0.34

rs2=0.51

(d)

-100

-50

0

50

100

150

19
50

19
60

19
70

19
80

19
90

20
00

20
10

20
20

A
no

m
al

ie
s 

of
  p

re
ci

pi
ta

tio
n 

[m
m

]

Year

Summer(JJA)
Winter(DJF)

(b)

-12
-10

-8
-6
-4
-2
0
2
4
6
8

19
50

19
60

19
70

19
80

19
90

20
00

20
10

20
20

[
,serutarep

metfo
seila

mon
A

°C
]

Year

Summer(JJA)
Winter(DJF)

rw2=0.35

(a)

-2

-1.5

-1

-0.5

0

0.5

1

1.5

19
70

19
80

19
90

20
00

20
10

20
20

A
no

m
al

ie
s 

of
w

in
d 

sp
ee

d 
[m

/s
]

Year

Summer(JJA)
Winter(DJF)

rs2=0.30

rw2=0.18

(e)



	 Regional Environmental Change           (2023) 23:17 

1 3

   17   Page 6 of 12

Arnell) C.E.O.Jensen., Aulacomnium turgidum (Wahlenb.) 
Schwägr., Ptilidium ciliare (L.) Hampe, Hylocomium splen-
dens (Hedw.) Bruch et al., Tomentypnum nitens (Hedw.) 
Loeske, and a number of species of the lichen genus Clado-
nia P. Browne.

Larch growth index chronology

Larch GI fluctuated periodically during the last three cen-
turies with minimal values observed at the beginning of the 
nineteenth century (Fig. 4). Larch GI tended to increase after 
the end of the “Little Ice Age” (ca. 1850), reaching maximal 

values in the 1930s and 1940s. The warming onset in the 
1970s led to a minor GI increase in the 1980s followed by a 
GI decrease until the beginning of the twenty-first century. 
A stronger GI increase occurred since 2008 through 2020 
after the end of the “warming hiatus.” The recent increases 
in GI values are still lower than during the 1930s and 1940s 
(Fig. 4).

Temporal dynamics of growth index and climate

For larch at Ary-Mas, the climate response of the GI 
occurred in three phases: before, after, and during the 

Fig. 3   Dynamics of mean daily 
air temperature (May–Septem-
ber) during the 1970–1997 and 
2005–2019 periods. Bars show 
the difference (ΔT) in tempera-
tures between these periods. 
The period with T > 0 °C 
increased by 8 days in spring 
and by 5 days in autumn. Black 
and gray dots mark differences 
at p < 0.05 and p < 0.1 signifi-
cance levels, correspondingly

Table 1   Inventory data for Ary-Mas test plots

*Confidence intervals indicate the standard error of the mean

TP Coordinates Elevation,
m a.s.l

Slope, 
degree

Mean DBH, 
cm*

Mean 
height, m

Mean age, y # Stems 
ha−1

Regeneration, 
stems ha−1

Crown 
closure

1 72°27′19″N 101°57′00″E 25 2.5 16 ± 1 6.1 ± 0.4 307 ± 15 370 3000–5000 0.3
2 72°27′00″N 101°55′50″E 35 1.5 13 ± 2 5.0 ± 0.2 200 ± 16 60 4000–6000 0.1
3 72°26′23″N/101°56′06″E 60 3.0 13 ± 2 4.5 ± 0.7 143 ± 3 230 8000–10,000 0.1

Fig. 4   Larch growth index (GI) 
for Ary-Mas has increased since 
the end of the Little Ice Age 
(c. 1850) and during warm-
ing in the 1930s–1940s on the 
test plots TP1–TP3. Warming 
since the 1970s led to a minor 
GI increase before reduced GI 
during the “warming hiatus” 
(c. 1998–2004). The number 
of trees represented in the 
chronology is indicated on the 
right axis
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warming hiatus of c. 1998–2004. The first phase approxi-
mated the time interval from warming onset in the 1970s 
to minimal GI values in 1997 (Fig. 4). GI correlated with 
air temperatures at the beginning of the growth period 
(end of June–mid of July; Fig. 6). GI was not correlated 
with summer precipitation, whereas a negative correla-
tion was observed with cold period (September–May) 
precipitation (r2 = 0.34; Fig. 5c). The latter referred to the 
delay of the snow cover melt. Negative correlations were 
observed between GI and drought index SPEI (June) values 
(r2 = 0.42; Fig. 5a). Significant negative correlations were 
observed with the winter wind’s impact (r2 = 0.50; Fig. 5b). 
The second phase coincided with the previously described 
“warming hiatus” period (c. 1998–2004) for which there 
were no significant correlations to any of the eco-climatic 
factors.

The third phase of the larch GI dynamics (since 2005) 
coincided with post-hiatus warming. We observed a signifi-
cant shift between temperatures in the third (2005–2019) 
and first (1970–1997) phases (Fig. 6). During this phase, GI 

also correlated with June–July temperatures, although cor-
relations were shifted to earlier dates (Fig. 6). A weaker (but 
significant) correlation appeared with autumn (06–12 Sep-
tember) air temperatures (Fig. 6). Larch GI was negatively 
correlated to EWTA (water storage anomalies) (Fig. 2d; 5d) 
which should be attributed to the adverse effect of “wet cold 
soils” on the trees’ root function. Meanwhile, wind impact 
becomes insignificant; the latter is related to a decrease in 
wind speed (Fig. 2e).

Larch growth index response to climate variables: 
generalized linear models

Time interval 1970–1997 years

Correlation analysis identified eco-climatic variables with a 
significant relation to larch GI including air temperature at 
the beginning of the growth period, wintertime wind speed, 
and drought index SPEI. The dependence of larch GI on 
these variables is described by the following equation:

Fig. 5   Correlation of larch 
GI with climate variables. 
a June drought index SPEI 
(period 1970–1997; N (number 
of points) = 27), b previous 
December–February wind 
speed (period 1970–1997; 
N = 26), c precipitation (period 
1970–2019; N = 47), d August 
EWTA (water storage anoma-
lies). Period 2005–2019; N = 14. 
The symbol * denotes a month 
of the previous year. Trends are 
significant at p < 0.05
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where T is the air temperature (time period 25.06–19.07), SPEI 
is the June SPEI value, and V is the wintertime wind speed 
(02.12–04.02). Regression coefficients are significant at p < 0.01.

This model explained approximately 85% of the vari-
ation in GI (Fig. 7a; R2 = 0.85; p < 0.01). Variable inputs 
into the intercepted dispersion were as follows: T = 66%, 
SPEI = 5%, and V = 11%. Thus, larch GI increased with 
increased June–July air temperature and decreased with 
increased winter wind speed and increased SPEI, the latter 
indicating decreased moisture stress.

Time interval 2005–2019

During this time interval, air temperatures at the beginning 
and end of the growth period and soil moisture anomalies 
were significant. Thus, larch GI dependence on the climate 
variables is described by the following equation:

where T1 and T2 are air temperatures at the beginning (June 
10–July 04) and end (September 06–12) of the annual 
growth period; W is the August EWTA water anomaly. 
Regression coefficients are significant at p < 0.01.

This model intercepted approximately 97% of the GI 
variability (R2 = 0.97, p < 0.01; Fig. 7b). The contribu-
tions of the individual eco-climate variables to the model 
trend are: T1 = 58.1%, T2 = 14.5%, W = 24.8%.

GPP and NPP trends at the Ary‑Mas site 
and in the central Siberian Arctic

Within the Ary-Mas, larch GI strongly correlated with 
vegetation cover gross (GPP) and net (NPP) primary 

(1)GI = 0.49T − 0.33SPEI − 0.24V + 0.09,

(2)GI = 0.462T1 + 0.387T2 − 0.552W − 0.016,

productivity (Fig. 8a, b). GPP and NPP decreasing trends 
were observed until the break point in 2008 with a subse-
quent increase (Fig. 8c). Similar increasing GPP trends 
were found earlier within the Kotuy site (Fig. 9; Kharuk 
et al. 2019).

GPP and NPP increases were observed not only 
within the Ary-Mas site but also throughout the cen-
tral Siberian Arctic. GPP- and NPP-positive trends were 
observed in 14% and 22% of the territory, respectively. 
Negative trends covered less than 1% of the territory 
(Fig. 9).

Discussion

The northernmost Ary-Mas “forest island” provided a 
unique opportunity to investigate eco-climatic limits to 
tree growth. Recent increases in the radial growth of L. 
gmelinii were part of the overall increase in productivity 
we described for GPP and NPP, both for Ary-Mas and the 
overall central Siberian Arctic region. From tree recruit-
ment patterns, we see that larch has been long-established 
in the “larch refugium” of TP1, a closed-canopy refugium 
stand in a strip of land along the Novaya River and pro-
tected from extreme wind exposure. We interpret the later 
recruitment dates in TP2 and TP3 as evidence that larch has 
migrated upslope from the refugium to form sparse stands 
that continue to increase in tree density (Fig. S2). Regenera-
tion within the larch refugium was poor, while recruitment 
within sparse stands (3000–10,000 trees/ha) was good (e.g., 
Figs. S2, S3). Due to the thick moss-lichen groundcover that 
resists seedling root penetration, larch regeneration requires 
exposed mineral soil (as from cryoturbation) (Kharuk et al. 
2021a; Figs. S1, S3). Seedling mostly established within 
wind-sheltered relief features (e.g., micro-depressions, 
behind the boulders or dead trees; Figs. S2, S4). A simi-
lar establishment pattern was described for shrub species 

Fig. 6   Running correlations 
between growth index and 
the air temperature (window 
20 days, lag 5 days). GI was 
significantly correlated with 
the temperature at the begin-
ning and end of the growth 
period. In comparison with 
1970–1997, correlations during 
the 2005–2019 period shifted to 
early dates in spring and to later 
dates in fall -0.4
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in North American tundra (Tape et al. 2006; Myers-Smith 
et al. 2019). Alongside with the harsh environment, seed 
availability and quality also strongly limited the advance 
of trees into tundra (Kharuk et al. 2013; Wieczorek et al. 

2017). Regeneration was mostly observed in the vicinity 
of “mother trees,” outside of which seedling density was 
low (Fig. S4). Larch also establishes new stems by layering 
(Fig. S5).

Fig. 7   Experimental and mod-
eled growth index chronologies 
a for the 1970–1997 period and 
b for the 2005–2019 period

Fig. 8   a, b Correlation of larch growth index (GI) to GPP and NPP, respectively. c Break point regressions of GPP and NPP. GPP and NPP were 
averaged throughout test points TP1–TP3 (Fig. 1). Regressions are significant at p < 0.05
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The response of larch GI to warming temperatures occurred 
in three phases. During the first phase from the 1970s to the 
mid-1990s, GI increased in response to warming early in the 
growing season and decreased in response to increased winter 
wind speed (Eq. (1)). The second phase from 1995 to 2005 
coincided with the previously described “warming hiatus” in 
which GI did not vary in relation to air temperature. In both 
phases, an adverse winter wind’s influence on larch growth was 
observed which was attributed to the wind-cased twig desic-
cation and snow abrasion, as previously described for birch at 
the northern treeline in the Swedish Scandes (Kullman 2005). 
During the third phase from 2005–2020, GI was related to 
air temperature both during June and during the late grow-
ing season (Eq. (2)). Temporal changes in the sensitivity of 
tree growth to climate has been noted in recent decades and 
attributed to various factors (e.g., Briffa et al. 1998; Smith et al. 
1999; Lebourgeois et al. 2012). Meanwhile, since the 1970s, 
the wind speed has gradually decreased which led to decreased 
desiccation and snow abrasion effects on tree growth (Fig. 5b).

In contrast to the favorable effects of increased air tem-
peratures, larch growth was negatively correlated to soil 
water content (Fig. 5d). In the permafrost zone, such so-
called wet cold soils are widespread in lowlands. Low soil 
temperatures slow down root activity with consequent tree 
growth decreases. The other negative factor is a limited 
root oxygen supply within poorly drained soils. Note that 
GI also negatively correlated with “solid precipitation” 
(Fig. 5c), explained by the delay in snowmelt. Meanwhile, 
the observed decrease in soil water supported greater 
larch growth (Fig. 2d). In contrast, growth limitation by 
water availability has been described in permafrost zones 
(e.g., in larch habitat on mountain slopes) (Kharuk et al. 
2015, 2019; Zhang et al. 2016). Larch may experience 
a moisture deficit at the beginning of the growth period 
when elevated air temperatures are sufficient for pho-
tosynthesis, while soils are still mostly frozen (Kharuk 
et al. 2019). In extreme cases, larches may flash needles 
prior to snowmelt. In summary, larch growth in Ary-Mas 

Fig. 9   Mean GPP (left) and NPP (right) trends in the central Siberian 
Arctic for the 2000–2020 period. Significantly increasing trends in 
GPP and NPP (p < 0.05) occurred for 14% and 22% of the territory, 
respectively. Negative trends in productivity were found for less than 

1% of the territory The circled locations indicate the Ary-Mas loca-
tion (I) and the supplementary former study sites at Kotuykan (II) and 
Kotuy (III) (Kharuk et al. 2013, 2019)
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was fairly well explained by the air temperatures during 
the growth period and soil water anomalies (R2 = 0.95; 
Fig. 7b). The uncertainties may be related to the CO2 
fertilization effect. However, that effect is low in cold 
habitats (Zhu et al. 2016).

Finally, the increase in larch growth for the Ary-Mas 
“forest island” coincided with increased GPP and NPP, 
indicative of increased carbon (C) fixation in the warm-
ing Arctic climate. Similar correlations were previously 
reported for other larch sites within the permafrost zone 
(the Kotuy site, Fig. 1, and the Embenchimo site; Kharuk 
et al. 2015, 2019). Meanwhile, the trend for increased GPP 
and NPP were observed not only within these sites but 
also for most of the Central Siberian Arctic (Fig. 9). Those 
trends indicated increased C fixation by Arctic vegetation. 
Within the land area dominated by larch, larch is likely the 
one of the principal contributors to the observed increase 
in productivity. Even within Arctic forest-tundra where 
larch is a minor component, increased tree growth coin-
cides with the “greening tundra” phenomenon (e.g., Bhatt 
et al. 2017). Similar observations have been reported for 
northern Canadian forests, where net ecosystem biomass 
production and black spruce growth have increased (Hem-
ber et al. 2017, 2019). In the broader view, the larch growth 
increase combined with positive trends of GPP and NPP 
suggests that the northernmost permafrost zone continues 
to be a carbon sink.

Conclusions

We found a complex, time-dependent relationship between 
larch GI and eco-climatic factors for the Ary-Mas forest. 
Atmospheric warming during the 1970s had only a minor 
effect on GI, while a strong increase in GI was associated 
with warming in the 2000s through 2019. Winter wind 
speed adversely affected larch growth from 1970 into the 
late 1990s followed by no significant effect during the 
2005–2019 period. Larch growth was negatively impacted 
by cold, wet soils. Larch growth increased with decreased 
soil moisture in the naturally wet forest island at Ary-Mas. 
The temporal shifts in the response of growth to climate 
may be due to threshold effects of the eco-climatic factors. 
We expect that continued warming will support further 
spread of larch into the formerly treeless tundra. Our find-
ings suggests that the northernmost permafrost larch forest 
remains an aboveground carbon sink.
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Supplementary 

 

Fig. S1. Larch seedling established mostly within patches of bare soil at Ary-Mas (Site I  

in Fig. 1).  



 

 

Fig. S2. In the windy habitat, larch seedling establishment relied on wind shelters within 

microtopographic features (e.g., dead trees from the former epoch, boulders, local depressions) at  

Kotuy (Site II on the Fig. 1).   



 

 

Fig. S3. Within the refugium, regeneration density is low due to the thick “moss pillow”.   



 



Fig. S4. Majority of regeneration occurred in the vicinity of a “mother larch” having survived the 

Little Ace Age (Site II on the Fig. 1).     

 



 

Fig. S5. Larch clusters which originated due to vegetative layering (Site II on the Fig. 1).  
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