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Abstract. The taiga ecosystem in northeastern Siberia, a
nitrogen-limited ecosystem on permafrost with a dry climate,
changed during the extreme wet event in 2007. We inves-
tigated the normalized difference vegetation index (NDVI)
as a satellite-derived proxy for needle production and com-
pared it with ecosystem parameters such as soil moisture wa-
ter equivalent (SWE), larch foliar C/N ratio, 813C and 81N,
and ring width index (RWI) at the Spasskaya Pad Experimen-
tal Forest Station in Russia for the period from 1999 to 2019.
Historical variations in NDVI showed a large difference be-
tween typical larch forest (unaffected) and the sites affected
by the extreme wet event in 2007 because of high tree mor-
tality at affected sites under extremely high SWE and water-
logging, resulting in a decrease in NDVI, although there was
no difference in the NDVI between typical larch forest and
affected sites before the wet event. Before 2007, the NDVI1in
a typical larch forest showed a positive correlation with SWE
and a negative correlation with foliar C/N. These results in-
dicate that not only the water availability (high SWE) in the
previous summer and current June but also the soil N avail-
ability likely increased needle production. NDVI was also
positively correlated with RWI, resulting from similar factors

controlling them. However, after the wet event, NDVI was
negatively correlated with SWE, while NDVI showed a neg-
ative correlation with foliar C/N. These results indicate that
after the wet event, high soil moisture availability decreased
needle production, which may have resulted from lower N
availability. Foliar 8N was positively correlated with NDVI
before 2007, but foliar !N decreased after the wet event.
This result suggests damage to roots and/or changes in soil
N dynamics due to extremely high soil moisture. As a dry
forest ecosystem, taiga in northeastern Siberia is affected not
only by temperature-induced drought but also by high soil
moisture (led by extreme wet events) and nitrogen dynamics.

1 Introduction

Boreal forests in northern regions of North America and
Eurasia, including islands, occupy a large area, approxi-
mately 27 % of the world’s forest cover (FAO, 2020). Un-
der conditions of increasing atmospheric CO, concentra-
tions (e.g., Friedlingstein et al., 2022), the role of taiga
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and other terrestrial ecosystems as carbon sinks becomes
more important. Among the taiga areas, Alaska, Canada, and
Siberia are distinguished by permafrost, which is one of the
main components of the global carbon cycle. Under warm-
ing conditions, northern ecosystems respond differently to
environmental changes depending on the different biomes
and regions, as mentioned below from remote-sensing satel-
lite observations. The normalized difference vegetation index
(NDVI), the most common remote-sensing vegetation data,
typically shows increasing trends (greening) in Arctic tun-
dra but decreasing trends (browning) in many boreal forests
(Bunn and Goetz, 2006; Verbyla, 2008; Berner and Goetz,
2022; Miles and Esau, 2016). Observed greening in tundra
and at the taiga—tundra boundary can be associated with the
expansion of trees and shrubs to the north (Frost and Epstein,
2014; Tape et al., 2006; Shevtsova et al., 2020) and increases
in aboveground plant biomass (Goetz et al., 2005; Berner et
al., 2013; Forbes et al., 2010). In turn, the browning of taiga
can be attributed to tree mortality and decreases in forest pro-
duction because of droughts (Welp et al., 2007; Bunn and
Goetz, 2006), forest fires (Goetz et al., 2005), and extreme
wet events (Famiglietti et al., 2021; Nogovitcyn et al., 2022).
Nevertheless, temporal changes in the NDVI of boreal forests
are spatially heterogeneous and vary depending on different
factors, such as the plant vegetation types (Myers-Smith et
al., 2020; Bunn and Goetz, 2006), stand density (Bunn et al.,
2007; Dearborn and Baltzer, 2021), and topography (Sato
and Kobayashi, 2018). One of the most important factors
controlling greenness is water availability (Ruiz-Perez and
Vico, 2020; Forkel et al., 2015). Overall, the warming condi-
tions of boreal forests have positive effects in wetter regions
but negative effects on forest productivity in dry regions (e.g.,
Ruiz-Perez and Vico, 2020).

Siberian taiga is mainly covered with deciduous conifers,
larches, which grow under severe conditions, such as those
found continental climates, i.e., cold winters, hot summers,
low precipitation (Archibold, 1995), and limited nitrogen
availability (Popova et al., 2013; Kajimoto et al., 1999). Per-
mafrost and seasonal ice are important sources of water for
larches during drought (Sugimoto et al., 2003, 2002). These
severe conditions make this ecosystem vulnerable to environ-
mental changes. In northeastern Siberia, the role of the taiga
ecosystem and its responses to climate change have been
studied at the Spasskaya Pad Forest Station near Yakutsk
over a long period. Over the past few decades, the ring width
index (RWI) has decreased in this region, as well as in other
continental dry regions, such as Alaska, Canada, and south-
ern Europe, because of high-temperature-induced droughts
(Tei et al., 2017). On the other hand, precipitation extremes,
which are predicted to be more intensive and frequent (Dou-
ville et al., 2021; Wang et al., 2021), can also negatively af-
fect the forest. In addition to droughts, extreme wet events
occur because of intensive precipitation, such as heavy rain-
fall and snowfall. In this forest area, changes in winter pre-
cipitation may shift the forest phenology and production of
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soil inorganic nitrogen, as demonstrated in snow manipula-
tion experiments (Shakhmatov et al., 2022).

In northeastern Siberia, boreal forests have been affected
by drought in the past because of the continental climate.
However, in 2007, soil moisture was the highest in the past
century (Tei et al., 2013) because of large amounts of rain-
fall and subsequent winter snowfall, which led to waterlog-
ging in topographic depressions of the forest. This extreme
wet event was fatal for many trees in the forest, especially
in the depressions (Iijima et al., 2014; Ohta et al., 2014).
These extremely moist conditions reduced CO;, uptake by
vegetation (gross primary production) and evapotranspira-
tion (Ohta et al., 2014). Evapotranspiration in this region is
mainly controlled by the leaf area index (LAI) (Matsumoto
et al., 2008), suggesting a decrease in LAI in 2007 because
of high tree mortality. However, after the extreme wet event,
eddy-covariance flux measurements showed no significant
trends in CO, exchange at the ecosystem scale (Kotani et al.,
2019). The affected sites are distinguished not only by high
tree mortality but also by a secondary succession of the un-
derstory and floor vegetation communities to water-resistant
species, which may have compensated for the reduced water
and CO; fluxes (Ohta et al., 2014).

Boreal forests in northeastern Siberia have been affected
by both drought and extreme wet events, as described above,
which involved complex changes in the forest environment.
Tei et al. (2019a) demonstrated that larch trees, which died
during the extreme wet event, were affected by a previous
drought. However, at the forest level, the NDVI was not re-
lated to gross primary production in 2004-2014 (Tei et al.,
2019b), and the NDVI of the larch forest damaged by wa-
terlogging showed insignificant trends in 2000-2019 and an
insignificant correlation with climate data (Nagano et al.,
2022). These phenomena were attributed to waterlogging-
induced changes in the understory and floor vegetation com-
position (Nagano et al., 2022; Tei et al., 2019b), but they also
seem to be related to changes in the conditions of the larch
forest.

The taiga ecosystem in eastern Siberia is one of the most
important biomes in the world and is vulnerable to climate
change. The purpose of this study was to understand how
the larch forest in this region changed, particularly after the
extreme wet event in 2007, and what factors impacted the
changes over the past 2 decades. Therefore, we investigated
historical variations in satellite-derived NDVI to evaluate
changes in the forest, as the leaves of deciduous trees reflect
the condition of trees in each year. To understand the factors
impacting forest changes, especially related to the extreme
wet event, NDVI data were compared with field-observed
parameters in a typical larch forest, such as the RWI, soil
moisture, needle §13C, 1N, C /N, air temperature, and pre-
cipitation from 1998 to 2019.
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2 Materials and methods
2.1 Study site

The study was conducted in the Spasskaya Pad Experimen-
tal Forest (62°15'18” N, 129°37'08" E, alt. 220 ma.s.L.), In-
stitute of Biological Problems of Cryolithozone, Siberian
Branch of the Russian Academy of Sciences (IBPC SB
RAS), near Yakutsk, Russia (Fig. 1a). This region of east-
ern Siberia is established on continuous permafrost and has a
continental climate (dry climate) with an extremely high an-
nual temperature range. During the observation period from
1991 to 2020 at Yakutsk, the average annual precipitation
was 233 mm, and the average monthly temperature ranged
from —37 to +20°C in cold January and warm July, re-
spectively. The dominant species is larch (Larix cajanderi),
i.e., deciduous conifer (Abaimov et al., 1998), mixed with
broadleaved birch (Betula pendula), and the understory in-
cludes small shrubs, such as evergreen cowberry (Vaccinium
vitis-idaea) and deciduous bearberry (Arctous alpina), and
grasses.

During the period from 2005 to 2007 (water years, from
October to September), there was a large amount of precip-
itation (307 & 29 mm) continuously, which caused a signif-
icant increase in soil moisture (Sugimoto, 2019) and even
waterlogging. Consequently, an extreme wet event occurred
in 2007, which damaged larch forests, resulting in high tree
mortality and a change in the composition of understory veg-
etation to moisture-tolerant grasses and shrubs in some areas,
especially in depressions (lijima et al., 2014; Iwasaki et al.,
2010; Ohta et al., 2014). In the summer of 2018, we set a
60 m x 510m transect, which included areas unaffected and
affected by the extreme wet event (Fig. 1a, b). The transect
was divided into 30 x 30 m plots (34 plots in total). Using
these plots, we observed spatial variation in NDVI (Nogov-
itcyn et al., 2022). In this study, we visually classified the
forest conditions based on photographs. Four forest types
were identified along the transect (Fig. 1c): typical mature
(TF; number of plots in the transect, n = 17), regenerating-1
(RF-1; n = 11), regenerating-2 (RF-2; n = 4), and damaged
(DF; n =2) forests. The first TF showed no visible damage
from the extreme wet event. The plots discerned as regener-
ating forests RF-1 had many dead mature larches and formed
forest gaps in the overstory where there were a large num-
ber of young larches (seedlings and saplings with a height of
up to 3m) and shrubs. Regenerating forests RF-2 contained
more dead mature larches and more young larches compared
to those in RF-1. Damaged forests (DF), where all mature
trees died, were predominantly covered by moisture-tolerant
grasses and had much smaller numbers of young larches than
in RF-1 and RF-2. The DF plots were located on a depression
in a trough-and-mound topography, and some patches of the
DF plots were flooded.
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2.2 NDVI

The raster normalized difference vegetation index (NDVI)
was computed based on the Landsat Collection 1 Level-2
image products (https://earthexplorer.usgs.gov/, last access:
7 June 2021) with a spatial resolution of 30 m using QGIS
software (v. 3.2.2-Bonn):

NDVI = (NIR — R)/(NIR + R),

where NIR and R are the near-infrared and red surface re-
flectance bands of the product, respectively. The image prod-
ucts georeferenced to the WGS-84 UTM 52N coordinate sys-
tem were selected according to the location of the study tran-
sect. The NDVI value was extracted for each transect plot
using the zonal statistics function. The transect plots, which
consist of only pixels attributed to quality pixels (clear ter-
rain, low-confidence cloud, and low-confidence cirrus) in the
quality assessment bit index band according to Landsat Sur-
face Reflectance product guides, were used in the analysis.

To investigate the historical variation in NDVI, we consid-
ered the seasonal maximum of the mean NDVI of the tran-
sect for the long time period from 1999 to 2019. The longest
time series of data available for the study area has been ob-
tained by the Landsat 7 satellite with the Enhanced Thematic
Mapper Plus (ETM+) image sensor since 1999. However,
its sparse temporal resolution (16 d) and scan-line-corrector
failure in 2003 forced the consideration of additional data
from other satellites, such as the Landsat 5 Thematic Mapper
(TM) (available until 2011) and Landsat 8 Operational Land
Imager (OLI) (available since 2013). Because the last two
have different sensors in contrast to Landsat 7, NDVI values
calculated from the TM and OLI images were converted to
ETM+ using the following linear equations:

NDVIETM+ =1.037 x NDVITM,
NDVIETM+ = 0.9589 x NDVIgy 1 4 0.0029,

developed by Ju and Masek (2016) and Roy et al. (2016),
respectively, for boreal forests. Local parametrization of sig-
nals from different sensors was not performed for our study
site because of the insufficient overlap in the acquired im-
ages. We identified that the selected and converted data were
close to the 1: 1 lines between Landsat 5 and 7 and between
Landsat 7 and 8. For each year, a paired sample ¢ test was
applied to determine the difference between the mean NDVI
of the transect on the observation days. In the case of statis-
tically insignificant differences among observation days, we
selected the day with the highest number of quality pixels.
To verify the historical variation in NDVI of the transect,
a larger area, 10 km x 10km (hereafter, the 10 km plot), in-
cluding the Spasskaya Pad Forest was used for comparison
with the transect (the center of the 10 km plot was located
at 62°17'4" N, 129°32'44" E; Fig. 1a). For each observation
day, the mean NDVI of the 10km plot was calculated us-
ing only quality pixels using ENVI 5.1 (L3Harris Technolo-
gies, USA). For each year, the seasonal maximum NDVI of
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Figure 1. (a) Location of the Spasskaya Pad Station (62°15'18” N, 129°37/08” E) and the study transect near Yakutsk in the topographic
map (modified from USGS/NASA Landsat 8 image) zoomed from a global map (source: ©OpenStreetMap contributors, ©Esri Japan).
(b) Detailed view of the study area in the Spasskaya Pad Forest (source: ©Google Earth, ©2022 Maxar Technologies) with the locations of
the station; the 60 m x 510 m transect; and points of soil moisture measurement and larch needle sampling for s13¢, 15N, and C/N marked.
(¢) Scheme of the transect with a total of 34 plots, which were divided into four forest types based on the level of forest damage (Nogovitcyn
et al., 2022): typical forests (TF), two types of regenerating forests (RF-1 and RF-2), and damaged forests (DF).

the 10 km plot was determined as the highest mean NDVI
among observation days on which the number of quality pix-
els were more than 50 % (total, 111 556 pixels). The seasonal
maximums of the transect and 10km plot showed the same
day for about three-quarters of the study period (15 years
among 21) and showed a different day in 6 years (Table S1
in the Supplement): 2006 (7 August and 29 July), 2007 (1
and 25 July), 2010 (1 and 15 July), 2011 (5 and 12 August),
2015 (23 and 31 July), and 2019 (1 and 9 July). The averaged
NDVI values of the 10 km plot, transect, and each forest type
(TF, RF-1, RF-2, and DF) in the transect are shown in Fig. 2a
and b.

The NDVI data of larch forest, which is deciduous, quickly
increase in early summer, when the NDVI is mostly stable
(e.g., Huete et al., 2002). This stable NDVI continues for
more than 1.5 months (typically from July to mid-August),
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although the time period depends on the weather and soil
moisture conditions. Seasonal maximum NDVI was identi-
fied during this period. Although the data acquisition days
were limited because of the low temporal resolution and
cloud coverage, more than 3 d of data were acquired by com-
bining three satellite images, and seasonal maximums were
determined, except for in 1999 and 2003. These 2 years
had only one data acquisition day, on 27 August 1999 and
21 July 2003, and both data points were recognized as the
seasonal maximum.

2.3 Ecosystem and climate parameters

Several ecosystem parameters have been observed since
1998 in typical forests. To monitor the physiological re-
sponse of larch to environmental changes, the C and N iso-
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topic compositions (8'3C and 8'°N, %o) and the ratio of C to
N content (C/N) of larch needles have been observed since
1999, except in 2012, at the site 200 m south of the transect
(Fig. 1b). The 8'13C and 8N are calculated by

81C (or 8°N) = (Rsample/ Rsta — 1) x 1000(%o),

where Rgample and Rgqg are isotope ratios (13C/ 2¢ or
ISN/14N) of the sample and standard, respectively, and stan-
dards are Vienna Peedee Belemnite for C and atmospheric
N, for N. The foliar §'3C reflects the physiological condi-
tion of photosynthesis and is widely applied to indicate plant
water use efficiency (Farquhar et al., 1989). The §'3C value
of plant tissue (e.g., leaf) is expressed using the following
equation:

813C =8B Cyum —a — (b—a)(Ci/C),

where §13Cy, is the C isotopic composition of atmospheric
CO3, a (4.4%0) and b (27 %o) are isotope fractionations of
the diffusion and photosynthetic reaction, and C; and C, are
intercellular and atmospheric CO;, concentrations. The fo-
liar $'3C becomes high when higher irradiance and lower
stomatal conductance are observed. At our study site, lower
and higher §'3C values of larch needles were typically due to
wet and drought conditions, respectively. The foliar "N is
a physiological indicator of the N source for a plant (Evans,
2001), which can vary depending on numerous physiological
and environmental factors. The foliar C/N represents the N
status of a plant (Liu et al., 2005).

Larch needles were collected from four to eight young
larch trees in August every year. We collected them from the
same trees (sample trees) every August, and these trees are
located nearby to each other. Four stems were obtained from
each tree, and the needles from each tree were mixed and
analyzed at Kyoto University (samples for 1999-2003) and
Hokkaido University (samples after 2004) using Conflo sys-
tems (EA 1108 and Delta S, and Flash EA 1112 and Delta V,
Thermo Fisher Scientific, at Kyoto and Hokkaido Universi-
ties, respectively). Analytical precisions (standard deviation)
of the C and N content measurements were better than 0.3 %
and 0.1 %, respectively, and those for the isotopic composi-
tions 8'3C and §'"°N were better than 0.2 %e. The details of
sampling, sample preparation and laboratory analyses of C
and N contents and their isotope compositions using the EA-
IRMS system are described in Fig. S1 in the Supplement. The
details of the average calculations are shown in Figs. S1 and
S2. In 2015, there were no data on the §'°N and N content.

For more than 100 years, until 2016, larch ring width index
(RWI) indicating wood growth dynamics was estimated by
detrending and standardizing the raw time series width data
obtained from the collected paired cores (Tei et al., 2019b;
Fan et al., 2021). The RWI data used for analysis are shown
in Table S2.

Soil moisture was measured using time-domain reflectom-
etry (TDR), and the soil moisture water equivalent (SWE;
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the amount of liquid water contained within the soil layer,
mm) in the 0—60 cm soil layer was obtained for 1998-2019
in June, July, and August using the method described by Sug-
imoto et al. (2003) (near the transect; Fig. 1b). There were
no data for June of 2002 and 2011 and August of 2003. The
details of the intra- and inter-annual variations in SWE are
shown in Fig. S3.

Among the climate variables, summer air temperature and
precipitation datasets recorded by the meteorological station
at Yakutsk (62.02°N, 129.72°E) were obtained from the
All-Russia Research Institute of Hydrometeorological Infor-
mation — World Data Centre (RIHMI-WDC) website (http:
//aisori-m.meteo.ru/waisori/index(0.xhtml, last access: 3 July
2022).

2.4 Statistical analysis

All statistical analyses were carried out using R statistics
v.4.1.3 (R Core Team). Relationships between datasets were
investigated using a simple linear regression model (func-
tion “Im”) and a Pearson correlation test (“cor.test”), the
most common statistical test based on the method of co-
variance. Trends of NDVI change in 1999-2019 were esti-
mated using the Mann—Kendall test (package “trend”, func-
tion “mk.test”). Differences in NDVI among four forest types
(TF, RF-1, RF-2, and DF) were determined using Kruskal—
Wallis test (“kruskal.test”) with pairwise Wilcoxon rank sum
test (“pairwise.wilcox.test”). The results of the statistical
tests are shown in the Supplement (Tables S3-S9). The mod-
els and tests described by levels of statistical significance
(p values) lower than 0.05 and 0.1 were considered to be
“significant” and “moderately significant”, respectively.

3 Results
3.1 Year-to-year variation in seasonal maximum NDVI

Figure 2a shows the historical variation in the seasonal maxi-
mum NDVI of the TF and the 10 km plot from 1999 to 2019.
Both NDVI time series varied similarly. The seasonal maxi-
mum of each year was observed from 25 June to 13 August,
except for 1999 (shown in Table S1). The maximum tran-
sect NDVI in 1999 was observed on 27 August (0.75 +0.02,
n = 34) because the Landsat data in 1999 were limited to the
latter half of August. The mean seasonal maximum NDVI for
the transect varied between 0.72 and 0.80. During the period
from 1999 to 2001, the NDVI of the transect was high from
0.754+0.02 (n = 34) to 0.80£0.02 (n =34) (Fig. 2a), but
in 2002 and 2003 the NDVI was much lower (0.73 +0.02,
n = 34) than that in 2001. From 2003 to 2006, NDVI again
increased from 0.73 £ 0.02 (n = 34) t0 0.76 £ 0.02 (n = 34).
During the wet event in 2007-2008, the NDVI decreased to
0.73 £ 0.04 (n = 34). After 2009, NDVI was higher than that
in 2008 (0.72 £0.03, n = 34), except in 2016 (0.72 £ 0.03,
n=31).

Biogeosciences, 20, 3185-3201, 2023


http://aisori-m.meteo.ru/waisori/index0.xhtml
http://aisori-m.meteo.ru/waisori/index0.xhtml

3190

A. Nogovitcyn et al.: Historical variation in the NDVI in Siberian taiga

(a) 0.90 @ transect & 10 km plot 0.90
__ 0.80- E%] i% -0.80
= ¢
5 1t Hi*%*“lilﬂﬂ%}%;%”HH-

0.70+ \ Tl T ~0.70
0.60 ~0.60
(b) « 0857 @ 1F @ rRr1 ARr2 v OF [085
Q JAVS
= 1 A
? Iy, T
g 0.75 }@ E }%;%v‘iﬂ L {T { E s § }%@ }% i% iTAi% Ulors
s . . T % " A%v Avigl% 2 v B
2 A Av
Z 065 Y ¥ 0.65

(c) §
°
=

s
g
I
2
'E:

(d) 4007 AAug rain May-Sept 200 (CD
5 | .snocht-Apr | 3
%z EE
g \f/ 200-] ~1oo§%
23 55
< 1 - T8
o =3
[ o

0 - ..—o >

19987
1999
2000
20017
20027

- - - - - - = = =

Figure 2. The temporal variations from 1999 to 2019 in (a) seasonal maximum NDVI averaged for the plots in the transect and the repre-
sentative 10 km forest plot calculated from available Landsat 5, 7, and 8 images. (b) NDVI of four forest types: typical mature forest (TF),
regenerating forests (RF-1 and FR-2), and damaged forest (DF). (¢) Mean air temperature in June, July, August, and the whole summer period
JJA (June—July—August). (d) The amount of precipitation during previous October—current April (snow) and current May—September (rain)

shown with blue bars and in August and the whole summer period JJA

(June—July—August) shown with triangles and circles, respectively.

Both the mean NDVI of the 10 km plot and the transect decreased from 1999 to 2019 (—0.0009 and —0.0010 yr— L respectively) but not with
statistically significant trends. Generally, the mean NDVI in the transect was higher than that in the 10 km plot, except for 2000 and 2014.

3.2 NDVI of each forest type

The NDVI time series for four forest types (typical forest
TF, regenerating forests RF-1 and RF-2, and damaged forest
DF) in the transect during 1999-2019 are shown in Fig. 2b.
As shown in Figs. 2b and 3a, before 2007, the NDVI of
TF during 1999-2001 (0.75£0.02 to 0.79£0.01, n = 17)
was higher than that in the subsequent period 2002-2006
(0.73£0.02 to 0.75+0.02, n = 17). In 2002, there was a
significant decrease in the TF NDVI, which remained low
between 2002 and 2004 (Figs. 2b and 3a). During 1999-
2006, the NDVI values of the four types were close to each
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other, but after the wet event NDVI values noticeably dif-
fered among the forest types (Fig. 2b). In 2007, the NDVI
of TF (0.76 0.02, n = 17) was the highest, and those of
the other three types decreased in the following order: RF-
1 (0.72+£0.03, n =11), RF-2 (0.68 £0.02, n = 4), and DF
(0.67+0.02, n = 2) (Fig. 2b). In 2008, the NDVI decreased
slightly and showed the same order of forest types as that
in 2007. After 2009, the difference among the forest types,
especially between TF and DF, remained, although it was
smaller than that in 2007.
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3.3 NDVI of the typical forest and ecosystem
parameters of the study site

To consider the historical variation in the NDVI of typical
forests in our study area, the TF NDVI and observed param-
eters were compared (Figs. 2 and 3). In Fig. 4, the linear rela-
tionships between NDVI and other parameters were investi-
gated for two different time periods, before (1999-2006) and
after (2008-2019), to compare them.

3.3.1 Climate parameters (temperature and
precipitation) at Yakutsk

Interannual variations in climatic parameters, such as air
temperature and precipitation, from 1999 to 2019 are dis-
played in Fig. 2c and d. The average air temperature in June—
August (summer temperature) was relatively high in 1998,
2001-2002, and 2008-2012 (Fig. 2c). The TF NDVI showed
no correlation with summer temperature. The amount of
annual water precipitation (from October to September)
for the period from 1991 to 2020 averaged approximately
233 + 47 mm. As shown in Fig. 2d, larger water year pre-
cipitation, i.e., precipitation higher than 280 mm (1 standard
deviation above the mean for 1991-2020), was observed in
2003 (287 mm), 2005-2007 (285, 340, and 296 mm), and
2013 (304 mm). The amount of water precipitation in 2001
(124 mm) was the lowest during the observation period. The
drought year (2001) showed a high TF NDVI value. Con-
secutive wet years in 2005-2007 showed slightly higher TF
NDVI values, but there was no correlation between the water
year precipitation and NDVIL.

3.3.2 RWI at the typical forest

The larch RWI showed a trend similar to that of the transect
TF NDVI during 1999-2007 (Fig. 3a and b). The RWI and
average TF NDVI showed high values in 2000-2001 (0.98-
1.08 and 0.78-0.79) followed by low values in 2002-2003
(0.36-0.61 and 0.73); the RWI in 2003 was the lowest for
the whole observation period. Subsequently, both parame-
ters increased by 2007 (1.25 and 0.76). After 2007, these two
parameters exhibited different behaviors. During the period
from 2010 to 2013, a 1-year time lag was observed in the
TF NDVI: there was an increase in RWI from 2009 to 2011,
a decrease in 2012, and 1 year later, from 2010 to 2012, the
TF NDVTI increased and then decreased in 2013. Statistically,
the temporal correlation between the TF NDVI and RWI was
positive at a significant level during 1999-2016 (r = 0.47,
p < 0.05; Table S7), with a stronger significant positive cor-
relation before 2007 (r = 0.76, p < 0.05; Fig. 4a, Table S5)
and an insignificant negative correlation after 2007 (Fig. 4a,
Table S6).
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3.3.3 Soil moisture water equivalent at the typical
forest

The time series of the SWE and TF NDVI showed different
correlations in the early and late halves of the observation pe-
riod (Fig. 3a and c¢). During 1999-2007, the averaged SWE
for June—August (hereafter, summer SWE) and the TF NDVI
mostly showed similar trends. High values of the TF NDVI
in 2000 and 2001 corresponded to high values of the SWE
in the current June (239 and 202 mm) and in the last sum-
mer (173 and 176 mm in 1999 and 2000). These high values
of TF NDVI and SWE were followed by low values during
the drought period in 2002-2003. Subsequently, as summer
SWE increased from 2004 (124 mm) to 2007 (218 mm), the
TF NDVI also increased. For the period from 2008 to 2019,
the correlation between the TF NDVI and summer SWE was
negative, with a 1-year time lag in the SWE (Fig. 3a and c).
A low summer SWE value was observed in 2011 (91 mm),
and a high TF NDVI value was observed in the subsequent
year (2012). After 2016, the TF NDVI showed an increasing
trend, whereas the SWE decreased from 2015 to 2019. Sta-
tistically, the TF NDVI showed positive correlations with the
SWE in the current June (r = 0.83, p < 0.05) and the previ-
ous summer (r = 0.79, p < 0.1), including the previous July
(r =0.82, p <0.05) and previous August (r =0.69, p <
0.1), during the period from 1999 to 2006 (Figs. 4b—d and
S4d; Table S5). However, after 2008, TF NDVI showed neg-
ative correlations with the SWE in the previous (r = —0.65,
p < 0.05) and current (r = —0.73, p < 0.01) summer, at a
stronger significance level (Figs. 4b—d and S4a—e; Table S6).
During and after 2007, there was no change in the TF NDVI;
slightly damaged RF-1 showed a decrease in NDVI to levels
similar to those observed during the 2002 drought (Fig. 2b).

3.3.4 Larch needle §'3C, §1°N, C/N at the typical forest

As shown in Fig. 3a and d, the foliar § 13C and TF NDVI
moved in opposite directions in the first half of the obser-
vation period (from 1999 to 2009) (Fig. 3a and d). For ex-
ample, in 2000 and 2001, the TF NDVI had large values,
while the foliar §'13C values were low (—29.5 4 0.5 %o and
—28.9 £ 0.9 %0). During the period from 2002 to 2007, TF
NDVI increased, and at the same time, foliar §13C values
decreased. Foliar §'3C values higher than —28.0 %o were ob-
served in 2002, 2003, 2011, and 2018, when low summer
SWE and TF NDVI were observed (Fig. 3a and d). The cor-
relation between foliar §'3C and TF NDVI was statistically
insignificant without a time lag (Fig. 3e, Tables S5-S7), but
there was a significant correlation between foliar §'3C and
TF NDVI with a 1-year time lag of foliar §'3C after the wet
event (Table S6). Foliar §'C was negatively correlated with
the previous August SWE during 1999-2007 (r = —0.79,
p < 0.05) and 1999-2019 (r = —0.62, p < 0.01 (Fig. 5) and
with the SWE in the current year June and July for the pe-
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Figure 3. The temporal variations in ecosystem parameters observed during 1998-2019 at the typical forest (TF): (a) NDVI; (b) larch ring
width index (RWI); (¢) soil moisture water equivalent (SWE) at the depth of 0—60 cm in June, July, and August; (d) average foliar si3 C;
(e) §!1°N; and () C /N ratio. Error bars represent standard deviations. There were no data for NDVI in 1998; RWI during 2017-2019; June
SWE in 2002; August SWE in 2003; foliar §'3C in 1998 and 2012; and foliar §'3N and C/N in 1998, 2012, and 2015.

riod from 1999 to 2007 and June to August for 2008 to 2019
(Table S8).

Similar to 8'3C, foliar C/N and TF NDVI moved in op-
posite directions (Fig. 3a and f). In 2000 and 2001, the fo-
liar C/N had low values (25.6 £ 1.1 and 28.8 3.4, respec-
tively), while the TF NDVI was high. There was also a dis-
tinct negative correlation between trends in C/N and TF
NDVI before and after 2007, excluding 2019 (Fig. 4f).

Foliar 819N values decreased after 2005 (Fig. 3e). A pos-
itive correlation was observed between foliar 8'°N and TF
NDVI before 2007 (Figs. 3a, f, and 4g).

Biogeosciences, 20, 3185-3201, 2023

4 Discussion
4.1 NDVI variation among forest conditions

Before 2007, there was a small difference in the NDVI
among the four forest types (Fig. 2b and Tables S3 and S4).
In some years before 2007, the NDVI values in RF and DF
were higher than those in TF. The difference in elevation be-
tween the south and north ends of the transect (approximately
5m according to Google Earth) may lead to differences in
soil moisture; therefore, the RF and DF plots showed higher
soil moisture contents and a lower possibility of drought
compared with TF before 2007. During 2007-2008, there
was a large difference in NDVI among the forest types, espe-
cially between the TF and DF (Fig. 2a). During this period,
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Figure 4. The relationships between the TF NDVI in transect and (a) larch RWI during 1999-2016, the monthly average of SWE (mm) in
(b) June and (c) the previous August, (d) averaged monthly SWE for June—August of the previous year, (e) foliar & 13C, (f) C/N, and (g) § 15N
during 1999-2019. The green circles, red square, and blue triangles show data points during 1999-2006, 2007, and 20082019, respectively.
Labels nearby the data points are observation years of the TF NDVI. Horizontal and vertical error bars represent standard deviations. Solid
green and blue lines show linear regressions for 1999-2006 (before the wet event) and 2008-2019 (after the wet event), respectively, and
dotted dark green and purple lines represent other periods. The p values and R? data describe the significance and coefficient of determination

of the regression models, respectively.

the SWE reached extremely high values (Fig. 3c), caused
by a large precipitation amount during 2005-2008 (Fig. 2d).
Consequently, the forest floor was partially waterlogged, re-
sulting in damage to the larch forest, especially in the DF
and RF plots. These data indicate that during the drought
years (before 2007), wet sites such as DF and RF showed
higher NDVI values than dry TF sites because of higher wa-
ter availability. However, after 2007, the TF, which was vi-
sually unaffected by the wet event, showed a higher NDVI
than the DF and RF. The presence of surface water in DF
and soil saturated with water in DF and RF could also reduce
the NDVI values. Water predominantly absorbs NIR radia-
tion and therefore has a low NIR reflectance, resulting in a
lower NDVI than that of vegetation (Holben, 1986).

https://doi.org/10.5194/bg-20-3185-2023

After 2009, as the soil became dry, the difference in NDVI
among the forest types decreased (Fig. 2b). This may have
been caused by the change in the vegetation in RF and DF,
i.e., the change from mature larch trees to understory and
floor vegetation, such as water-tolerant species and seedlings
of birch and larch trees via secondary succession. In 2016,
the difference in NDVI between TF and DF increased again
(Fig. 2b). This may have been caused by the high SWE ob-
served in 2015 (Fig. 3c), which lowered the NDVI in RF and
DF.

However, the difference in NDVI between TF and DF re-
mained at the end of the observation period. Previously, the
spatial variation in NDVI along the transect was investigated
a decade after the wet event in 2018 (Nogovitcyn et al.,
2022). Nogovitcyn et al. (2022) concluded that NDVI was

Biogeosciences, 20, 3185-3201, 2023
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higher in TF than in DF because of a difference in the stand
density of mature trees, as NDVI indicates a leaf area index
(LAI) that corresponds to the number of mature trees in this
forest.

As described in Sect. 2.2, we combined images from three
Landsat satellites with different sensors. Although combin-
ing data from different sensors can lead to uncertainty in the
signals (Shin et al., 2023), our result or historical variation
in the NDVI reflected the change in the forest condition ob-
served in situ.

4.2 Trends in NDVI of the transect and 10 km plot

The NDVI of the 10 km plot showed a trend similar to that of
the transect NDVI during the observation period (r = 0.78,
p < 0.001), as shown in Fig. 2a, and the mean NDVI value
of the 10km plot was lower than that of the transect in
most years. We found year-to-year variations in both NDVI
datasets, but no significant increasing or decreasing trends
were observed, which is consistent with the observations dur-
ing previous studies at this site (Nagano et al., 2022; Tei et
al., 2019b; Lloyd et al., 2011). Therefore, our observational
data can be used for the analyses of ecosystem changes not
only at the plot scale but also at the regional scale.

4.3 Historical variation in NDVI of typical forest

We studied historical variations in NDVI and field-observed
ecosystem and climatic parameters of a typical forest to un-
derstand forest conditions.

Biogeosciences, 20, 3185-3201, 2023
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4.3.1 Water availability

As described in the Sect. 3.3.3, SWE controls forest NDVI
because the observation site (northeastern taiga) is estab-
lished in a continental dry area. We found positive and nega-
tive correlations between the NDVI and SWE. Before 2007,
the TF NDVI was positively correlated with the June SWE in
the current year (Fig. 4b) and positively correlated with the
SWE in the previous year’s June, July, and August and the
previous year’s summer (JJA: June—July—August) (Figs. 4c,
d, S4c, and d, Table S5). This indicates the influence of hy-
drological conditions in the previous year and early summer
of the current year on the leaf productivity of larch trees in
the current year.

Larches, as deciduous trees, assimilate carbon through
photosynthesis (photoassimilate) during the summer to pre-
pare needles in the next year, and the elongation of needles
may be affected by hydrological conditions in the early sum-
mer. In the Spasskaya Pad Forest, pulse-labeling experiments
with 13CO, showed that stored carbon from the previous year
contributed approximately 50 % to formation of new needles
in Larix gmelinii saplings (Kagawa et al., 2006). The high
level of water availability in the summers of 1999 and 2000
likely contributed to increased carbon storage and, as a result,
the high formation of needles in 2000 and 2001. The signif-
icant NDVI decrease in 2002 was probably caused by a low
level of soil moisture (i.e., dry conditions). The high summer
air temperature (Fig. 2c) and the small amount of precipi-
tation (Fig. 2d) in 2001 and 2002 caused droughts in 2002
and 2003. Subsequently, the soil moisture increased due to
a large amount of water year precipitation (Fig. 2d), which
likely contributed to an increase in NDVI until 2007.

It is known that the NDVI depends on the previous year’s
precipitation in arid and semi-arid regions (e.g., Burry et al.,
2018; Camberlin et al., 2007). In addition, historical time se-
ries of climate indices, based on both precipitation and tem-
perature, were related to 1-year-lagged NDVI (e.g., Verbyla,
2015; Liu et al., 2017). In boreal interior Alaska, the summer
moisture index showed a correlation with maximum sum-
mer NDVI not only at a 1-year time lag in two 10km cli-
mate station buffers but also at a 2-year time lag in many
other ones (Verbyla, 2015). Possible reasons for the multi-
year NDVI lag could be the long-term negative vegetation
responses to drought events, such as a decrease in carbon al-
location by plants (e.g., Kannenberg et al., 2019) and plant
mortality (e.g., Anderegg et al., 2012). Negative effects of
drought events also occurred in our study.

As described above, the positive correlations between the
TF NDVI and soil moisture were observed during 1999-
2006; however, the correlations were shifted to negative val-
ues during 2008-2019 (Figs. 4b—d and S4a—e). After 2007,
the TF NDVI was negatively correlated with the SWE of all
months in the previous (with a 1-year time lag) and current
years (without a lag) (Table S6). This may indicate that af-
ter the extreme wet event, the soil moisture in the previous
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and current years seemed to negatively affect the current TF
NDVI. Therefore, a high level of soil moisture may affect
needle production (i.e., carbon assimilation, needle forma-
tion, and/or needle elongation).

Additionally, the 8'3C values of needles at our study site
often depend on water availability (Kagawa et al., 2003; Tei
et al., 2019a). As shown in Fig. 5, there was the signifi-
cant negative correlation between foliar §'°C and the pre-
vious August SWE in 1999-2007 (r = —0.79, p < 0.05).
Interestingly, a negative correlation was found between fo-
liar 8'3C and the previous August SWE (Fig. 5) both before
the wet event and for the whole observation period (1999—
2019). These results differed from the correlations between
the NDVI and SWE, which changed from positive to nega-
tive values. Before the wet event, under drought stress during
2001-2002, needle stomatal conductance was decreased, re-
sulting in decreased carbon assimilation. In the subsequent
years, 2002-2003, larches probably produced fewer needles
(lower NDVI) with higher §'3C from the previously photo-
synthesized C (Fig. 3a and d).

After the wet event, the foliar §!3C and SWE remained
negative, indicating high stomatal conductance (low foliar
813C). High stomatal conductance typically contributes to
the higher potential of a plant to assimilate CO,, store C,
and produce needles (high TF NDVI); however, after the wet
period, larch produced fewer needles (low TF NDVI).

Compared with the decrease in the TF NDVI for drought
events, the decrease for the extreme wet event was smaller
(Figs. 2b and 3a), although the extreme wet event caused a
significant decrease in the NDVI of RF-1 and RF-2. The de-
crease in the TF NDVI in wet years may be due to different
factors, such as nitrogen availability for larches, which can
control needle formation. This factor will be discussed in the
next chapter.

4.3.2 Nitrogen availability

Before 2007, the TF NDVI showed a significant negative cor-
relation with foliar C/N (Fig. 4f), indicating a positive cor-
relation with foliar N content. In this ecosystem, there have
been no previous studies on the temporal correlation between
NDVI and plant N content (or §'°N). Changes in leaf nitro-
gen, which is an important element of chlorophyll (green pig-
ment), were detected using NDVI (Gamon et al., 1995). Pre-
viously, the relationship between NDVI and leaf N content
was predominantly investigated in crops for agricultural pur-
poses but not in natural ecosystems. In coniferous forests, the
estimation of foliar nitrogen using remote-sensing methods
showed the highest uncertainty due to the complex structure
of needleleaf canopies (reviewed by Homolova et al., 2013).

As leaf N content is considered to be an indicator of ni-
trogen availability for a plant in some boreal regions, where
the ecosystem is usually poor in N (Matsushima et al.,
2012; Liang et al., 2014), we concluded that forest greenness
(NDVI) was strongly controlled by nitrogen uptake by larch
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trees. Therefore, soil moisture is suggested to play a crucial
role in maintaining forest nitrogen status. During 20002001,
soil water was available for plants and induced favorable con-
ditions for soil nitrogen uptake by trees. Under suitable soil
moisture conditions, the production of soil inorganic N may
increase. This may lead to a high production of larch needles
(high NDVI). During 2002-2003 — the drought years — dry
conditions caused less productivity of soil inorganic N and
less N uptake by trees. In the post-drought period of 2004—
2007, an increase in soil moisture gradually recovered the
forest conditions in terms of nitrogen uptake and needle pro-
duction.

After 2007, the foliar C/N still showed a negative correla-
tion with the TF NDVI during 2008-2018, but this correla-
tion was statistically weaker compared to that during 1999-
2006 (Fig. 4f). At the same time, the positive correlations be-
tween the TF NDVI and SWE changed to negative ones dur-
ing 2008-2019. According to these results, high soil mois-
ture could lead to low needle production under low nitrogen
availability. When extremely high soil moisture, resulting in
the saturation of soil with water, caused less production of
soil inorganic nitrogen, low TF NDVI and high C/N values
may be observed; thus, TF NDVI and SWE were negatively
correlated.

While N content reflects the plant’s nitrogen status, plant
8N is widely accepted as depending on the isotopic com-
position of nitrogen sources (e.g., Evans, 2001). Therefore,
the 815N of soil inorganic ammonium NHI, which is the
main nitrogen source in the Spasskaya Pad Forest (Popova et
al., 2013), presumably determined the foliar !N in larches.
As shown in Fig. 3e, foliar "N gradually decreased after
2005. These data suggest that larch trees used less soil inor-
ganic N, especially from the deeper soil layers, which usu-
ally have higher soil 815N (Amundson et al., 2003; Fujiyoshi
et al., 2017). This may be related to either a change in soil
N dynamics, a decrease in the vertical distribution of roots
(Takenaka et al., 2016), or damage to the lower roots due
to extremely high soil moisture. Under root oxygen stress
due to soil flooding, plant metabolism changes from aero-
bic respiration to anaerobic fermentation, characterized by
energy deficiency and ethanol production, both of which in-
duce decreased nutrient uptake and plant growth (reviewed
by Pezeshki and DeLaune, 2012). Reduced soil conditions
can also induce soil phytotoxin production, damaging the
root system (Pezeshki, 2001).

It should be noted that both the extreme wet event in 2007
and extreme drought in 2001 may have caused a change in
N availability. Many studies have shown that foliar §'°N in-
creases during drought (Penuelas et al., 2000; Handley et al.,
1999; Lopes and Araus, 2006; Ogaya and Penuelas, 2008).
However, in the present study, the drought in 2001 and 2002
decreased foliar §">N. We could not identify the exact rea-
son, but drought in 2001 and 2002 might have affected the N
availability for larch trees.
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4.3.3 NDVI and RWI of larch trees

Two parameters of aboveground biomass, the RWI and TF
NDVI, were positively correlated at a significant level (r =
0.76, p < 0.05; Fig. 4a) during 1999-2006. Similarly, in
other northern regions, temporal patterns of the NDVI and
dendrochronological data were similar for larch (Erasmi et
al., 2021; Berner et al., 2011, 2013), pine (Berner et al.,
2011), and spruce (Andreu-Hayles et al., 2011; Beck et al.,
2013; Berner et al., 2011; Lopatin et al., 2006). This means
that tree growth (RWI) and needle production (NDVI as an
indicator of LAI) showed synchronous responses to environ-
mental changes before 2007. However, there was no signifi-
cant correlation between the TF NDVI and RWI after 2007.
Thus, the extreme wet event in 2007 could have changed the
physiological response of larch trees to the environment in
terms of needle and wood production.

The correlation between NDVI and RWI at our obser-
vation site was previously reported by Tei et al. (2019b).
They used GIMMS-NDVI3g and found its positive correla-
tion with the RWI in the subsequent year during 2004-2014
at the study site. These two parameters, the NDVI and RWI,
reflect the carryover of carbon, which is fixed via needles
in the previous year and used in the current year, as experi-
mentally demonstrated by Kagawa et al. (2006). In previous
studies, dendrochronological data showed that tree growth
responded to climate with a time lag (e.g., Tei and Sugimoto,
2018). In our study, we did not observe a significant correla-
tion between the TF NDVI and RWI at the 1-year lag of RWI
(Fig. S4g).

4.4 Changes in larch forest NDVI due to drought and
the extreme wet event

As shown in Fig. 2b, the NDVI in TF showed a significant de-
crease in 2002. Such a decrease in NDVI has been repeated
in the past because the climate is continental (dry) in this
region. Compared to this decrease in NDVI due to drought,
the extreme wet event in 2007 showed only a slight decrease
in the NDVI in TF, although the NDVI in DF and RF-2 de-
creased considerably.

Tree mortality in the DF and RF during the extreme wet
event is controlled by soil properties and topographic fea-
tures, i.e., depressions (Iwasaki et al., 2010). However, the
effects of the event may include not only tree mortality but
also invisible damage to living trees. In this study, NDVI, a
potential indicator of needle production in a typical forest,
was negatively related to the summer SWE in the previous
and current years during 2008-2019 and with the current-
year needle C/N during 20082018 (Table S6). This may in-
dicate that needle production in the current and subsequent
years during the summer was disturbed by increased soil
moisture and decreased soil N uptake by trees. We suggest
that N uptake by larches might be reduced in wet soils due to
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damaged lower roots, decreased vertical distribution of roots
(Takenaka et al., 2016), or altered soil N production.

Changes in the process of needle production may affect
tree growth in the current and subsequent years in the for-
est (Kagawa et al., 2006; Tei et al., 2019b). However, we
found no evidence that tree radial growth was disturbed after
2007, and the RWI responded well to changes in the SWE
(Fig. 3b and c). Additionally, at the ecosystem scale, there
was no significant change in the CO; exchange measured by
the 32 m flux tower in this larch forest (Kotani et al., 2019).
However, the observed increase in understory biomass was
suggested to compensate for negative changes in fluxes at
the overstory level (Kotani et al., 2019) and in the NDVI of
the forest (Nagano et al., 2022). This means that the negative
effects of the extreme wet event on living larch trees were not
excluded in the previous studies. Our study showed that lim-
itation in N uptake at high soil moisture levels is one of the
factors that may potentially reduce tree growth in the future.

In our previous study (Nogovitcyn et al., 2022), spatial
variations in NDVI and foliar traits identified favorable con-
ditions in the sites affected by the extreme wet event (RF).
The larch forest in RF with lower NDVI (lower stand den-
sity) had higher light (higher 8'3C) and nitrogen (lower foliar
C/N) availability for one mature larch tree than that in unaf-
fected areas (TF) because of reduced competition for light
and soil nitrogen among trees. Such favorable conditions and
the presence of a large number of young larch trees may lead
to further RF succession after an extremely wet event. How-
ever, because weather extremes are expected to be more fre-
quent and intensive (Douville et al., 2021), the period be-
tween extremes may exceed the period of recovery after the
extremes. Therefore, in the future, forests may be damaged
rather than recovered.

We showed that NDVI values in affected areas were lower
than those in typical larch forests for more than 10 years af-
ter the extreme wet event. In other boreal regions, the NDVI
was higher in damaged forests because of the strong contri-
bution of understory to surface greenness (Bunn et al., 2007;
Dearborn and Baltzer, 2021), suggesting the need to com-
bine field and remote-sensing observations. Regarding the
prediction of tree growth in this dry region, there is a discrep-
ancy between the different vegetation models. The dynamic
global vegetation model (DGVM) simulated increased forest
production throughout the circumboreal region in the near-
est century, whereas the RWI-based model showed the oppo-
site result in the regions of Alaska, Canada, Europe, and our
study site (Tei et al., 2017). In these regions with a continen-
tally dry climate, tree growth suffers because of the effects
of temperature-induced drought stress and is predicted to de-
crease under warming conditions (Tei et al., 2017). In addi-
tion, extreme wet events are also likely to have a negative
impact on forest production because of changes in nitrogen
availability, as demonstrated in this study. Some models may
overestimate production because they do not include impor-
tant parameters such as soil moisture, soil N production, and
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N uptake by trees. To better understand changes in the for-
est, long-term observation of variations in soil N availability
depending on soil moisture and other factors is necessary.

5 Conclusions

In this study, historical variations in satellite-derived NDVI
(seasonal maximum) and field-observed parameters of larch
forests were investigated to understand the effects of an ex-
treme wet event on the larch forests of northeastern Siberia.
The NDVI values of the plots visually unaffected (typical
mature larch forest, TF) and affected by the event were simi-
lar before 2007, and the NDVI values at both plots were sim-
ilarly decreased by drought. However, both NDVI values dif-
fered after 2007 because of the high tree mortality in affected
plots caused by waterlogging and the presence of water in the
depression. Although the TF was visually unaffected by the
event, it also changed. Before the wet event, the positive re-
lationship between the TF NDVI and SWE in the previous
summer and the current June showed that needle production
increased with water availability, as previously observed in
this dry region. However, after the wet event, the relationship
between the TF NDVI and soil moisture in the previous and
current years unexpectedly shifted from positive to negative,
which may have been related to N availability.

N is considered an important factor controlling needle pro-
duction before and after the wet event, as the negative cor-
relations between TF NDVI and needle C/N ratio were ob-
served until 2018 (except for in 2007). In addition, the needle
8N continuously decreased after the wet event, suggesting
that the larch trees used a different N source when the lower
roots were damaged by anaerobic conditions. Before the wet
event, the high (but suitable) soil moisture level presumably
produced more soil inorganic N and consequently produced
more larch needles, whereas the extreme wetness after 2007
likely had a long-term negative effect on needle production
because of the lower soil N production. As shown in this
study, extreme wet events in continental dry regions may al-
ter the interaction between water availability and tree perfor-
mance (for example, NDVI) over a long period because of
shifts in N availability for trees.

Data availability. Yakutsk air temperature and precipitation data
are available from the RIHMI-WDC website (http://aisori-m.meteo.
ru/waisori/index0.xhtml, RIHMI-WDC, 2022). NDVI data were
calculated from Landsat 5, 7, and 8 images, which are avail-
able from the USGS website (https://earthexplorer.usgs.gov/, USGS
Earth Explorer data portal, 2021). The seasonal maximum NDVI
data and larch RWI data are described in the Supplement (Ta-
bles S1 and S2). All other data presented in this work have been
deposited in the Arctic Data Archive System (ADS): larch needle
C/N and carbon and nitrogen isotopes at Spasskaya Pad at https:
//doi.org/10.17592/001.2023021701 (Nogovitcyn et al., 2023a) and
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soil moisture data at Spasskaya Pad at https://doi.org/10.17592/001.
2023021702 (Sugimoto et al., 2003; Nogovitcyn et al., 2023b).

Supplement. The supplement related to this article is available on-
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