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Abstract 

Extreme wet events are predicted to be more frequent and intensive worldwide, especially 

in northern regions under Arctic amplification. The taiga ecosystem in northeastern Siberia, a 

nitrogen-limited ecosystem on permafrost with a dry climate, has changed under such event in 

2007. This study aims to investigate how larch forest conditions varied historically and spatially 

a decade after the extreme wet event in 2007. 

Observations were conducted at the Spasskaya Pad Forest station (62°25’ N, 129°62’ E) 

near Yakutsk, Russia. In the summer of 2018, a transect (60 m × 510 m) with 34 plots (30 m × 

30 m) was set. The plots were divided into four forest types visually using photographs. The 

first one is a typical larch forest (TF) with no visible effect from the extreme wet event. The 

other three types are forests affected by the event in order of damage level: regenerating forests 

RF-1 and RF-2 and damaged forest (DF), where all trees died. The conditions of these four 

forest types were determined by normalized difference vegetation index (NDVI), a proxy of 

above-ground production, which was calculated from satellite data (Landsat images with a 

spatial resolution of 30 m), and the field-observed data. To examine spatial variations in the 

forest conditions, NDVI in the four forest types were investigated during the summer of 2018 

and compared with carbon and nitrogen stable isotopes (δ13C and δ15N) and the ratio of carbon 

and nitrogen contents (C/N) of larch needles from mature trees. To study historical variations, 

the seasonal maximum NDVI in the transect was observed in 1999-2019 and compared with 

the ecosystem parameters at typical forest out of the transect, such as tree-ring width index 

(RWI), soil moisture water equivalent (SWE), δ13C, δ15N and C/N of larch needles. 

The spatial variations in NDVI in 2018 revealed a large difference in NDVI among the 

forest types in June: the TF plots showed the highest values, followed by the RF-1, RF-2, and 

the most damaged DF. During the summer, the highest and lowest NDVI values were found in 

the unaffected TF and affected DF, respectively, suggesting that larch tree stand density affected 

NDVI. In addition, the stand density may be a controlling factor in the spatial variations in the 

needle C/N and δ13C values based on their significant relationships with the NDVI in June. It 
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was concluded that the larch trees from the RF have higher levels of nitrogen and light 

availability (relatively low C/N and high δ13C) because of the slight competition for the 

resources, owing to a low-stand density.  

The historical variations in NDVI showed that there was generally no difference among 

the forest types before the extreme wet event in 2007, suggesting that all the forests within the 

transect were typical larch forests (TF). On the other hand, after the event, NDVI in the RF-2 

and DF decreased and the difference in NDVI increased because of high tree mortality under 

an extremely high SWE and the presence of surface water, lowering NDVI.  

Before the extreme wet event in 2007, the TF NDVI was positively correlated with the 

SWE in the previous summer and current June. In this dry region, this result suggested that 

larches used the previous-year soil water to make photosynthate (carbon assimilated by 

photosynthesis) for preparing needles in the current year and used the early-summer soil water 

for elongation of needles in the current year. On the other hand, after the wet event, the 

correlations between the TF NDVI and SWE in the previous summer and current June changed 

to negative. It was suggested that the wet environment in such a dry region may have reduced 

needle production after the event, resulting in a lower NDVI. The process of photosynthesis 

depended on soil moisture during the entire observation period, since there was a correlation 

between the needle δ13C and previous-August SWE in 1999-2019. The needle C/N was 

negatively correlated with the TF NDVI in 1999-2006, i.e., high soil moisture may lead to an 

increase in production of soil inorganic nitrogen and, as a result, an increase in larch needle 

production. But in 2008-2018, the correlation between the TF NDVI and C/N remained 

negative, while there was the negative effect of SWE on the TF NDVI after the event. The 

needle δ15N and TF NDVI showed a positive correlation before 2007 but no correlation after 

2007. Herewith, the δ15N was generally decreasing after the event, indicating larches may use 

less inorganic soil nitrogen from deeper layers, which usually have higher soil δ15N than a 

surface layer. Based on a positive correlation between the TF NDVI and RWI in 1999-2006, 

the tree growth and needle production showed synchronous responses to environmental changes 

before 2007, but the correlation was disturbed after 2007. 
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The above results showed that, in this dry region, the correlation between the TF NDVI 

and soil moisture changed from positive to negative before and after the wet event, and the 

production of larch needles may have decreased in the wet environment. An extremely high 

soil moisture may had caused an inactive soil inorganic N, anaerobic-stress-induced root 

damage and/or production of soil phytotoxins, which decreased nitrogen uptake by larches. In 

the future, more intense and frequent extreme wet events may change the larch forest by 

reducing not only the production of larch needles but also the wood production.  
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Chapter 1. General introduction 

1.1. Global climate change and extreme weather 

In recent years, the surface temperature has increased on a global scale, but the rate of 

temperature increase has not been spatially uniform (Serreze and Barry 2011). In the high 

latitudes of the northern hemisphere, the temperature rate is significantly higher than the global 

average, that makes the northern regions to be more vulnerable to global climate change 

(Stocker et al. 2013). Under warming, reductions in sea ice, glaciers, and snow, thawing of 

permafrost and consequent land subsidence have also been observed in such regions (Constable 

et al. 2022). It has been pointed out that such environmental changes have a significant impact 

on terrestrial ecosystems (Callaghan et al. 2010; McGuire et al. 2009), so warming in the future 

could significantly alter carbon and nitrogen cycles not only in Arctic but also at global scale. 

Beside warming, extreme precipitation events, such as heavy rainfall and drought, have 

been observed to become more frequent and intensive worldwide (Douville et al. 2021). These 

events have different impacts on hydrological and ecological processes in ecosystems with 

different soil water availabilities (Knapp et al. 2008). Although vegetation responses to drought 

have been widely studied (e.g. Anderegg et al. 2012; Barber et al. 2000; Kannenberg et al. 2019; 

Liu et al. 2017; Michaelian et al. 2011), effects of extreme wet events are comparatively less 

well known. In water-limited regions, dendrochronological data show increased tree growth 

after extreme wetness, which offsets the negative impact of drought conditions in previous years 

(Jiang et al. 2019). However, in some regions, extreme moist conditions cause a reduction in 

vegetation productivity (Heisler-White et al. 2009) and, in severe cases, plant dieback (e.g. 

Iwasaki et al. 2010; Rozas and Garcia-Gonzalez 2012). The northern regions stand out because 

extreme events are expected to be more pronounced under Arctic amplification. Therefore, the 

boreal forest on permafrost, one of the main components of the global carbon cycle, will face 

changes (e.g. Richardson et al. 2013). 
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1.2. Importance of taiga ecosystem 

Boreal forest in northern regions of N. America and Eurasia, including islands, occupies 

a large forest area, about 27 % (FAO 2020). Under conditions of increasing atmospheric CO2 

concentrations (e.g. Friedlingstein et al. 2022), a role of taiga and other terrestrial ecosystems 

as carbon sinks becomes more important. Among the taiga areas, Alaska, Canada and Siberia 

are distinguished by permafrost soil, which is one of the main components of global carbon 

cycle. Siberian taiga is covered with coniferous trees, mainly larches, which grow under severe 

conditions, such as continental climate, i.e. cold winters, hot summers and low precipitation 

(Archibold 1995), and limited nitrogen availability (Popova et al. 2013). Permafrost and 

seasonal ice are important sources of water for larches during drought (Sugimoto et al. 2003; 

Sugimoto et al. 2002). These conditions make this ecosystem vulnerable to environmental 

changes. Under warming, permafrost may be declined, and that can trigger huge amounts of 

carbon emission (Schuur et al. 2015) and change the ecosystem.  

In eastern Siberia, a role of the taiga ecosystem and its responses to climate change have 

been studied at the Spasskaya Pad Forest station near Yakutsk. This larch forest is a net CO2 

sink, but quantitative estimations of the flux from tower measurements and various models 

differ (Takata et al. 2017). For the past decades, tree ring growth has been decreased, and 

according to tree-ring width index (RWI)-based statistical model, the radial growth of tree 

expected to have a negative trend because of high temperature induced drought  (Tei et al. 2017). 

On the other hand, precipitation extremes, which are predicted to be more intensive and frequent 

(Douville et al. 2021), also can negatively affect the forest. Roots of larch, which usually uptake 

water from seasonal ice in active layer (above the permafrost) under dry conditions, are able to 

adapt to wet conditions by decreasing vertical distribution (Takenaka et al. 2016). But the 

extreme wet event in 2007, when soil moisture was the highest for the past century (Tei et al. 

2013), was fatal for a large number of trees in the forest, especially in depressions (Iijima et al. 

2014; Ohta et al. 2014). Beside high tree mortality, affected sites are distinguished by secondary 

succession of the understory and floor vegetation communities to water-resistant species (Ohta 



9 

 

 

et al. 2014). Such sites in the forest are supposed to emit methane, that makes the ecosystem to 

be net CH4 source, according to estimations of open-path eddy covariance measurements 

(Nakai et al. 2020). The wet event was caused by continuously heavy precipitation, including 

an extremely large snowfall. Snow manipulation experiment in the forest showed an influence 

of interannual variation in winter precipitation on the phenology and production of soil 

inorganic nitrogen (Shakhmatov et al. 2022). After the extreme moist conditions formed in 

2005-2009, eddy-covariance flux measurements showed no significant trends in CO2 exchange 

at ecosystem scale, but a contribution of understory and floor vegetations to CO2 fluxes has 

increased with their biomass, while that of overstory larch has decreased (Kotani et al. 2019). 

High mortality of larches in 2007 could be caused by two consecutive extreme events – drought 

and wetness (Tei et al. 2019b). Severe drought and moist conditions occurred in the forest lead 

to changes in normalized difference vegetation index (NDVI) (Nagano et al. 2022; Tei et al. 

2019a), which is considered to be a proxy of vegetation productivity. However, gross primary 

production (GPP) was found to be more related with larch tree-ring width index (RWI) in 2004-

2014, but not with NDVI, because of changes of the understory and floor vegetation 

composition (Tei et al. 2019a). Although a large number of papers studying the larch forest in 

eastern Siberia have been published, there was no study on relationships between historical 

NDVI and foliar parameters in eastern Siberia.  

1.3. Approaches to monitor ecosystem changes 

In this study, remote sensing data and field-observed ecosystem parameters were used as 

approaches to monitor ecosystem changes. Advantages of using remote sensing data is a large 

temporal and spatial coverage of the study area. One of widely applied remote sensing methods 

is the satellite-derived normalized difference vegetation index (NDVI) as an indicator of 

photosynthetically active greenness to determine vegetation changes owing to shifts in 

environmental parameters. The NDVI is based on the red and near-infrared (NIR) radiation 

reflected from the study area: 

NDVI = (NIR – Red)/ (NIR + Red).                                           (1.1) 
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This vegetation index has been identified to correlate with structural traits, the leaf area index 

(LAI), i.e. leaf area per unit ground area (Chen and Cihlar 1996; Gamon et al. 1995; Wang et 

al. 2005), and fractional vegetation cover (Blok et al. 2011). It is also considered to be a tool 

used to estimate a fraction of photosynthetically active radiation (fPAR) absorbed by plants 

owing to their relationship (Myneni and Williams 1994), which can be converted to net primary 

production at either the regional or global scale (Lambers et al. 1998). Because NDVI can be a 

proxy for above-ground production, many studies have attempted to compare it with field-

observed ecosystem parameters, for example, foliar biochemical traits and isotopic signatures. 

The red-edge and NIR spectral regions have been shown to be sensitive to leaf nitrogen 

(Clevers and Gitelson 2013; Wang et al. 2016), which is one of the most essential biochemical 

leaf traits. Thus, foliar nitrogen content (g N/100 g dry leaf weight, %N) as an indicator of 

nitrogen availability is suggested to correlate with the vegetation index. Previously, %N was 

found to be spatially correlated with NDVI (Dyer et al. 1991; Santos et al. 2017; Turner et al. 

1992) and seasonally (Lee et al. 2008; Zhu et al. 2007) in grasslands and crops for agricultural 

purposes. The relationship between NDVI and %N is predominantly positive (Dyer et al. 1991; 

Lee et al. 2008; Santos et al. 2017; Zhu et al. 2007). At the Siberian taiga-tundra boundary, it 

has been found that the needle N content of larch trees is an important indicator of nitrogen 

availability, because it is positively correlated with inorganic nitrogen in soil (ammonium 

NH4
+) (Liang et al. 2014). Similarly, Matsushima et al. (2012) revealed a positive effect of 

increased soil N availability after understory removal and N fertilization experiments on leaf N 

content in white spruce in Canada. Instead of nitrogen content, the ratio of foliar carbon to 

nitrogen content (C/N ratio) has been investigated in many regions to estimate the nitrogen use 

efficiency of plants (Li et al. 2007; Liu et al. 2005).  

Another approach involves the leaf isotopic signatures, such as carbon and nitrogen stable 

isotope compositions (δ13C and δ15N), which are widely applied to determine how 

environmental conditions affect plant physiology. The δ13C and δ15N are calculated by: 

δ13C (or δ15N) ‰ = (Rsample /Rstd – 1) × 1000,                                (1.2) 
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where Rsample and Rstd are isotope ratios (13C/12C or 15N/14N) of sample and standard, 

respectively: Vienna Peedee Belemnite (VPDB) for carbon or atmospheric N2 for nitrogen. 

The δ13C was found to be sensitive to changes in weather conditions, such as drought and 

solar radiation (Farquhar et al. 1989), resulting in δ13C increase under smaller stomatal 

conductance and enhanced photosynthesis. After treatment of a white spruce plantation in 

Canada, leaf δ13C increased along with soil N availability (and leaf N content and δ15N) through 

enhanced carboxylation rate (Matsushima et al. 2012). Spatial NDVI and δ13C have been 

reported to be negatively correlated in crops (Stamatiadis et al. 2010; Yousfi et al. 2016), 

because low biomass production was observed in dry areas. Similar results have been shown in 

regional-scale studies on natural ecosystems, where the spatial variability in leaf carbon isotope 

composition (or discrimination) is explained by the amount of precipitation in different parts of 

the study region (Ale et al. 2018; del Castillo et al. 2015; Guo and Xie 2006). However, in 

addition to the negative relationship between NDVI and leaf δ13C in the southern part of the 

Tibetan Plateau, Guo and Xie (2006) also revealed a positive relationship in northern Tibet; 

therefore, NDVI is influenced by soil. Light condition also affects photosynthetic activity and 

thus leaf δ13C. In Siberian larch, and most plants, shaded leaves have lower δ13C than sunlit 

leaves. However, not many papers discussed the relationship between NDVI and δ13C 

responding to light condition. So, I expect the correlation of between NDVI and δ13C can be an 

indicator of environmental variation in soil N and water availability (dry-wet gradient). 

Leaf δ15N serves as an indicator of nitrogen sources for plants, such as organic or 

inorganic soil nitrogen and atmospheric nitrogen deposition (Michelsen et al. 1996). In many 

studies, foliar δ15N has been associated with soil δ15N (Handley et al. 1999a), which can vary 

spatially (e.g. Fujiyoshi et al. 2017) and vertically in depth (e.g. Makarov et al. 2008).  

 

1.4. Objective 

Taiga in eastern Siberia is one of the main biomes in the world because it covers a large 

area. This forest ecosystem spreads over the permafrost under a continentally dry climate, but 
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the extreme wet event of 2006-2007 changed forest conditions. But there are not many papers, 

which studied how the forest changed in terms of nitrogen and water availabilities and forest 

production. I believe that the extreme wet event had not only visual effect, that is the forest 

damage (the tree mortality), but also effect, which cannot be visually detected, such as changes 

in the physiological response of larches. Since the extreme wet events in the region are expected 

to be more frequent and intense, it is important to understand the effects of such events on the 

taiga forest in the future. The objective was to understand how the larch forest at the Spasskaya 

Pad changed and what factors impacted the changes for the past two decades. Firstly, spatial 

variations in satellite-derived NDVI and physiological condition of larch trees by observing 

foliar δ13C and δ15N, and C/N were investigated along a transect including sites unaffected and 

affected by the wet event a decade after the wet event. Secondly, historical variations in NDVI 

of affected and unaffected sites was investigated in 1999-2019, in order to understand effects 

of extreme wet event on NDVI. Besides, historical variation in the NDVI of unaffected forest 

was compared with the historical variations in the ecosystem parameters observed at visually 

unaffected forest, such as tree-ring width index (RWI), soil moisture, needle δ13C, δ15N, and 

C/N, and with those in the climatic parameters, such as air temperature and precipitation, to 

understand how larch forest production (NDVI and RWI) varied depending on climate, soil 

moisture, and N availability. 
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Chapter 2. Materials and Methods 

2.1. Study site and transect 

The study was carried out in the Spasskaya Pad Experimental Forest (62°15’18’’N, 

129°37’08’’E, alt. 220 m a.s.l.), Institute of Biological Problems of Cryolothozone, Siberian 

Branch of the Russian Academy of Sciences (IBPC SB RAS), near Yakutsk, Russia (Figure 

2.1a). The region in Eastern Siberia is established on a continuous permafrost and has a 

continental climate (dry climate) with extremely high annual temperature range. The forest is 

located on a relatively plain terrain with a slight inclination to the north. During the observation 

period 1991-2020 at Yakutsk, the average annual precipitation is 233 mm and the average 

monthly temperature ranges from -37˚C to +20˚C in cold January and warm July, respectively. 

The overstory (forest canopy) consists of deciduous species, dominant coniferous larch (Larix 

cajanderi) (Abaimov et al. 1998) mixed with broadleaved birch (Betula pendula), the 

understory are small shrubs, such as evergreen cowberry (Vaccinium vitis-idaea) and deciduous 

bearberry (Arctous alpina), and other grasses.  

Although this area has a continuously dry climate, an extreme wet event occurred in 2007. 

The water year precipitation (from October to September) was very large in 2005 (285 mm) 

and 2006 (340 mm), and the snowfall in the 2006-2007 winter (October to April) was extremely 

large (106 mm), which was 1.4 times higher than the average (77 mm from 1971 to 2000). This 

large amount of precipitation causes high soil moisture (Sugimoto 2019), resulting in high tree 

mortality (Iwasaki et al. 2010). After abnormal wet conditions occur, the floor vegetation 

changed to moisture-tolerant grasses and shrubs in some areas, and the stand density of tall 

trees decreased (Iijima et al. 2014; Iwasaki et al. 2010; Ohta et al. 2014). 

Figure 2.1 b,c show the vegetation cover (Landsat 7 ETM+ Natural Color Images) 1 km 

north of the Spasskaya Pad Forest Station before (2006) and after (2008) the extreme wet event, 

respectively. To investigate a long-term effect of the extreme wet event on the forest, in the 

summer of 2018 (a decade after the event), 60 m × 510 m transect was set using wooden pegs 

and plastic strings, including both intact and affected areas. It was divided into 30 m × 30 m 
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plots (in total, 34 plots, red polygons in Figure 2.1 b,c), and these plots were visually classified 

based on forest conditions from the photographs. Four forest types were distinguished along 

the transect, as shown in Figure 2.2: typical mature forest (TF; number of plots in the transect, 

n = 17), regenerating-1 (RF-1: many/few mature trees and many young trees; n = 11), 

regenerating-2 (RF-2: few/no mature trees and many young trees; n = 4), and damaged (DF: no 

mature trees, few young trees; n = 2) forests. The first, TF, consisted of mature larches of 

approximately 180 years old with a height of approximately 22 m (Kotani et al. 2019) and had 

no visible damage from the wet event. The plots discerned as regenerating forest, RF-1, had 

many dead mature larches and formed forest gaps in the overstory where there were a large 

number of young larches (seedlings and saplings with a height of up to 3 m) and shrubs. After 

a wet event for several years, larch seeds germinated and formed a large number of young trees 

in RF-1. Damaged forest DF, where all mature trees died, was covered predominantly by 

moisture-tolerant grasses, and there were much smaller numbers of young larches than in RF-

1. The DF plots were located on the depression in a trough-and-mound topography (shown by 

a dark-brown color in Figure 2.1c), and some patches of the DF plots were flooded. 

Regenerating forest RF-2 plots had a moderate forest condition between RF-1 and DF. The 

geographical coordinates (longitude and latitude) of the pegs defining the boundaries of each 

plot were measured using a handheld GPS (Garmin) with a horizontal accuracy of 3 m to 

estimate satellite-derived NDVI for the plots. 

 

2.2. NDVI for spatial and historical variations 

The raster normalized difference vegetation index (NDVI) was computed based on the 

atmospherically corrected Landsat Collection-1 Level-2 image products with a spatial 

resolution of 30 m with the QGIS software (v. 3.2.2-Bonn) based on the equation 1.1, where 

NIR and Red are near-infrared and red surface reflectance bands of the products, respectively. 

The image products were provided by the United States Geological Survey (USGS) website 

(https://earthexplorer.usgs.gov/). The image products georeferenced to WGS-84 UTM 52N 
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coordinate system were selected corresponding to the location of the study transect. NDVI value 

was extracted for each transect plot with the zonal statistics function. The transect plots which 

consist of pixels not attributed as quality pixels (clear-terrain, low confidence cloud, low 

confidence cirrus) in the quality assessment bit index band according to Landsat Surface 

Reflectance product guides were excluded from the analysis.  

To investigate the seasonal variation in NDVI in 2018, I obtained the image products that 

were acquired from June to September 2018. After calculating raster NDVI, the mean NDVI 

value was extracted for each transect plot using the zonal statistics function, wherein a transect 

plot was presented in the QGIS as a polygon vector layer created from the geographical 

coordinate data. Only the transect plots with pixels showing “clear-terrain, low confidence 

cloud and low confidence cirrus” in Quality Assessment band were used in the analysis. During 

June–September 2018, images were acquired on 15 days in total, but only 5 days (June 4, July 

31, August 7, August 23, and September 17) were cloud-free. Therefore, NDVI on these five 

observation days were analyzed in this study. 

To investigate the historical variation in NDVI, I considered seasonal maximum of mean 

NDVI of the transect for the long-time period 1999-2019. The longest time-series data available 

for the study area have been obtained by Landsat 7 satellite with Enhanced Thematic Mapper 

Plus (ETM+) image sensor since 1999. However, its sparse temporal resolution (16 days) and 

scan-line corrector failure in 2003 force to consider additional data from other satellites, such 

as Landsat 5 Thematic Mapper (TM) (available until 2011) and Landsat 8 Operational Land 

Imager (OLI) (available since 2013) (Figure S1). Since 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 linear equations 2.1 and 2.2:  

NDVIETM+= 1.037*NDVITM,                                             (2.1) 

NDVIETM+=0.9589*NDVIOLI+0.0029                                        (2.2) 

developed by Ju and Masek (2016) and Roy et al. (2016) for boreal forests, respectively. For 

each year, paired sample t-test was applied to determine a difference among mean NDVI of the 
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transect on observation days (Figure S2). In case of statistically insignificant difference among 

observation days, the day with a higher number of quality pixels was selected. To verify the 

historical variation in NDVI of the transect, a larger area, 10 km x 10 km (here after 10-km 

plot), including the Spasskaya Pad Forest was used to compare with the transect (the center of 

10-km plot was located at 62°17’4’’N, 129°32’44’’E, Figure 2.1a). For each observation day, 

mean NDVI of the 10-km plot was calculated using only quality pixels with ENVI 5.1 (L3Harris 

Technologies, USA). For each year, seasonal maximum NDVI of the 10-km plot was 

determined as the highest mean NDVI among observation days, on which a number of quality 

pixels were more than 50% (totally, 111556 pixels). The seasonal maximums of transect and 

10-km plot showed the same day about three fourth of the study period (15 years among 21), 

and showed the different day in 6 years: 2006 (August 7 and July 29), 2007 (July 1 and 25), 

2010 (July 1 and 15), 2011 (August 5 and 12), 2015 (July 23 and 31), 2019 (July 1 and 9). 

Averaged NDVI values of the 10-km plot, the transect and each forest type (TF, RF-1, RF-2, 

and DF) in the transect were shown in Figures 4.1a and b. 

 

2.3. Larch needle δ13C, δ15N and C/N data for spatial variation 

In the period from late July to early August 2018, one to two tree branches were cut in 

each plot, from one to four randomly located living mature larch trees, from a height of 

approximately 6 m in the lower crown, with the use of a pole tree pruner. The needles from 

each tree were placed in a paper bag and mixed thoroughly. A total of 105 needle samples were 

collected and oven-dried at 60 °C for 24 h. 

The dried needle samples were brought to Hokkaido University, they were powdered with 

liquid nitrogen, and dried again at 60 °C for 24 h. Each sample was then wrapped in a tin capsule 

and analyzed for carbon and nitrogen contents and for their isotope compositions using a 

continuous flow isotope ratio mass spectrometry system consisting of Flash EA 1112 (Thermo 

Fisher Scientific, Milan, Italy) coupled to Delta V (Thermo Fisher Scientific, Bremen, 

Germany) via Conflo III interface (Thermo Fisher Scientific, Bremen, Germany). The stable 
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carbon and nitrogen isotopic compositions were reported with the standard δ notation (‰) 

relative to the VPDB (Vienna Peedee Belemnite) and atmospheric N2 (air), respectively. The 

analytical precisions (standard deviation) of the carbon and nitrogen content measurements 

were better than 0.3% and 0.1%, respectively, and those for the isotopic compositions δ13C and 

δ15N were 0.1‰. 

 

2.4. Field-observed parameters for historical variation 

Several parameters of the ecosystem have been observed from 1998 at the typical forest. 

In order to monitor physiological response of larch to environmental changes, the δ13C (‰), 

δ15N (‰), and C/N of larch needles have been observed since 1999, except 2012 at a site located 

0.2 km south of the transect (Figure 2.3). In the mid-August of every year, the same four to 

eight young larch trees close to each other were sampled. After sampling, the same procedures 

were done as described in Section 2.3 to obtain larch needle δ13C, δ15N and C/N data. Average 

values of δ13C (‰), δ15N (‰), and C/N of these samples were used. Details of average 

calculations were shown in Figure S3 and S4. In 2015, there was no data for δ15N and N content.  

Larch ring-width index (RWI) for more than 100 years until 2016 was estimated by 

detrending and standardizing the raw time-series width data obtained from the collected paired 

cores (Tei et al. 2019a).  

Soil moisture was observed with time-domain reflectometry (TDR), and soil moisture 

water equivalent (SWE; amount of liquid water contained within soil layer, mm) in the soil 

layer 0–60 cm was obtained for 1998–2019 in June, July, and August using the method 

described by Sugimoto et al. (2003) (near the transect, Figure 2.3). There was no data in June 

of both 2002 and 2011, August of 2003. Details of intra- and interannual variation of SWE were 

shown in Figure S5. 

Among climate variables, summer air temperature and precipitation datasets recorded by 

the meteorological station at Yakutsk (62.02⁰ N, 129.72⁰ E) were obtained from All-Russia 
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Research Institute of Hydrometeorological Information - World Data Centre (RIHMI-WDC) 

website (http://aisori-m.meteo.ru/).  

 

2.5. Statistical analysis 

For spatial variations, for each transect plot, the mean and standard deviation of the needle 

δ13C, δ15N, and C/N values were calculated. In order to investigate the relationships between 

the datasets, simple linear regressions (function ‘lm’) were used in R statistics (v. 3.6.0). The 

regression models were described by the determination coefficient R2 (degree of variance 

between the observed and fitted values) and p value (statistical significance level). In order to 

determine whether the NDVI in the same group (a forest type or the entire transect) on two 

observation days was different, either the parametric paired Student’s t-test or the non-

parametric Wilcoxon signed-rank test was used. If the mean difference between the pairs on 

two days was normally distributed, according to the Shapiro–Wilk test, the paired t-test was 

performed; otherwise, the Wilcoxon signed-rank test was used. In order to define a statistical 

difference between the means of either the plot NDVI or the individual foliar traits in two 

different groups (forest types), a parametric unpaired Student’s two-sample t-test was applied 

in R. This test assumed that two groups of data (forest types) had normal distributions and equal 

variances, which were checked using the Shapiro–Wilk test and the F-test, respectively. If two 

normally distributed groups did not have equal variances, Welch’s two-sample t-test was used. 

If at least one of the two groups was not normally distributed, the non-parametric Wilcoxon 

rank-sum test was used instead of the t-test. 

For the historical variations, relationships between datasets were investigated using a 

simple linear regression model (function ‘lm’) and a Pearson correlation test (‘cor.test’). Trends 

of NDVI change in 1999-2019 were estimated using Mann-Kendall test (package ‘trend’, 

function ‘mk.test’). Differences in a parameter between two groups (forest types) were 

determined with two parametric unpaired two-sample tests, classical-Student’s and Welch’s t-

tests, and one non-parametric Wilcoxon rank-sum test as it was described before. The results 
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of the statistical tests were shown in the Supplementary materials (Table S2-S9). The models 

and tests described by levels of statistical significance (p-values) less than 0.05 and 0.1 were 

considered to be “significant” and “moderately significant”, respectively. 
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Chapter 3. Spatial variations in NDVI and forest conditions 

3.1. Results 

3.1.1. Seasonal variation of NDVI and forest condition 

Seasonal variations in NDVI along the transect are shown in Figure 3.1. The NDVI values 

of 34 plots varied from 0.42 to 0.73 (0.66 ± 0.09) on June 4, from 0.71 to 0.76 (0.74 ± 0.01) on 

July 31, from 0.73 to 0.81 (0.77 ± 0.02) on August 7, from 0.64 to 0.73 (0.70 ± 0.02) on August 

23, from 0.39 to 0.47 (0.43 ± 0.02) on September 17 (Figure 3.1a-e). The highest values were 

observed on August 7 and decreased until September. It is important to note that the four forest 

types showed different NDVI values. The distribution of the forest types along the transect is 

displayed in Figure 3.1f. The TF had the highest values, followed by RF-1, RF-2, and DF 

(Figure 3.1g). A large difference in NDVI among the forest types was observed on June 4: TF, 

RF-1, RF-2, and DF were 0.71 ± 0.01 (n = 17), 0.66 ± 0.03 (n = 11), 0.51 ± 0.06 (n = 4), and 

0.46 ± 0.01 (n = 2), respectively, but the difference was small on July 31 (Figure 3.1g). 

Subsequently, the mean NDVI values for the forest types TF, RF-1, RF-2, and DF changed 

uniformly (Figure 3.1g). As shown in Table 3.1, the statistical tests revealed the highest NDVI 

at TF and the lowest NDVI at RF-2 and DF; the difference between RF-2 and DF was 

statistically insignificant. RF-1 was between the highest (TF) and lowest (RF-2 and DF) in June, 

July, and August (Table 3.1). 

 

3.2.2. Spatial variations in larch foliar traits 

Spatial variations in foliar δ13C and δ15N values and C/N ratios along the transect are 

shown in Figure 3.2. Six of 34 plots had no data because no mature trees or other trees were 

available for sampling using the pole tree pruner. Foliar δ13C averaged for all samples was -

28.2 ± 0.7‰ (n = 105). Among the plots, the lowest δ13C was found in TF plot No. 7 (-28.9 ± 

0.3‰, n = 4), and the highest was in RF-2 plot No. 29 (-26.6 ± 0.5‰, n = 4) (Figure 3.2a). As 

seen in Figure 3.3a, when comparing the forest types, the mean δ13C of RF-2 (-26.6 ± 0.5‰, n 
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= 4) was higher than that of TF (-28.2 ± 0.6‰, n = 68) and RF-1 (-28.2 ± 0.6‰, n = 33), but, 

according to Student’s t-tests, no significant difference was observed among TF, RF-1, and RF-

2. 

As shown in Figure 3.3a, there were several outliers. Relatively high δ13C values of 

individual trees were observed not only in the RF-2 plot but also in TF plot No. 1 (-25.9‰) and 

RF-1 plot No. 34 (-26.4‰). I describe these data later in the Discussion section. 

The foliar δ15N value averaged for all samples was -3.9 ± 0.9‰ (n = 105). Mean δ15N 

at plots ranged from -5.0 ± 0.6 (RF-1 plot No. 23) to -2.3 ± 0.8‰ (RF-2 plot No. 29) (Figure 

3.2b). Among the forest types, mean δ15N values were statistically insignificant, although the 

TF (-4.0 ± 0.8‰, n = 68) and RF-1 (-3.9 ± 0.9‰, n = 33) had lower δ15N than RF-2 (-2.3 ± 

0.8‰, n = 4) (Figure 3.3b). 

The foliar C/N ratio showed the mean value of 37.2 ± 6.4 (n = 105) for all samples, 

ranging from 24.0 to 58.3 was observed at trees in the RF-2 plot No. 29 and the TF plot No. 5, 

respectively. Among the forest types, no significant difference in C/N was observed, but the 

C/N ratio in TF (38.9 ± 6.3, n = 68) was higher than that in RF-1 (34.7 ± 5.2, n = 33), and RF-

2 (28.4 ± 4.2, n = 4) showed the lowest C/N (Figure 3.2c and Figure 3.3c). 

The C/N and δ13C values for each tree sample were found to be linearly related, but 

with much variation (R² =0.18, p <0.05; Figure 3.4). The other foliar traits showed no 

significant relationships. 

 

3.2.3. Relationships between NDVI and foliar traits 

The statistical parameters that describe linear regression models between foliar traits and 

NDVI are tabulated in Table 3.2. The NDVI on June 4 was linearly related to δ13С and C/N 

(Figure 3.5). δ13C showed a significant negative relationship with the June 4 NDVI, but there 

was significant variation in δ13C (R² =0.15, p <0.05; Figure 3.5a). June 4 NDVI values showed 

a significant increasing trend with the plot C/N ratio (R² =0.39, p <0.01, Figure 3.5b). In 
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addition, C/N was positively correlated with NDVI on August 23 (R² = 0.39, p <0.01) and 

September 17 (R² = 0.15, p <0.05). 

 

3.2. Discussion 

3.2.1. Plant phenology and seasonality of the ecosystem of each forest type 

In this study, one of the purposes of applying NDVI was to identify whether vegetation 

productivity varied among the four forest types formed after the damage by the wet event during 

the growing season. Unfortunately, the number of observation days for NDVI was limited by 

sparse data acquisition (every 16 days) and cloud-contaminated images. As a result, only five 

days (June 4, July 31, August 7, August 23, and September 17) were available to interpret the 

general trends in NDVI for better understanding phenology. 

The transect NDVI increased from June 4 to August 7, and the seasonal peak was 

reached on August 7 for all forest types (Figure 3.1g). The maximum greenness in both the 

intact and affected areas at the beginning of August implied the highest foliar biomass 

production of the above-ground vegetation as a result of its growth. The timing and magnitude 

of peak NDVI in an ecosystem can vary spatially and annually. Previously, the phenology of 

Siberian forests was found to be controlled by precipitation and air temperature, and the peak 

NDVI was determined to occur usually in July (Suzuki et al. 2001). However, in our case, it 

was difficult to determine the date of the seasonal peak because of the sparse data acquisition. 

The NDVI peak in 2018 could have been reached earlier. After the vegetation green-up, NDVI 

subsequently decreased owing to leaf senescence (yellowing) (Figure 3.1g). 

On all observation days, the NDVI values were the highest at TF and decreased due to 

the damage by the wet event, although the statistically similar (insignificant) RF-2 and DF data 

were the lowest (Figure 3.1g). The descending order of NDVI from the intact (TF) to the more 

affected areas can be explained by the differences in tree stand density. Although a typical forest 

is composed of a large number of larches making up the dense canopy, the damaged forest has 

no mature trees. In turn, the regenerating forests RF-1 and RF-2 had gaps in the forest canopy, 
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where many trees died after the wet event. The positive effect of stand density on NDVI can be 

associated with a positive relationship between NDVI and LAI (Bahru and Ding 2020; Will et 

al. 2005). A typical larch forest in the intact area is supposed to have higher foliar biomass 

production than other forest types, with a lower number of trees in the affected area. However, 

several studies conducted in northern boreal regions showed a negative relationship between 

NDVI and the attributes of above-ground biomass. In Siberian larch forests, Loranty et al. 

(2018) found that the mean seasonal NDVI was lower at sites with higher overstory stand 

density. In Canadian permafrost peatlands covered by black spruce and larch, both stand density 

and basal area are negatively correlated with the peak NDVI (Dearborn and Baltzer 2021). In 

those studies, this implicit phenomenon could be explained by shadowing both the understory 

and lower part of crowns in dense conifer stands, which decreases NDVI values (e.g. Hall et al. 

1995). However, in our case, the foliar biomass of the forest canopy was the main factor 

controlling the spatial variation in the NDVI. 

The difference in NDVI between the highest (TF) and the lowest (DF) forest types was 

the largest on June 4 and then significantly decreased by July 31, after which it remained small. 

As a result, the increase in NDVI from June 4 to July 31 was smallest at TF and largest at DF 

(Figure 3.1g). This can be associated with the phenological features of the above-ground 

vegetation for each type. The intact and affected areas differed in the ratio of the overstory and 

surface vegetation exposed to radiation. A small increase in NDVI at TF was mainly caused by 

the growth of needles and shoots of mature larches, whereas a large increase in DF was induced 

by the growth of grasses, shrubs, and young larches. In turn, the increases in NDVI at RF-1 and 

RF-2 resulted from the phenology of both the forest canopy and surface vegetation. Therefore, 

the production of surface vegetation, such as shrubs and grasses, is high during this period and 

causes higher NDVI. Chen and Cihlar (1996) reported a similar finding when they found a 

stronger relationship between NDVI and overstory LAI in open boreal conifer stands in late 

spring than in mid-summer. Because the understory and floor vegetation greatly contribute to 

NDVI in the middle of the growing season, it was reasonable to use NDVI in early summer to 

investigate the spatial variation in above-ground production of the overstory. 
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Thus, throughout the growing season, vegetation in the intact (TF) and affected (RF-1, 

RF-2, and DF) areas varied in phenology. At the beginning of the growing season, the large 

difference in NDVI between the areas was associated with mature larch tree stand density: 

NDVI was higher in the intact area with dense forest canopy than in the affected area. However, 

afterwards, the difference was smaller on the subsequent observation days because the surface 

vegetation in the gaps of the forest canopy in the affected area grew and showed high greenness. 

The maximum production in both areas was reached at the same time, at the beginning of 

August. NDVI then decreased uniformly because of leaf senescence. 

 

3.2.2. Forest condition after the damage by the wet event 

To understand the physiological responses of larch trees after the wet event, needle 

parameters, such as δ13C, δ15N, and C/N, were compared among the forest types, but the results 

were not statistically significant. These results could be derived from the sample size; namely, 

much smaller sample sizes at RF-1 (n = 33) and RF-2 (n = 4) than at TF (n = 66) may have 

produced non-significant relationships. 

In our study, as seen in Figure 3.2a and Figure 3.5a, the highest δ13C values in the transect 

were found in RF-2 plot No. 29 and RF-1 plot No. 23 near the depression, where tree stand 

density seemed to significantly decrease after the extreme wet event. There are two potential 

reasons for these high δ13C values. The first was that high δ13C was caused by water logging 

(Li and Sugimoto 2018), such as the extreme wet event that occurred in 2007, and the second 

was the light condition. For the first one, during waterlogging pot experiments, Li and Sugimoto 

(2018) reported an increase in foliar δ13C values for the larch trees Larix gmelini. However, 

such high δ13C values were photosynthesized only during water logging, and there was no water 

in RF-1 or RF-2. In addition, according to C/N data, at RF-1 and RF-2, there were favorable 

conditions in terms of nitrogen availability (low C/N ratio or high N content). Therefore, the 

high foliar δ13C was caused by the second reason; that is, the high δ13C in the low-density stand 

can be explained by higher light availability than in dense stands. The laboratory observations, 
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which were conducted by Ehleringer et al. (1986), support that the light level is the 

environmental parameter most likely responsible for the changes in intercellular CO2 levels and, 

consequently, higher δ13C. 

The results of vertical gradients in δ13C have been reported in many studies (Duursma 

and Marshall 2006; Ehleringer et al. 1986; Garten and Taylor 1992). In dense stands, leaves in 

the lower part of the tree crown have lower δ13C than those in the upper part owing to shading. 

Thus, regenerating forest stands with a low number of trees are supposed to be more exposed 

to light, resulting in higher δ13C values than those in typical forests with a large number of trees. 

It is necessary to mention that high δ13C values were observed not only in regenerating 

forests but also in typical forests (Figure 3.3a). As shown in Figure 3.3a, δ13C of the trees from 

TF plot No. 1 (-25.9‰) and RF-1 No. 34 (-26.4‰) was unusually high (outliers). The reason 

for this high δ13C could be the same as that at RF-2, because the C/N ratio of these trees was 

relatively low (32.9 and 28.5, respectively), indicating high nitrogen availability. In addition to 

these outlier data, some of the trees at TF had relatively high δ13C, but there was a high C/N 

ratio (e.g., -28.2 ‰ and 58.3 for δ13C and C/N in plot No. 5, Figure 3.4). This result indicates 

that the trees were under dry conditions. 

The C/N averaged for each forest type varied: TF was the highest, RF-1 was intermediate, 

and the lowest value was observed at RF-2. As described before, NDVI was similarly different 

among TF, RF-1, and RF-2 (Figure 3.1g); therefore, the plot-averaged C/N was positively 

correlated with NDVI at different phenological stages in early June (leaf development) and at 

the end of August and September (senescence) (see Table 3.2). Thus, C/N varied significantly 

among the forest types, which means that forest density could affect nitrogen uptake by larch. 

Thus, the low foliar C/N values, that is, the high N content observed in the plots with 

regenerating forest, indicate higher nitrogen availability for larch trees. This was an unexpected 

result because nitrogen uptake was hypothesized to be limited in wet areas owing to high 

competition between plant roots and soil communities. Previously, spatial NDVI and mass-

based N content were found to be negatively correlated only in grasslands (Turner et al. 1992). 

In Bromus inermis prairie, such negative relationships were found at the beginning and end of 
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the growing season, which are presumably controlled by tallgrass regrowth after grazing and 

senescence, respectively (Turner et al. 1992). I expected that N availability for a tree in the 

affected plots would be lower than that in the plots with a typical forest because of inactive 

nitrogen production in wet soil. However, our results show higher N availability for one mature 

tree in the affected forest owing to low competition among trees. In addition, the larch trees in 

the affected areas may be well supplied with water, which increased nitrogen uptake. 

Our results regarding the foliar nitrogen isotopic composition were ambiguous. Plot δ15N 

was not dependent on June NDVI, which was considered to represent tree stand density, but 

there was a significant positive relationship between plot δ15N and NDVI in July. Generally, 

individual trees exhibited large variations in foliar δ15N values. The high variability observed 

in our study demonstrates the spatial heterogeneity of the soil along the transect. 

As a result, I found spatial variations in NDVI and foliar δ13C and C/N depending on 

forest conditions formed after the wet event. Generally, a level of forest damage in our study 

site was controlled by microtopographic conditions (Iwasaki et al. 2010), thereby highest tree 

mortality was observed on the topographic depression in the northern part of the transect (DF). 

Besides, soil properties, such as water retention and porosity (Iwasaki et al. 2010), could have 

an influence on the formation of the forest types and, consequently, on the variations in NDVI 

and foliar δ13C and C/N. 

3.3. Summary 

In the Chapter 3, spatial variations in NDVI and leaf-level indicators of the physiological 

response of the larch forest in eastern Siberia 10 years after the extreme wet event. Stand density 

seemed to be an important factor controlling changes in NDVI. In affected areas, i.e., 

regenerating (RF) and damaged (DF) forests, high tree mortality caused a lower NDVI on each 

observation day than that in the intact forest. The larch forest in RF (lower June NDVI) had 

higher light (higher δ13C) and nitrogen (lower foliar C/N) availabilities 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 succession of RF after an extreme 
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wet event. However, the difference in soil nitrogen production between affected and unaffected 

areas was still not clear. Therefore, nitrogen availability per unit of area should be investigated. 

To understand how the larch forest in the affected areas will change, it is necessary to have a 

long-term observation of the forest conditions.  
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Chapter 4. Historical variation in NDVI of typical forest 

4.1. Results 

4.1.1. Year-to-year variation of seasonal maximum NDVI 

Figure 4.1a shows historical variation in seasonal maximum NDVI of transect and 10-km 

plot in 1999-2019. Both NDVI time-series varied similarly. The date of seasonal maximum of 

each year was observed from June 25 to August 13 (shown in Table S1), except for 1999. The 

maximum transect NDVI in 1999 was observed on August 27 (0.75±0.02, n=34), because the 

Landsat data in 1999 were limited to only the latter half of August. Mean seasonal maximum 

NDVI for the entire transect varied from 0.72 to 0.80. During the period 1999-2001, NDVI of 

the transect was high from 0.75±0.02 (n=34) to 0.80±0.02 (n=34) (Figure 4.1a), but in 2002 

and 2003, 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) to 0.76±0.02 (n=34). During the wet event in 

2007-2008, NDVI decreased to 0.73±0.04 (n=34). After 2009, NDVI was basically higher than 

in 2008 (0.72±0.03, n=34), except 2016 (0.72±0.03, n=31).  

Both mean NDVI of the 10-km plot and transect decreased from 1999 to 2019 (-0.0009 

and -0.0010 year-1, respectively), but not with statistically significant trends.  Generally, mean 

NDVI in the transect was higher than that in the 10-km plot, except 2000 and 2014. 

4.1.2. NDVI of each forest type  

The NDVI time-series for four forest types (typical forest TF, regenerating forests RF-1 

and RF-2, damaged forest DF) in the transect during 1999-2019 are shown in Figure 4.1b. As 

seen in Figure 4.1b and Figure 4.2a, before 2007, NDVI of TF in 1999-2001 (0.75±0.02 to 

0.79±0.01, n=17) was higher than in the subsequent period 2002-2006 (0.73±0.02 to 0.75±0.02, 

n=17). There was a significant decrease in TF NDVI between the period from 2002 to 2004 

(Figure 4.1b, Figure 4.2a). During 1999-2006, NDVI of the four types were close each other, 

but after the wet event, NDVI values noticeably differed among the forest types (Figure 4.1b). 

In 2007, the NDVI of TF (0.76±0.02, n=17) was the highest, and those of other three types 
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decreased in the order of RF-1 (0.72±0.03, n=11), RF-2 (0.68±0.02, n=4), and DF (0.67±0.02, 

n=2) (Figure 4.1b). In 2008 the NDVI slightly decreased, and showed the same order of forest 

types as observed in 2007. After 2009, the difference among the forest types, especially between 

TF and DF, has still remained, although it has become smaller than that in 2007. 

4.1.3.  NDVI of the typical forest and ecosystem parameters of the study site  

To consider the historical variation in NDVI of typical forest in our study area, TF NDVI 

and observed parameters were compared (Figure 4.1 and 4.2). In Figure 4.3, the linear 

relationships between NDVI and other parameters were investigated for two different temporal 

periods, before (1999-2006) and after (2008-2019), to compare them. 

4.1.3.1.  Climate parameters (temperature and precipitation) at Yakutsk 

Interannual variations in climatic parameters, such as air temperature and precipitation, 

in 1999-2019 are displayed in Figure 4.1c and d. The average air temperature for June-August 

(the summer temperature) was relatively high in 1998, 2001-2002, 2008-2012 (Figure 4.1c). 

The TF NDVI did not show the correlation with the summer temperature. The amount of water 

year precipitation (from last year October to this year September) for the period from 1991 to 

2020 averaged about 233 ± 47 mm. As seen in Figure 4.1d, larger water year precipitation, i.e., 

precipitation higher than 280 mm (one standard deviation above the mean for 1991-2020), was 

observed in 2003 (287 mm), 2005-2007 (285, 340, and 296 mm), 2013 (304 mm). The amount 

of water year precipitation in 2001 (124 mm) was the lowest in the whole observation period. 

This drought year (2001) showed high TF NDVI. Consecutive wet years in 2005-2007 showed 

slightly high TF NDVI values, but there was no correlation between the water year precipitation 

and NDVI. 

4.1.3.2.  RWI at the typical forest  

The larch tree-ring width index (RWI) had a mostly similar trend with the transect TF 

NDVI in 1999-2007 (Figure 4.1a and b). The RWI and average TF NDVI showed high values 
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in 2000-2001 (0.95-1.08 and 0.78-0.79) followed by low values in 2002-2003 (0.33-0.55 and 

0.73), herewith the RWI in 2003 was the lowest for the whole observation period. Then, both 

of them had increased by 2007 (1.21 and 0.76). After 2007, these two parameters showed a 

different behavior. During the period from 2010 to 2013, a one-year time lag in the TF NDVI 

was found: there was an increase in RWI from 2009 to 2011, and decrease in 2012, and one 

year later from 2010 to 2012 TF NDVI increase, and decrease in 2013. Statistically, a temporal 

correlation between the TF NDVI and RWI was positive at a moderate significant level for the 

period of 1999-2016 (r=0.41, p<0.1, Table S7), herewith a correlation was significantly positive 

before 2007 (r=0.79, p<0.05, Figure 4.3a, Table S5), but insignificantly negative after 2007 

(Figure 4.3a, Table S6). 

4.1.3.3. Soil moisture water equivalent (SWE) at the typical forest  

The time series of the soil moisture water equivalent (SWE) and TF NDVI showed 

different correlations in the early and late halves of the observation period (Figure 4.2a and c). 

In 1999-2007, the SWE averaged for June-August (here after summer SWE) and TF NDVI 

showed mostly 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 summer (173 and 

176 mm in 1999 and 2000). These high values of the TF NDVI and SWE were followed by low 

values during the drought period of 2002-2003. After that, as the summer SWE increased from 

2004 (124 mm) to 2007 (218 mm), the TF NDVI also increased. So, before 2007, the TF NDVI 

showed the lowest values during dry years, but the highest in the wet years (Table 4.1). For the 

period from 2008 to 2019, the correlation between the TF NDVI and summer SWE was 

negative with a one-year time lag of the SWE (Figure 4.2a and c). A low value of the summer 

SWE was observed in 2011 (91 mm), and a high value of the TF NDVI was seen in the 

subsequent year 2012. After 2016, the TF NDVI showed an increasing trend, while the SWE 

decreased from 2015 to 2019. Statistically, the TF NDVI showed positive correlations with the 

SWE in current June (r=0.83, p<0.05) and previous summer (r=0.79, p<0.1), including previous 

July (r=0.82, p<0.05) and previous August (r=0.69, p<0.1), during the period from 1999 to 2006 
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(Figure 4.3b-d and S6d; Table S5), and negative correlations with the SWE in previous summer 

(r=-0.65, p<0.05) and in current summer at a stronger significance level (r=-0.73, p<0.01) after 

2008 (Figure 4.3b-d and S6a-e; Table S6). While, during and after 2007, there was no change 

in the TF NDVI, slightly damaged RF-1 showed a decrease in NDVI to the levels like during 

the 2002 drought (Table 4.1). 

4.1.3.4.  Larch needle δ13C, δ15N, C/N at the typical forest  

As seen in Figure 4.2a and d, the foliar δ13C and TF NDVI moved in opposite directions 

in the early half of observation period (from 1999 to 2009) (Figure 4.2a and d).  For example, 

in 2000 and 2001, the TF NDVI had large values, while the foliar δ13C values were low (-

29.5±0.5 and -28.9±0.9‰). During the period from 2002 to 2007, TF NDVI increased, and at 

the same time foliar δ13C values decreased.  The foliar δ13C values higher than -28.0‰ were 

observed in 2002, 2003, 2011 and 2018, when low summer SWE and low TF NDVI were 

observed (Figure 4.2a and d). A correlation between the foliar δ13C and TF NDVI was 

statistically insignificant without a time lag (Figure 4.2e, Table S5-7), but there was a 

significant correlation between the foliar δ13C and TF NDVI with a time lag of the foliar δ13C 

(Table S6). Besides, the foliar δ13C was negatively correlated with the previous August SWE 

was found in 1999-2007 (r=-0.79, p<0.05) and 1999-2019 (r=-0.63, p<0.01) (Figure 4.4), but 

also with the SWE in current year June and July for the period from 1999 to 2007), and June to 

August for 2008 to 2019 (Table S8). 

Similar to the δ13C, the foliar C/N and TF NDVI moved in opposite directions (Figure 

4.2a and f). In 2000 and 2001, the foliar C/N had low values (25.6±1.1 and 28.8±3.4, 

respectively), while the TF NDVI was high. There was also a distinct negative correlation 

between trends in C/N and TF NDVI before and after 2007 but excluding 2019 (Figure 4.3f).  

The foliar δ15N was decreasing after 2005 (Figure 4.2e). Positive correlation was observed 

between the foliar δ15N and TF NDVI before 2007 (Figure 4.3g).  
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4.2. Discussion  

4.2.1. NDVI variation among forest conditions 

Before 2007, there was a small difference in NDVI among four forest types (Figure 4.1b 

and Table S4). Most years before 2007, NDVI values at RF and DF were larger than that at TF. 

In 2007-2008, there was a large difference in NDVI among the forest types, especially between 

the TF and DF (Figure 4.1b). In this period, the soil moisture water equivalent (SWE) reached 

extremely high values (Figure 4.2c) caused by a large precipitation amount occurred in 2005-

2008 (Figure 4.1d). Consequently, forest floor was partially waterlogged, resulting in a damage 

of the larch forest, especially at DF and RF in the transect. These data may 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 water availability. However, after 2007, the TF, which was 

visually unaffected by the wet event, showed higher NDVI than the DF and RF. The presence 

of surface water in DF and the soil saturated with water in DF and RF could also reduce NDVI 

values.  

After 2009, as soil was getting dry, the difference in NDVI among forest types was 

becoming small (Figure 4.1b). This may be caused by the change in vegetation at DF and RF, 

that is to say the change from mature larch tree 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 became large again (Figure 4.1b). This may be caused 

by the high SWE observed in 2015 (Figure 4.2c), which lowered NDVI at RF and DF. 

The difference in NDVI between TF and DF, however, still remained in the end of the 

observation period. In the section 3, the spatial variation in NDVI along the transect was 

investigated a decade after the wet event, in 2018. It was concluded that NDVI was higher in 

TF than in DF because of a difference in the stand density of mature trees, because NDVI 

indicates a leaf area index (LAI), which corresponded a number of mature trees in this forest. 
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4.2.2. Trends in NDVI of the transect and 10-km plot  

The NDVI of the 10-km plot showed a similar trend with the transect NDVI during the 

observation period (r=0.78, p<0.001), as seen in Figure 4.1a, and the mean NDVI value of the 

10-km plot was lower than that of the transect in most years. The year-to-year variations were 

found in both NDVI data, but no significant increasing or decreasing trends were observed, and 

that is consistent with previous studies in this site (Lloyd et al. 2011; Nagano et al. 2022; Tei et 

al. 2019a). Therefore, our observation data can be used for the analyses of ecosystem change 

not only for plot scale but also regional scale. 

4.2.3. Water availability 

As described in Results, soil moisture water equivalent (SWE) controls forest NDVI, 

because our observation site (northeastern taiga) is established in the continentally dry area. I 

found positive and negative correlations between NDVI and SWE. Before 2007, TF NDVI was 

correlated positively with June SWE in current year (Figure 4.3b), and positively with the SWE 

in last year June, July, August and the last year summer (JJA) (Figure 4.3 c,d and Figure S6 c,d, 

Table S5).  These indicate the influence of hydrological conditions in the previous year and 

early summer in the current year on leaf productivity of larch trees in the current year.  

Larches as deciduous trees assimilate carbon by photosynthesis (photoassimilate) during 

the summer to prepare the needles in the next year, and elongation of needles may be affected 

by hydrological condition in the early summer. In the Spasskaya Pad Forest, pulse-labeling 

experiment with 13CO2 showed that stored carbon from previous year contributed about 50% to 

formation of new needles of Larix gmelini saplings (Kagawa et al. 2006). The high level of 

water availability in the summers of 1999 and 2000 contributed to the increased carbon storage 

and, as a result, the high formation of needles in 2000 and 2001. The followed significant NDVI 

decrease in 2002 was caused by a low level of soil moisture, i.e., dry conditions. The high 

summer air temperature (Figure 4.1c) and small amount of precipitation (Figure 4.1d) in 2001 

and 2002 caused drought in 2002 and 2003. After that, the soil moisture was increasing due to 
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a large amount of water year precipitation (Figure 4.1d), that contributed an increase in NDVI 

until 2007.  

It has been known that the NDVI was found to depend on the previous-year precipitation 

in arid and semi-arid regions (e.g., Burry et al. 2018; Camberlin et al. 2007). Besides, historical 

time-series of climate indices, based on both precipitation and temperature, had relations with 

one-year lagged NDVI (e.g., Liu et al. 2017; Verbyla 2015). In boreal interior Alaska, the 

summer moisture index showed correlation with maximum summer NDVI not only at one-year 

time lag in two 10-km climate station buffers, but also at two-year time lag in many other ones 

(Verbyla 2015). The possible reasons for the multi-year NDVI lag could be the long-term 

negative vegetation responses to drought events, such as decrease in carbon allocation by plants 

(e.g., Kannenberg et al. 2019) and plant mortality (e.g., Anderegg et al. 2012). The negative 

effects of the drought event also took place in our study (Table 4.1).  

The effect of the preceding hydrological conditions on NDVI is also evidenced by the 

significant negative correlation between the foliar δ13C and previous August SWE in 1999-2007 

(r =-0.79, p<0.05; Figure 4.4). The mechanism of plant δ13C response to changes in light and 

water availabilities have been well explained in previous studies (e.g., Farquhar et al. 1989). 

Under drought stress in 2001-2002, there apparently was a decrease in needle stomatal 

conductance, resulting in a decrease in carbon assimilation. In the next years, 2002-2003, 

larches produced less needles (lower NDVI) from the previously photosynthesized carbon with 

low values of intercellular CO2 pressure and, as a result, high δ13C values. 

Compared the decrease in TF NDVI for drought event, decrease in TF NDVI for wet 

event was not so large (Figure 4.2a), although wet event caused decrease in RF-1 and 2 NDVI 

significantly. However, the positive correlations between the TF NDVI and soil moisture, 

which were observed in 1999-2006, shifted to the opposite ones in 2008-2019 (Figure 4.3b-d 

and Figure S6a-e). After 2007, the TF NDVI was negatively correlated with the SWE of all 

months in previous (with one-year time lag) and current years (without a lag) (Table S6). This 

may indicate that, after the extreme wet event, the soil moisture in previous and current years 

seemed to negatively affect the current TF NDVI. So, a high level of the soil moisture may 
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affect needle production, i.e., carbon assimilation, needle formation and/or needle elongation. 

But based on the foliar δ13C data, there was no evidence that the needle stomatal conductance, 

which is an indicator of the rates of transpiration and carbon assimilation, was disturbed by the 

event, because the correlation between the foliar δ13C and SWE remained negative in 2008-

2019 like in 1999-2007 (Table S8). Herewith, in 2008-2019, the foliar δ13C may be mainly 

controlled by hydrological conditions in the current year rather than in the previous year (Table 

S8). In years with a high SWE, such as 2009 and 2015, stomatal conductance increased (a low 

foliar δ13C), that usually indicates a great potential of a plant to assimilate CO2, a high C storage 

and a high needle production (a high TF NDVI) in the current and next years. Nevertheless, in 

these wet years and in their subsequent 2010 and 2016, TF NDVI values were low. Therefore, 

the decrease in the TF NDVI in the wet years may be due to factors other than the carbon 

assimilation process. Nitrogen availability for larches can control formation of needles in the 

beginning of the growing season and their elongation and, consequently, the TF NDVI. 

4.2.4.  Nitrogen availability  

Before 2007, the TF NDVI showed a significant negative correlation with the foliar C/N 

(Figure 4.3f), which indicate a positive correlation with the foliar N content. In this ecosystem, 

there was no previous study on the temporal correlation between the NDVI and plant N content 

(or δ15N). The leaf nitrogen and chlorophyll (green pigment), where the nitrogen is one of the 

important elements, were found to be positively correlated with NDVI (Gamon et al. 1995). 

Previously, the relationship between NDVI and leaf N content was predominantly investigated 

in crops for agricultural purposes, but not in natural ecosystems. Besides, in coniferous forests, 

estimation of foliar nitrogen using remote-sensing methods showed the highest uncertainty due 

to complex structure of needleleaf canopies (reviewed by Homolova et al. 2013). 

As leaf N content was considered to be an indicator of nitrogen availability for a plant in 

some boreal regions, where the ecosystem is usually poor in N (Liang et al. 2014; Matsushima 

et al. 2012), so it may be concluded that forest greenness (NDVI) was controlled by nitrogen 

uptake by larch trees. Herewith, soil moisture was suggested to play a crucial role in 
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maintaining the forest nitrogen status (Table S9). In 2000-2001, soil water was available for 

plants, and induced favorable conditions for soil nitrogen uptake by trees. Under a suitable soil 

moisture condition, production of soil inorganic N may be increased. These may lead a high 

production of larch needles (high NDVI). In 2002-2003, during drought years, the dry 

conditions caused the opposite effects, namely less productivity of soil inorganic N and less N 

uptake by trees. In the post-drought period of 2004-2007, an increase in the soil moisture was 

gradually recovering the forest conditions in terms of nitrogen uptake and needle production.  

After 2007, the foliar C/N still showed a negative correlation with the TF NDVI in 2008-

2018 but statistically weaker comparing to 1999-2006 (Figure 4.3f).  At the same time, the 

positive correlations between the TF NDVI and SWE changed to the negative ones in 2008-

2019. According to the results, a high soil moisture could lead to a low needle production under 

a low nitrogen availability. When an extremely high soil moisture, resulting in the soil saturated 

with water, caused less production of soil inorganic nitrogen, low TF NDVI and high C/N 

values may be observed, that is a negative correlation between them.  

While the N content reflects the plant nitrogen status, the plant δ15N is widely accepted 

to depend on the isotopic composition of nitrogen sources (e.g., Evans 2001). So, the δ15N of 

soil inorganic ammonium NH4
+, which is the main nitrogen source in the Spasskaya Pad forest 

(Popova et al. 2013), presumably determined the foliar δ15N in larches. As seen in Figure 4.2e, 

the foliar δ15N was decreasing since 2005. This data suggested that larch trees used less soil N, 

especially produced in deeper soil layer, which usually has a higher soil δ15N. It may be related 

with either change in soil N dynamics, or decreasing the vertical distribution of roots (Takenaka 

et al. 2016), or damaging lower roots by an extremely high soil moisture. Under root oxygen 

stress due to soil flooding, plant metabolism is changed from anaerobic one to fermentation 

characterized by energy-deficiency and ethanol production, both of which induce decreased 

nutrient uptake and plant growth (reviewed by Pezeshki and DeLaune 2012). Reduced soil 

conditions are also able to produce soil phytotoxins damaging the root system (Pezeshki 2001).  

It should be noted that not only the extreme wet event in 2007 but also the extreme 

drought in 2001 may cause a change in N availability. There are many studies that the foliar 
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δ15N increased during drought (Handley et al. 1999b; Lopes and Araus 2006; Ogaya and 

Penuelas 2008; Penuelas et al. 2000). But in this study, drought in 2001 and 2002 decreased the 

foliar δ15N. The exact reason was not identified, but drought in 2001 and 2002 might affected 

the N availability for larch trees. 

4.2.5. NDVI and RWI of larch trees 

Two parameters of above-ground biomass, the tree-ring width index (RWI) and TF NDVI, 

were positively correlated in 1999-2006 at a significant level (r = 0.79, p<0.05; Figure 4.3a). 

Similarly, in other northern regions, temporal patterns of the NDVI and dendrochronological 

data were similar for larch (Berner et al. 2013; Berner et al. 2011; Erasmi et al. 2021), pine 

(Berner et al. 2011), spruce (Andreu-Hayles et al. 2011; Beck et al. 2013; Berner et al. 2011; 

Lopatin et al. 2006). This means that the tree growth (RWI) and needle production (NDVI as 

an indicator of LAI) showed synchronous responses to environmental changes before 2007. 

However, there was no significant correlation between the TF NDVI and RWI after 2007. Thus, 

the extreme wet event in 2007 could change the physiological response of larch trees to the 

environment in terms of needle and wood production. 

Correlation between the NDVI and RWI at our observation site was previously observed 

by Tei et al. (2019a). They used GIMMS-NDVI3g, and found its positive correlation with the 

RWI in the next year during 2004–2014 in the study site. These two parameters, the NDVI and 

RWI, reflect the carry-over of carbon, which is fixed via needles in previous year and used in 

the current year, as experimentally demonstrated by Kagawa et al. (2006). In our study, there 

was no significant correlation between the TF NDVI and RWI at one-year lag of the RWI 

(Figure S6g). 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, the soil moisture and 

nitrogen availability for trees seemed to be the key factors of environment affecting not only 

the NDVI, as mentioned above, but also the RWI. However, the TF NDVI and RWI were not 

significantly correlated after 2007, while there was a significant positive correlation before 
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2007. Thus, the extreme wet event in 2007 could change the physiological response of larch 

trees to the environment in terms of needle and wood production. 

4.3. Summary 

In the Chapter 4, to understand effects of the extreme wet event on the larch forest of 

northeastern Siberia, historical variations in the satellite-derived NDVI (forest greenness) and 

field-observed parameters of larch forest were investigated. The NDVI values of the plots 

visually unaffected (typical mature larch forest, TF) and affected (RF and DF) by the event 

were similar before 2007, but differed after 2007 because of a high tree mortality in the last 

plots caused by waterlogging and a presence of water on depression. And the TF, which was 

visually unaffected by the event, had also undergone changes. The soil moisture played an 

important role in the above-ground biomass production before and after the wet event. The 

SWE was correlated negatively with the needle C/N (Table S9) and positively with the TF 

NDVI (Table S5). So, before the event, a high level of water availability (high SWE) in the 

previous summer and current June for a plant showed positive effects on nitrogen uptake (low 

C/N or high N content), needle growth (high NDVI) and, consequently, stem growth (high 

RWI). But after the event, an excessively high soil moisture (high SWE) negatively affected on 

the nitrogen availability (high C/N; Table S9) and needle production (low NDVI; Table S5). 

The decrease in the needle δ15N after the event may indirectly indicate either change in soil N 

dynamics, or decreasing the vertical distribution of roots, or damaging lower roots by an 

extremely high soil moisture. 
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5. General discussion and Conclusions 

Tree mortality in DF and RF during the extreme wet event was controlled by soil 

properties and topographic features, i.e. depressions (Iwasaki et al. 2010). But among the effects 

of the event, there may be not only tree mortality but also invisible damages in living trees. In 

this study, NDVI, a potential indicator of needle production, in the typical forest was negatively 

related with the summer SWE in previous and current years in 2008-2019 and with the current-

year needle C/N in 2008-2018 (Table S6). That may indicate that needle production for current 

and next years during the summer was disturbed by increased soil moisture and decreased soil 

N uptake by trees. We suggested that N uptake by larches might be reduced in wet soils by 

damaged lower roots, or decreased vertical distribution of roots (Takenaka et al. 2016), or 

changed soil N production.  

Changes in the process of needle production may affect tree growth in the current and 

next years in the forest (Kagawa et al. 2006; Tei et al. 2019a). But we found no evidence that 

tree radial growth was disturbed after 2007: the RWI well responded to changes in the SWE 

(Figure 3b and c). Additionally, at ecosystem scale, there was no significant change in CO2 

exchanges measured by the 32-m flux tower in this larch forest (Kotani et al. 2019). However, 

observed increase in understory biomass was suggested to compensate negative changes in 

fluxes at overstory level (Kotani et al. 2019) and in NDVI of the forest (Nagano et al. 2022). 

That means that negative effects of the extreme wet event for the living larch trees were not 

excluded in the previous studies. Our study showed that limitation in N uptake at a high soil 

moisture level is one of the factors, which may potentially reduce tree growth in the future. 

The spatial variations in NDVI and foliar traits identified favorable conditions in the sites 

affected by the extreme wet event (RF). The larch forest in RF with lower NDVI (lower stand 

density) had higher light (higher δ13C) and nitrogen (lower foliar C/N) availabilities for one 

mature larch tree than that in unaffected 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 succession of RF after an extreme wet event. But since 
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the weather extremes are expected to be more frequent and intensive, the period between the 

extremes may exceed the period of recovery after the extremes. Therefore, the forest may be 

rather damaged than recovered in the future. Regarding to the prediction of tree growth in this 

dry region, there is a discrepancy between different vegetation models. In eastern Siberia, 

dynamic global vegetation model (DGVM) simulated increased forest production in the nearest 

century, while RWI-based model showed an opposite result (Tei et al. 2017). Some of models 

may overestimate the production because they do not include important parameters, such soil 

moisture, soil N production, N uptake by trees. In order to better understand changes in the 

forest, long-term observation of variation in the soil N availability depending soil moisture and 

other factors is necessary.  
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Figure 2.1. Location of the Spasskaya Pad Station (62°25′ N, 129°62′ E), the study transect 
and 10-km plot near Yakutsk in the topographical map zoomed from a global map (a). The 
study transects 60 m × 510 m in Landsat 7 ETM+ Natural Color Images with a spatial 
resolution of 30 m before the wet event on 11 June 2006 (b) and after the wet event on 9 June 
2008 (c). The red polygons represent the 34 plots. The black stripes in the last two figures 
represent the Landsat 7 scan-line error (no data). 
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Figure 2.2. Four larch forest types on damage levels observed along the transect: typical mature 
forest (TF), two types of regenerating forest (RF-1 and RF-2), and damaged forest (DF). Each 
forest type is demonstrated as a photograph taken at a representative plot. 
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Figure 2.3. Detailed view of the Spasskaya Pad Forest: the station, the 60 m x 510 m transect 

for studying spatial variations, points of soil moisture measurement and larch needle sampling 

for δ13C, δ15N, and C/N for studying historical variations.  
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Figure 3.1. Spatial variations in the NDVI along the transect calculated based on the Landsat 8 
images captured in the summer of 2018: (a) on 4 June; (b) on 31 July; (c) on 7 August; (d) on 23 
August; (e) and on 17 September. Variations are presented as the heat maps with the color scale 
bar. The central number shows an average value of the NDVI within the plot. Serial numbers of the 
plots are shown at the top right corners. (f) Scheme of the distribution of the four larch forest types 
on damage levels observed along the transect: typical forest (TF), two types of regenerating forest 
(RF-1 and RF-2), and damaged forest (DF). The transect plot numbers are shown at the top right 
corners of the plots. The black dash lines display the conditional borders of the depression in the 
transect (plots from No. 25 to 30). (g) Seasonal variations in the NDVI of the forest types. Different 
upper-case letters (A, B, C) mean the statistical significance in the comparison among forest types 
on an observation day. 
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Figure 3.2. Spatial variations in (a) the foliar δ13C (‰), (b) the foliar δ15N (‰), and (c) the 
foliar C/N ratio averaged in each plot (average and standard deviation values are shown as 
numerator and denominator, respectively). Variations are presented as the heat maps with color 
scale bars. Serial numbers of the plots are shown at the top right corners. Number of samples 
from the plots was n = 1 for the RF-1 plot No. 31, n = 2 for the RF-1 plots No. 23 and 24, n = 
4 for all other plots (results from No. 25 to 28, 30, and 33 are not shown because mature trees 
were not available). Black dash lines display the conditional borders of the depression in the 
transect (plots from No. 25 to 30). 
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Figure 3.3. Box plots of the (a) δ13C (‰), (b) δ15N (‰), and (c) C/N ratio of each tree sample 
from the TF (n = 68), RF-1 (n = 33), and RF-2 (n = 4). Box encompasses the 25th through 
75th percentiles (inter-quartile range IQR) with the median 50%. Lower (higher) whisker 
corresponds to the smallest (largest) observation within 1.5 times IQR below the lower 
quartile (above the upper quartile). Boxplot outliers are circled with the plot number. Red dot 
in a box indicates mean value of all samples from a forest type. 
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Figure 3.4. Relationships between the foliar δ13C and C/N for each tree sample from the TF (n 
= 68), the RF-1 (n = 33), and the RF-2 (n = 4). Each sample was labeled with a plot number. 
Black solid line shows the linear regression line for all samples in the transect. 
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Figure 3.5. Relationships between the NDVI on 4 June 2018, the δ13C (a) and the C/N (b) at 
each plot for the TF (n = 17), the RF-1 (n = 10), and the RF-2 (n = 1). Horizontal error bars 
represent standard deviations. Black solid line shows the linear regression line for all plots in 
the transect. 
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Figure 4.1. The temporal variations from 1999 to 2019 in (a) seasonal maximum NDVI 

averaged for the plots in the transect and for the representative 10 km × 10 km forest plot 

calculated from available Landsat 5, 7, 8 images; (b) NDVI of four forest types, typical mature 

forest (TF), regenerating forests (RF-1 and FR-2), and damaged forest (DF); (c) mean air 

temperature in June, July, August and 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, in August and whole summer period JJA (June-July-

August) shown with triangles and circles. 
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Figure 4.2. The temporal variations in ecosystem parameters at typical forest (TF) observed 

during 1998-2019: (a) NDVI, (b) larch ring-width index (RWI), (c) soil moisture water 

equivalent (SWE) at the depth of 0-60 cm in June, July and August, (d) average foliar δ
13

C, (e) 

δ
15

N, (f) C/N ratio. Error bars represent standard deviations. There were no data for NDVI in 

1998, RWI in 2017-2019, June SWE in 2002, Aug SWE in 2003, foliar δ13C in 1998 and 2012, 

foliar δ15N and C/N in 1998, 2012 and 2015. 
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Figure 4.3. The relationships between the TF NDVI in transect and (a) larch ring-width index 

(RWI) during 1999-2016, monthly average of SWE (mm) in (b) June and (c) previous August, 

(d) averaged monthly SWE for June-August of previous year, (e) foliar δ13C, (f) C/N, (g) δ15N 

during 1999-2019. The green circles, red square and blue triangles show data points in 1999-

2006, 2007 and 2008-2019, respectively. Labels nearby the data points are observation years of 

the TF NDVI. Horizontal and vertical error bars represent standard deviations. Green and blue 

solid lines show linear regressions for the periods 1999-2006 (before the wet event) and 2008-

2019 (after the wet event), and dark green and purple dotted lines represent other periods. p-

values and R2 describe the significance and the degree of variability of the regression models, 

respectively. 
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Figure 4.4. The relationship between the foliar δ
13

C and monthly mean SWE in previous 

August (mm) during 1999-2019. The green circles, red square and blue triangles show data 

points in 1999-2006, 2007 and 2008-2019, respectively. Labels nearby the data points are 

observation years of the foliar δ
13

C. Vertical error bars represent standard deviations. The linear 

regressions for periods 1999-2007, 2008-2019 and 1999-2019 are presented by green, blue and 

black solid lines. p-values and R
2
 describe the significance and the degree of variability of the 

regression models, respectively. 
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Table 3.1. Comparisons between the mean NDVI in two different forest types on 4 June, 31 
July, 7 August, 23 August, and 17 September using two parametric unpaired two-sample tests, 
such as the classical Student’s equal variances t-test and the Welch unequal variances t-test, 
and one non-parametric Wilcoxon rank-sum test. The results of these three tests are presented 
as their significance values (p values). 

Day 
Forest 
types 

NDVI 
(mean ± 

SD) 
RF-1 RF-2 DF 

RF-2 & 
DF+ 

4 June 

TF 0.71 ± 0.01 <0.001 *** 0.008 ** 0.012 * <0.001 *** 

RF-1 0.66 ± 0.03  0.002 ** 0.026 * <0.001 *** 

RF-2 0.51 ± 0.06     0.533
ns

   

DF 0.46 ± 0.01     

RF-2 & DF 0.49 ± 0.06     

31 July 

TF 0.74 ± 0.01 0.02 * <0.001 *** 0.012 * <0.001 *** 

RF-1 0.73 ± 0.01  0.03 * 0.051 ′ 0.006 ** 

RF-2 0.72 ± 0.01     0.533 
ns

   

DF 0.71 ± 0.01     

RF-2 & DF 0.72 ± 0.01     

7 August 

TF 0.78 ± 0.01 0.04 * <0.001 *** 0.012 * <0.001 *** 

RF-1 0.77 ± 0.01  0.006 ** 0.026 * <0.001 *** 

RF-2 0.75 ± 0.01     0.533 
ns

   

DF 0.74 ± 0.00     

RF-2 & DF 0.74 ± 0.01     

23 August  

TF 0.71 ± 0.01 <0.001 *** <0.001 *** 0.012 * <0.001 *** 

RF-1 0.69 ± 0.01  0.002 ** 0.026 * <0.001 *** 

RF-2 0.65 ± 0.01     0.533
ns

   

DF 0.65 ± 0.00     

RF-2 & DF 0.65 ± 0.01     

17  
September  

TF 0.44 ± 0.01 0.02 * 0.003 ** 0.012 * <0.001 *** 

RF-1 0.42 ± 0.02  
0.21 

ns
 0.231 

ns
 0.17 

ns
 

RF-2 0.41 ± 0.02     1 
ns

   

DF 0.42 ± 0.00     

RF-2 & DF 0.41 ± 0.02     

Bold font indicates a significant difference between the NDVI means. Significance levels were 
flagged as the following: ′p < 0.1, *p < 0.05; **p < 0.01, ***p < 0.001, ns—not significant. 
+ Because of the small sample sizes in the RF-2 (n = 4) and DF (n = 2) and the statistically 
insignificant difference in the NDVI between them on each observation day, the RF-2 and DF 
were brought together as one group (n = 6). 
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Table 3.2. Linear regression models between the plot NDVI which were calculated from the 
Landsat-8 OLI images on 4 June, July 31, 7 August, 23 August, and 17 September (independent 
variables) and the plot-averaged δ13C, δ15N, and C/N of the larch needles sampled (dependent 
variable x). Models were described by the R-squared and p value. Number of plots used in the 
models is 28 out of 34: with the TF (n = 17), the RF-1 (n = 10), and the RF-2 (n = 1). 

Day 
Foliar δ

13
C (‰) Foliar δ

13
N (‰) Foliar C/N 

NDVI = b1x + b0 R
2
 p NDVI = b1x + b0 R

2
 p NDVI = b1x + b0 R

2
 p 

4 June −0.240x − 0.033 0.15 0.04 *  <0.01 0.93 
ns

 0.006x + 0.465 0.39 <0.01 ** 

31 July  0.01 0.64 
ns

 0.007x + 0.769 0.16 0.04 *  0.04 0.30 
ns

 

7 August  0.01 0.64 
ns

  0.10 0.11 
ns

  0.06 0.20 
ns

 

23 August  0.06 0.20 
ns

  0.00 1.00 
ns

 0.002x + 0.618 0.39 <0.01 ** 

17 
Septembe

r 
 0.00 0.90 

ns
  0.01 0.63 

ns
 0.002x + 0.376 0.15 0.04 * 

Bold font indicates a significant relationship. Significance levels (p values) were flagged as *p 
< 0.05, **p < 0.01, ns—not significant. 
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Table 4.1. Mean and standard deviation of seasonal maximum NDVI of all plots in the TF and 

RF-1 in the periods before (1999-2006), during (2007) and after (2008-2019) the extreme wet 

event. Averaged NDVI was also calculated for wet and dry periods before the event. Different 

letters in the superscript (a, b, c, d) indicate a statistical difference between the means, calculated 

using either Student t-test, Welch t-test or Wilcoxon rank-sum test. The sample size (n) 

indicates a number of plots in a NDVI data group. 

Forest type 

before the wet event 

2007 
after the wet 

event 
wet period 

(2000, 2001, 

2006) 

dry period 

(2002) 
all years 

Typical  0.78±0.02 0.73±0.02 0.75±0.03 0.76±0.02 0.75±0.02 

Regenerating-1 0.79±0.03 0.73±0.02 0.76±0.03 0.72±0.03 0.74±0.03 
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Figure S1. The seasonal variation in the raw transect NDVI in each year of the period 1999-2019. The blue, and green 

triangles indicate the transect NDVI calculated from Landsat 5, 7 and 8 images, respectively. For available observation 

days, the transect NDVI value was calculated as average of only quality plots (cloud-free according to Landsat Quality 

Assessment band). In the figure, only days with a number of quality plots of higher than n = 16 (maximum n = 34) 

were shown. The seasonal maximum date was found for each of dataset groups (Landsat 5, 7, 8), shown by blue, red 

and green colors, respectively.  
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Figure S1 (continued). 
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Figure S2. The seasonal variation in the transect NDVI in each year of the period 1999-2019 after conversions of 

NDVI data shown in Figure S1. The conversions of NDVI data were made from Landsat 5 TM and 8 OLI to Landsat 

7 ETM according to the equations developed by Ju and Masek (2016) and Roy et al. (2016). The seasonal maximum 

was found for each year. To determine a difference among mean NDVI of the transect on observation days of each 

year, paired sample t-test was applied. In case of statistically insignificant difference among observation days, the day 

with higher number of quality pixels was selected.  
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Figure S2 (continued). 
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Figure S3. Temporal variations of raw data in (a) the foliar δ13C and (b) C/N of nine trees in the typical forest during 

1999-2019. The five trees LL23, LL24, LLR2 and LLR3 were continuously sampled from 1999 to 2011, and the tree 

R04 was sampled in 2008-2010, 2014, 2015 and 2017. The four trees S1, S2, S3 and S4 were sampled from 2013. The 

number of sampled trees for the foliar δ13C (a) in every year were: n=0 in 2012; n=4 in 1999-2007, 2011 and 2015; 

n=5 in 2008-2010, 2016; n=6 in 2013, 2018 and 2019; n=7 in 2017; n=8 in 2014. The number of sampled trees for the 

foliar C/N (b) in every year were: n=0 in 2012 and 2015; n=4 in 1999-2007, 2011, 2013, 2014, 2016-2017; n=5 in 

2008-2010; n=6 in 2018 and 2019. From each tree four stems were taken, and leaves were mixed well before the 

analyses. All data obtained in each year was averaged, in order to build a successive temporal variation in the foliar 

δ13C and C/N (Figure 4.2d and f) 
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Figure S4. Temporal variations of raw data in (a) the foliar δ15N of the same trees as in Figure S2, and (b) method of 

calculation to obtain successive temporal variation in the foliar δ15N. The δ15N value differs from tree to tree because 

of different source of nitrogen for the tree. To obtain continuous temporal variation, first, the average values from 

LL23, LL24, LLR2 and LLR3 in 1999-2011 (δ15Naver,1) and S1-S4 in 2013-2019 (δ15Naver,2) were calculated, and, 

second, the differences between the average and LLR3 (1 and 2) were obtained. Then, continuous average value 

was calculated by adding 1 and 2 to δ15Naver,2 (Figure 3c).  
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Figure S5. Daily variation of soil moisture water equivalent (SWE, mm) including ice from surface of mineral soil 

layer to 60 cm in May to September from 1998 to 2019. Cumulative SWE from a depth of 60 cm to 30 cm, 30 to 15 

cm, and 15 to 0 cm are shown in the figure. Black dotted, dashed and solid lines show continuous daily data, and empty 

circle, triangle and square shown in 2001 and 2004 are one day data. Filled circle, triangle and square with arrow in 

the left side of each figure are SWE in previous September (before freeze). The SWE was calculated with the same or 

similar methods by Sugimoto et al. (2003), that is from volumetric soil water content (VSWC, m3/m3) observed by 

TDR by multiplying by layer thickness (mm). The SWE was estimated from regression relationships of TDR 

measurements between manual (Moisture Point, Environmental Sensors Inc., Canada) and automatic observations. 

Three automatic measurement systems were used in different years: TRIME IMKO P2 sensors (IMKO 

Micromodultechnik GmbH, Germany) at depths of 10, 20, 40 cm in 1998, 1999, 2002-2008, Decagon ECH2O sensors 

(Meter Environment, USA) at 7.5, 22.5, 45 cm in 2009, 2012, 2013 and 2016-2019 and Sentek EnviroSmart (Campbell 

Scientific Inc, Canada) at 10, 20, 30, 40, 50, 60 cm in 2010, 2014 and 2015. In 2001, SWE observed by Moisture Point 

were shown. Red lines show estimated values by comparison of previously observed data. 
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Figure S5 (continued). 
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Figure S6. The relationships between the TF NDVI in transect and ecological parameters: monthly average soil 

moisture water equivalent (SWE mm) in (a) July, (b) August, (c) previous June, (d) previous July, (e) averaged June, 

July and August SWE, (f) previous year’s foliar δ13C (‰) during 2000-2019, (g) next year’s RWI during 1999-2015. 

Green circles and blue triangles are the data before (1999-2006) and after (2008-2019) the wet event, and red square 

are the data observed in 2007. Labels nearby the data points are observation years of NDVI. Horizontal and vertical 

error bars represent standard deviations. Green, dark green dotted and blue solid lines show linear regressions for 

periods 1999-2006 (before the wet event), including 2007 (the wet event), and 2008-2019 (after the wet event). For 

the figure S6 (e), dark green dotted line is the linear regression for the period 1999-2010. The p-values and R2 describe 

the significance and the degree of variability of the regression are also shown. 
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Table S1. Seasonal maximum of NDVI (mean and standards deviation) observed for four forest types (TF, RF-1, RF-

2, and DF) within the transect and 10 km plot during 1999-2019. NDVI was calculated from available Landsat 5 TM, 

7 ETM+ and 8 OLI images. All the NDVI values from Landsat 5 and 8 were converted to Landsat 7 ETM+ using the 

methods of Ju and Masek (2016) and Roi et al. (2016), respectively. The value n shows number of the quality plots 

among 17 (TF), 11 (RF-1), 4 (RF-2), and 2 (DF), respectively (total n = 34). The n for the 10 km plot shows percentage 

of the quality pixels among 111556 pixels. 

Satellite 
(transect 

/plot) 
Year 

Day of maximum 
NDVI 

Typical  
forest 

Regenerating 
forest-1 

Regenerating 
forest-2 

Damaged  
forest Transect 10 km plot 

transect plot aver std n aver std n aver std n aver std n aver std n aver std n, % 

L7 ETM+ 1999 27.08 0.75 0.02 17 0.75 0.01 11 0.75 0.05 4 0.77 0.00 2 0.75 0.02 34 0.72 0.07 100.0 
L7 ETM+ 2000 13.08 0.78 0.01 17 0.79 0.02 11 0.81 0.01 4 0.80 0.00 2 0.79 0.02 34 0.80 0.05 100.0 
L7 ETM+ 2001 15.07 0.79 0.01 17 0.81 0.02 11 0.82 0.00 4 0.82 0.01 2 0.80 0.02 34 0.79 0.06 95.3 
L7 ETM+ 2002 12.08 0.73 0.02 17 0.73 0.02 11 0.73 0.01 4 0.73 0.00 2 0.73 0.02 34 0.69 0.07 100.0 
L7 ETM+ 2003 21.07 0.73 0.02 17 0.72 0.01 11 0.73 0.02 4 0.72 0.01 2 0.73 0.02 34 0.69 0.07 76.7 
L7 ETM+ 2004 17.08 0.74 0.02 17 0.75 0.03 11 0.75 0.01 4 0.73 0.02 2 0.74 0.02 34 0.70 0.08 83.1 
L7 ETM+ 2005 03.07 0.76  1 0.76 0.02 9 0.76 0.02 4 0.78 0.01 2 0.76 0.02 16 0.74 0.06 82.5 
L7 ETM+ 2006 07.08 29.07 0.75 0.02 17 0.76 0.02 11 0.78 0.03 4 0.79 0.01 2 0.76 0.02 34 0.80 0.07 76.9 
L5 TM/  

L7 ETM+ 2007 01.07 25.07 0.76 0.02 17 0.72 0.03 11 0.68 0.02 4 0.67 0.02 2 0.73 0.04 34 0.73 0.08 51.6 
L7 ETM+ 2008 25.06 0.75 0.02 17 0.71 0.02 11 0.68 0.03 4 0.66 0.01 2 0.72 0.03 34 0.72 0.08 79.3 
L7 ETM+ 2009 14.07 0.74 0.02 16 0.71 0.00 2   0   0 0.74 0.02 18 0.73 0.06 67.7 
L7 ETM+/ 

L5 TM 2010 01.07 16.07 0.73 0.01 17 0.71 0.01 7 0.72  1   0 0.73 0.02 25 0.72 0.06 97.9  
L7 ETM+ 2011 05.08 12.08 0.75 0.01 12 0.72 0.02 11 0.72 0.01 4 0.71 0.01 2 0.73 0.02 29 0.73 0.06 78.2 
L7 ETM+ 2012 06.07 0.78 0.02 12 0.76 0.01 11 0.75 0.02 4 0.75 0.00 2 0.77 0.02 29 0.75 0.06 81.8 
L8 OLI 2013 24.07 0.76 0.01 17 0.74 0.01 11 0.72 0.01 4 0.71 0.00 2 0.74 0.02 34 0.74 0.05 98.8  
L8 OLI 2014 27.07 0.73 0.01 17 0.72 0.02 11 0.72 0.01 4 0.71 0.00 2 0.73 0.02 34 0.73 0.05 99.7  
L8 OLI/ 

L7 ETM+ 2015 23.07 31.07 0.74 0.01 17 0.73 0.02 11 0.72 0.01 4 0.71 0.00 2 0.73 0.02 34 0.73 0.06 50.7 
L8 OLI 2016 09.07 0.74 0.01 14 0.73 0.01 9 0.69 0.02 4 0.67 0.01 2 0.72 0.03 31 0.71 0.07 87.8  

L7 ETM+ 2017 20.07 0.76 0.01 7 0.75 0.02 9 0.72 0.01 4 0.71 0.00 2 0.75 0.02 22 0.73 0.06 83.6 
L8 OLI 2018 07.08 0.75 0.01 17 0.74 0.01 11 0.72 0.01 4 0.71 0.00 2 0.74 0.02 34 0.72 0.06 100.0  

L7 ETM+/ 
L8 OLI 2019 01.07 09.07 0.78 0.01 17 0.77 0.02 11 0.77 0.02 4 0.74 0.00 2 0.77 0.02 34 0.73 0.05 100.0  
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Table S2. The results of Shapiro-Wilk test, a normality test, for seasonal maximum NDVI data in each forest type, 

presented as the test statistic W and its significance level p-value. The data distribution was normal at p > 0.05 and 

non-normal at p < 0.05* (shown by bold font). The dash “−” means no result because of either a small number of 

samples in a forest type (n < 3) or no samples. 

 
Date TF RF-1 RF-2 DF 

  W p W p W p W p 

1999 0.94 0.36 0.94 0.46 0.91 0.48 
− − 

2000 0.97 0.78 0.88 0.09 0.89 0.36 
− − 

2001 0.90 0.08 0.98 0.98 0.96 0.76 
− − 

2002 0.93 0.19 0.97 0.88 0.97 0.85 
− − 

2003 0.98 0.93 0.91 0.27 0.97 0.85 
− − 

2004 0.97 0.75 0.88 0.12 0.89 0.37 
− − 

2005 
− − 

0.93 0.44 0.83 0.16 
− − 

2006 0.95 0.52 0.95 0.68 0.77 0.06 
− − 

2007 0.94 0.30 0.81 0.01* 0.93 0.57 
− − 

2008 0.95 0.42 0.92 0.32 0.92 0.54 
− − 

2009 0.93 0.23 
− − − − − − 

2010 0.96 0.68 0.94 0.62 
− − − − 

2011 0.95 0.65 0.97 0.89 0.84 0.19 
− − 

2012 0.96 0.78 0.81 0.11 
− − − − 

2013 0.86 0.02* 0.91 0.27 0.96 0.77 
− − 

2014 0.96 0.66 0.92 0.31 0.97 0.85 
− − 

2015 0.98 0.94 0.95 0.61 0.82 0.15 
− − 

2016 0.92 0.20 0.91 0.35 0.95 0.71 
− − 

2017 0.90 0.32 0.96 0.79 0.79 0.08 
− − 

2018 0.97 0.80 0.90 0.21 0.94 0.68 
− − 

2019 0.98 0.92 0.97 0.93 0.93 0.59 
− − 
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Table S3. The results of F-test, a test of equality of variances, for two normally distributed seasonal maximum NDVI 

datasets of two forest types (see Table S2), presented as the test statistic F and its significance level p-value. The 

variances of two NDVI datasets were equal at p > 0.05 and unequal at p < 0.05* (shown by bold font). The dash “−” 

means no result because of a non-normally distributed NDVI dataset in at least one of the two forest types being 

compared. 

 

Date Forest types 
RF-1  RF-2 DF 

F p F p F p 

1999 

TF 0.59 0.40 8.93 <0.01* − − 

RF-1   0.07 <0.01* − − 

RF-2     − − 

2000 

TF 2.01 0.21 0.57 0.71 − − 

RF-1   3.53 0.33 − − 

RF-2     − − 

2001 

TF 5.27 <0.01* 0.20 0.21 − − 

RF-1   26.27 0.02* − − 

RF-2     − − 

2002 

TF 1.49 0.46 0.46 0.57 − − 

RF-1   3.24 0.36 − − 

RF-2     − − 

2003 

TF 0.41 0.15 0.58 0.72 − − 

RF-1   0.70 0.59 − − 

RF-2     − − 

2004 

TF 3.82 0.02* 0.66 0.82 − − 

RF-1   5.80 0.18 − − 

RF-2     − − 

2005 

TF − − − − − − 

RF-1   1.81 0.68 − − 

RF-2     − − 

2006 

TF 1.11 0.82 2.86 0.14 − − 

RF-1   0.39 0.22 − − 

RF-2     − − 

2007 

TF − − 0.84 0.98 − − 

RF-1   − − − − 

RF-2     − − 

2008 

TF 1.15 0.78 3.30 0.09 − − 

RF-1   0.35 0.18 − − 

RF-2     − − 

2009 

TF − − − − − − 

RF-1   − − − − 

RF-2         − − 

2010 

TF 0.80 0.83 − − − − 

RF-1   − − − − 

RF-2     − − 

2011 

TF 2.99 0.09 0.21 0.22 − − 

RF-1   14.54 0.05* − − 

RF-2     − − 

2012 

TF 0.71 0.60 1.25 0.68 − − 

RF-1   0.57 0.44 − − 

RF-2     − − 

2013 

TF − − − − − − 

RF-1   4.35 0.25 − − 

RF-2     − − 

2014 

TF 1.15 0.77 0.41 0.50 − − 

RF-1   2.82 0.43 − − 

RF-2     − − 

2015 

TF 1.22 0.70 0.36 0.43 − − 

RF-1   3.41 0.34 − − 

RF-2     − − 

2016 

TF 1.16 0.76 1.46 0.53 − − 

RF-1   0.80 0.71 − − 

RF-2     − − 

2017 

TF 7.85 0.02* 0.84 0.96 − − 

RF-1   9.30 0.09 − − 

RF-2     − − 

2018 

TF 0.74 0.64 0.90 0.92 − − 

RF-1   0.82 0.71 − − 

RF-2     − − 

2019 

TF 2.75 0.07 2.32 0.23 − − 

RF-1   1.19 1.00 − − 

RF-2         − − 

Table S4. Comparisons of seasonal maximum NDVI averaged for each forest type between two different forest types 

in years from 1999-2019 using two parametric unpaired two-sample tests, such as classical Student’s equal variances 
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t-test and Welch unequal variances t-test, and one non-parametric Wilcoxon rank-sum test. The results of these three 

tests are presented as their significance values (p-values) and test statistics (t, t
w
 and W, respectively). Bold font 

indicates a significant difference flagged as ‘p <0.1, *p <0.05, **p <0.01, ***p <0.001, and ns – not significant. 

 

 

Table S4 (continue) 

Date Forest types 
RF-1 RF-2 DF 

Statistic p Statistic p Statistic p 

1999 

TF t  = 1.38 0.179
ns

 t
w 

 = 0.33 0.764
ns

 W = 30 0.105
ns

 

RF-1   t
w
  = -0.004 0.997

ns
 W = 19 0.154

ns
 

RF-2     W = 4 1
ns

 

2000 

TF t  = 1.28 0.212
ns

 t  = 3.37 0.003** W = 34 0.012* 

RF-1   t  = -1.62 0.128
ns

 W = 17 0.308
ns

 

RF-2     W = 4 1
ns

 

2001 

TF t
w
  = 2.40 0.033* t  = 6.12 <0.001*** W = 34 0.012* 

RF-1   t
w
  = -1.95 0.075' W = 18 0.231

ns
 

RF-2     W = 5 0.8
ns

 

2002 

TF t  = 0.11 0.914
ns

 t  = 0.39 0.698
ns

 W = 20 0.749
ns

 

RF-1   t  = -0.25 0.806
ns

 W = 10 0.923
ns

 

RF-2     W = 3 0.8
ns

 

2003 

TF t  = -1.70 0.100
ns

 t  = -0.06 0.951
ns

 W = 11 0.491
ns

 

RF-1   t  = -1.40 0.185
ns

 W = 12 0.923
ns

 

RF-2     W = 2 0.533
ns

 

2004 

TF t
w
  = 1.35 0.199

ns
 t  = 1.91 0.072' W = 13 0.655

ns
 

RF-1   t  = -0.17 0.869
ns

 W = 7 0.513
ns

 

RF-2     W = 0 0.133
ns

 

2005 

TF W = 4 1
ns

 W = 2 1
ns

 W = 2 0.667
ns

 

RF-1   t  = 0.07 0.943
ns

 W = 13 0.436
ns

 

RF-2     W = 6 0.533
ns

 

2006 

TF t  = 1.29 0.210
ns

 t  = 2.55 0.02* W = 32 0.047* 

RF-1   t  = -1.53 0.149
ns

 W = 20 0.103
ns

 

RF-2     W = 6 0.533
ns

 

2007 

TF W = 10 <0.001*** t  = -9.12 <0.001*** W = 0 0.012* 

RF-1   W = 39 0.026* W = 2 0.103
ns

 

RF-2     W = 1 0.267
ns

 

2008 

TF t  = -4.50 <0.001*** t  = -5.53 <0.001*** W = 0 0.012* 

RF-1   t  = 2.40 0.032* W = 0 0.026* 

RF-2     W = 3 0.8
ns

 

2009 

TF W = 1 0.026* − − − − 

RF-1   − − − − 

RF-2     − − 

2010 

TF t  = -4.52 <0.001*** W = 3 0.444
ns

 − − 

RF-1   W = 2 0.75
ns

 − − 

RF-2     − − 

2011 

TF t  = -3.68 0.001** t  = -4.86 <0.001*** W = 0 0.022* 

RF-1   t
w
  = 0.73 0.479

ns
 W = 6 0.410

ns
 

RF-2     W = 2 0.533
ns

 

2012 

TF t  = -2.93 0.008** t  = -3.35 0.005** W = 0 0.022* 

RF-1   t  = 1.59 0.136
ns

 W = 4 0.231
ns

 

RF-2     W = 4 1
ns

 

2013 

TF W = 17 <0.001*** W = 1 <0.001*** W = 0 0.012* 

RF-1   t  = 3.43 0.004** W = 0 0.026* 

RF-2     W = 0 0.133
ns

 

2014 

TF t  = -2.49 0.020* t  = -2.42 0.026* W = 0 0.012* 

RF-1   0.50 0.625
ns

 W = 6 0.410
ns

 

RF-2     W = 2 0.533
ns

 

2015 

TF t  = -1.32 0.199
ns

 t  = -2.13 0.047* W = 1 0.023* 

RF-1   t  = 1.00 0.335
ns

 W = 3 0.154
ns

 

RF-2     W = 0 0.133
ns
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Date Forest types 
RF-1 RF-2 DF 

Statistic p Statistic p Statistic p 

2016 

TF t  = -1.72 0.098' t  = -5.60 <0.001*** W = 0 0.013* 

RF-1   t  = 3.75 0.003** W = 0 0.036* 

RF-2     W = 1 0.267
ns

 

2017 

TF t
w
  = -1.50 0.162

ns
 t  = -10.84 <0.001*** W = 0 0.056' 

RF-1   t  = 3.48 0.005** W = 0 0.036* 

RF-2     W = 0 0.133
ns

 

2018 

TF t  = -2.14 0.042* t  = -4.48 <0.001*** W = 0 0.012* 

RF-1   t  = 3.27 0.006** W = 0 0.026* 

RF-2     W = 2 0.533
ns

 

2019 

TF t  = -0.24 0.810
ns

 t  = -0.40 0.691
ns

 W = 0 0.012* 

RF-1   t  = 0.13 0.897
ns

 W = 2 0.103
ns

 

RF-2     W = 0 0.133
ns
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Table S5. Pearson correlation (r) between TF NDVI and ecosystem and climatic parameters with 0-,1- and 2-year time lag of the TF NDVI before the wet event 

(1999-2006). Bold font indicates a significant correlation. Significance levels were flagged as ‘p <0.1, *p <0.05, **p <0.01, ***p <0.001. The number (n) indicates 

sample size of observed years.  

 
Ecosystem and climatic parameters Mean transect TF NDVI in   

 in the current year (i year) the current year (i year)  the following year (i+1 year) two years later (i+2 year) 

Parameter  Observation Month unit r p-value n  r p-value n  r p-value n  

Needle 
parameters 

δ13C   ‰ -0.61 0.11 8 -0.57 0.177 7 0.13 0.8 6 

δ15N   ‰ 0.72 0.043* 8 0.27 0.565 7 -0.18 0.727 6 

C/N     ‰ -0.85 0.007** 8 -0.24 0.604 7 0.59 0.216 6 

Soil 
moisture 

water 
equivalent 

(SWE) 

June SWE  June mm 0.83 0.020* 7 0.43 0.333 7 -0.30 0.567 6 

July SWE  July mm 0.61 0.106 8 0.82 0.013* 8 0.13 0.775 7 

Aug SWE  August mm -0.06 0.901 7 0.69 0.089’ 7 0.48 0.333 6 

summer SWE  JJA mm 0.20 0.711 6 0.79 0.060’ 6 -0.03 0.962 5 

Tree-ring 
width index 

RWI    0.79 0.019* 8 0.31 0.448 8 0.03 0.938 8 

Precipitation 

Jan prec  January mm -0.53 0.177 8 0.01 0.973 8 0.34 0.408 8 

Feb prec  February mm -0.43 0.293 8 -0.19 0.66 8 0.30 0.473 8 

Mar prec  March mm -0.60 0.118 8 -0.66 0.072’ 8 0.04 0.933 8 

Apr prec  April mm 0.59 0.124 8 0.30 0.472 8 0.33 0.432 8 

May prec  May mm 0.56 0.151 8 -0.06 0.896 8 -0.40 0.321 8 

June prec  June mm 0.26 0.534 8 0.75 0.033* 8 0.23 0.59 8 

July prec  July mm -0.61 0.109 8 -0.10 0.811 8 0.15 0.728 8 

Aug prec  August mm -0.14 0.739 8 0.27 0.522 8 0.42 0.297 8 

Sep prec  September mm -0.37 0.373 8 -0.13 0.765 8 0.62 0.099’ 8 

Oct prec  October mm -0.02 0.956 8 0.42 0.298 8 0.91 0.002** 8 

Nov prec  November mm -0.02 0.965 8 -0.10 0.809 8 0.04 0.916 8 

Dec prec  December mm -0.23 0.583 8 -0.11 0.797 8 0.34 0.41 8 

snow before summer  previous Oct - current Apr mm -0.05 0.899 8 0.47 0.243 8 0.18 0.662 8 

rain  MJJAS mm -0.31 0.452 8 0.21 0.619 8 0.52 0.187 8 

summer (JJA) rain  JJA mm -0.38 0.358 8 0.32 0.438 8 0.33 0.421 8 

Air 
temperature 
 

 

 

 

 

 
 

Jan temp  January ºC -0.07 0.874 8 0.57 0.142 8 0.29 0.494 8 

Feb temp  February ºC -0.40 0.322 8 -0.02 0.97 8 0.11 0.802 8 

Mar temp  March ºC -0.24 0.568 8 -0.67 0.071’ 8 -0.50 0.212 8 

Apr temp  April ºC -0.22 0.6 8 0.20 0.637 8 -0.42 0.301 8 

May temp  May ºC 0.49 0.215 8 0.18 0.672 8 -0.52 0.19 8 

June temp  June ºC 0.12 0.776 8 -0.09 0.828 8 0.30 0.465 8 

July temp  July ºC 0.30 0.466 8 -0.57 0.144 8 0.11 0.798 8 

Aug temp  August ºC -0.25 0.547 8 -0.54 0.171 8 -0.03 0.939 8 

Sep temp  September ºC -0.62 0.103 8 0.07 0.873 8 0.28 0.501 8 

Oct temp  October ºC -0.11 0.794 8 -0.67 0.070’ 8 -0.16 0.705 8 

Nov temp  November ºC -0.02 0.958 8 -0.45 0.266 8 -0.38 0.347 8 

Dec temp  December ºC 0.17 0.684 8 -0.03 0.938 8 0.24 0.573 8 

summer (JJA) temp  JJA ºC 0.12 0.775 8 -0.48 0.228 8 0.18 0.672 8 

MJJAS temp  MJJAS ºC -0.04 0.926 8 -0.45 0.262 8 0.09 0.838 8 
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Table S6. Pearson correlation (r) between the mean TF NDVI and ecosystem (or climatic) parameters with 0-,1- and 2-year time lag of the TF NDVI after the 

wet event (2008-2019). Bold font indicates a significant correlation. Significance levels were flagged as the following: ‘p <0.1, *p <0.05, **p <0.01, ***p 

<0.001. The number (n) indicates a sample size of observed years. 

Ecosystem and climatic parameters Transect TF NDVI   

 in the current year (i year) the current year (i year)  the following year (i+1 year) two years later (i+2 year) 

Parameter  Observation Month unit r p-value n  r p-value n  r p-value n  

Needle 
parameters 

δ13C   ‰ 0.34 0.306 11 0.91 <0.001*** 11 0.36 0.274 11 

δ15N   ‰ -0.46 0.176 10 -0.36 0.311 10 -0.24 0.505 10 

C/N    ‰ 0.09 0.807 10 -0.12 0.733 10 -0.02 0.961 10 

Soil water 
equivalent 

(SWE) 

June SWE  June mm -0.71 0.009** 12 -0.61 0.036* 12 0.08 0.794 12 

July SWE  July mm -0.74 0.006* 12 -0.61 0.036* 12 -0.19 0.553 12 

Aug SWE  August mm -0.55 0.066’ 12 -0.64 0.026* 12 -0.43 0.159 12 

summer SWE  JJA mm -0.73 0.008** 12 -0.65 0.023* 12 -0.17 0.598 12 

Tree-ring 
width index 

RWI    -0.16 0.683 9 0.15 0.689 10 -0.25 0.450 11 

Precipitation 

Jan prec  January mm 0.30 0.341 12 0.22 0.483 12 -0.17 0.587 12 

Feb prec  February mm 0.30 0.341 12 0.05 0.887 12 -0.10 0.767 12 

Mar prec  March mm -0.20 0.538 12 -0.28 0.380 12 -0.26 0.413 12 

Apr prec  April mm 0.19 0.560 12 0.18 0.582 12 0.16 0.627 12 

May prec  May mm -0.01 0.974 12 -0.41 0.187 12 0.27 0.401 12 

June prec  June mm -0.24 0.458 12 -0.12 0.699 12 0.05 0.877 12 

July prec  July mm -0.41 0.182 12 -0.15 0.648 12 -0.48 0.115 12 

Aug prec  August mm 0.40 0.199 12 0.57 0.053’ 12 -0.27 0.401 12 

Sep prec  September mm 0.41 0.183 12 -0.23 0.480 12 0.06 0.865 12 

Oct prec  October mm 0.25 0.426 12 0.14 0.667 12 0.11 0.731 12 

Nov prec  November mm -0.05 0.875 12 -0.23 0.479 12 -0.18 0.586 12 

Dec prec  December mm -0.06 0.858 12 0.41 0.187 12 0.19 0.559 12 

snow before summer  previous Oct - current Apr mm 0.27 0.401 12 0.07 0.840 12 -0.41 0.189 12 

rain  MJJAS mm 0.02 0.949 12 -0.14 0.663 12 -0.34 0.285 12 

summer (JJA) rain  JJA mm -0.18 0.566 12 0.15 0.636 12 -0.50 0.097’ 12 

Air 
temperature 

Jan temp  January ºC 0.22 0.500 12 0.19 0.554 12 0.38 0.221 12 

Feb temp  February ºC 0.07 0.836 12 -0.19 0.546 12 0.17 0.597 12 

Mar temp  March ºC -0.21 0.519 12 0.01 0.986 12 0.27 0.396 12 

Apr temp  April ºC 0.07 0.827 12 0.22 0.492 12 0.05 0.876 12 

May temp  May ºC 0.10 0.748 12 0.11 0.739 12 -0.46 0.137 12 

June temp  June ºC 0.60 0.038* 12 -0.26 0.414 12 -0.36 0.254 12 

July temp  July ºC -0.12 0.710 12 0.29 0.361 12 0.31 0.334 12 

Aug temp  August ºC -0.07 0.824 12 0.03 0.916 12 0.34 0.283 12 

Sep temp  September ºC 0.52 0.087’ 12 -0.23 0.464 12 -0.18 0.574 12 

Oct temp  October ºC 0.30 0.344 12 0.17 0.592 12 -0.30 0.335 12 

Nov temp  November ºC -0.30 0.345 12 0.05 0.869 12 0.19 0.547 12 

Dec temp  December ºC 0.12 0.720 12 -0.05 0.884 12 -0.18 0.569 12 

summer (JJA) temp  JJA ºC 0.27 0.401 12 0.05 0.878 12 0.15 0.647 12 

MJJAS temp  MJJAS ºC 0.50 0.097’ 12 -0.01 0.979 12 -0.13 0.679 12 
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Table S7. Pearson correlation (r) between the mean TF NDVI and ecosystem (or climatic) parameters with 0-,1- and 2-year time lag of the TF NDVI for the 

observation period of the NDVI (1999-2019). Bold font indicates a significant correlation. Significance levels were flagged as the following: ‘p <0.1, *p <0.05, 

**p <0.01, ***p <0.001. The number (n) indicates a sample size of observed years. 

Ecosystem and climatic parameters Transect TF NDVI   

 in the current year (i year) the current year (i year)  the following year (i+1 year) two years later (i+2 year) 

Parameter  Observation Month unit r p-value n  r p-value n  r p-value n  

Needle 
parameters 

δ13C   ‰ -0.23 0.326 20 0.17 0.495 19 0.18 0.478 18 

δ15N   ‰ 0.15 0.550 19 0.02 0.940 18 -0.13 0.613 17 

C/N    ‰ -0.33 0.167 19 -0.14 0.566 18 0.27 0.291 17 

Soil water 
equivalent 

(SWE) 

June SWE  June mm 0.09 0.712 20 -0.13 0.582 20 -0.06 0.791 19 

July SWE  July mm 0.00 0.983 21 -0.04 0.872 21 -0.07 0.763 20 

Aug SWE  August mm -0.15 0.542 20 0.07 0.761 20 0.02 0.934 19 

summer SWE  JJA mm -0.14 0.569 19 -0.16 0.517 19 -0.10 0.685 18 

Tree-ring 
width index 

RWI    0.41 0.092’ 18 0.21 0.381 19 -0.13 0.599 20 

Precipitation 

Jan prec  January mm 0.03 0.884 21 0.07 0.762 21 -0.02 0.928 21 

Feb prec  February mm -0.13 0.562 21 -0.11 0.626 21 0.13 0.587 21 

Mar prec  March mm -0.30 0.180 21 -0.40 0.072’ 21 -0.13 0.574 21 

Apr prec  April mm 0.27 0.231 21 0.11 0.649 21 0.15 0.525 21 

May prec  May mm 0.20 0.384 21 -0.27 0.229 21 0.06 0.810 21 

June prec  June mm 0.03 0.903 21 0.26 0.253 21 0.11 0.636 21 

July prec  July mm -0.46 0.034* 21 -0.14 0.550 21 -0.10 0.662 21 

Aug prec  August mm 0.03 0.903 21 0.35 0.120 21 -0.04 0.875 21 

Sep prec  September mm 0.00 0.990 21 -0.11 0.631 21 0.35 0.125 21 

Oct prec  October mm 0.13 0.587 21 0.27 0.240 21 0.49 0.024* 21 

Nov prec  November mm -0.02 0.932 21 -0.07 0.776 21 -0.01 0.950 21 

Dec prec  December mm -0.16 0.492 21 0.11 0.627 21 0.25 0.284 21 

snow before summer  previous Oct - current Apr mm 0.13 0.575 21 0.27 0.244 21 -0.10 0.675 21 

rain  MJJAS mm -0.16 0.494 21 0.13 0.583 21 0.13 0.575 21 

summer (JJA) rain  JJA mm -0.25 0.268 21 0.28 0.219 21 -0.04 0.864 21 

Air 
temperature 

Jan temp  January ºC 0.08 0.731 21 0.19 0.407 21 0.27 0.238 21 

Feb temp  February ºC -0.20 0.378 21 -0.13 0.576 21 0.11 0.623 21 

Mar temp  March ºC -0.22 0.340 21 -0.29 0.197 21 -0.10 0.655 21 

Apr temp  April ºC -0.06 0.809 21 0.17 0.469 21 -0.11 0.647 21 

May temp  May ºC 0.22 0.340 21 0.07 0.779 21 -0.43 0.049* 21 

June temp  June ºC 0.27 0.229 21 -0.17 0.461 21 0.01 0.975 21 

July temp  July ºC 0.01 0.964 21 -0.13 0.560 21 0.19 0.420 21 

Aug temp  August ºC -0.14 0.542 21 -0.29 0.210 21 0.07 0.777 21 

Sep temp  September ºC -0.09 0.700 21 -0.05 0.844 21 0.10 0.676 21 

Oct temp  October ºC 0.07 0.758 21 -0.20 0.383 21 -0.24 0.289 21 

Nov temp  November ºC -0.13 0.581 21 -0.24 0.292 21 -0.05 0.827 21 

Dec temp  December ºC 0.17 0.468 21 -0.04 0.847 21 0.02 0.915 21 

summer (JJA) temp  JJA ºC 0.09 0.684 21 -0.28 0.224 21 0.12 0.597 21 

MJJAS temp  MJJAS ºC 0.13 0.575 21 -0.25 0.267 21 -0.03 0.880 21 
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Table S8. Pearson correlation (r) between the foliar δ13C and soil moisture water equivalent (SWE) in the surface 

layer of 0-60 cm with 0-,1- and 2-year time lag of the foliar δ13C for three periods, 1999-2007, 2008-2019 and 1999-

2019. Bold font indicates a significant correlation. Significance levels were shown as ‘p <0.1, *p <0.05, **p <0.01, 

***p <0.001. The number (n) indicates a sample size of observed years. 

Period 
Soil moisture water equivalent 

in the current year (i year) 

Foliar δ13C 

the current year (i year) the following year (i+1 year) two years later (i+2 year) 

r p-value n  r p-value n  r p-value n  

1999-2007 

June SWE -0.63 0.093’ 8 0.39 0.345 8 0.70 0.078’ 7 

July SWE -0.68 0.042* 9 -0.55 0.124 9 0.47 0.242 8 

Aug SWE -0.53 0.178 8 -0.79 0.020* 8 -0.07 0.879 7 

summer SWE -0.33 0.476 7 -0.32 0.487 7 0.38 0.457 6 

2008-2019 

June SWE -0.74 0.009** 11 0.03 0.924 11 0.17 0.608 11 

July SWE -0.79 0.004** 11 -0.25 0.450 11 0.08 0.824 11 

Aug SWE -0.70 0.016* 11 -0.46 0.153 11 -0.04 0.901 11 

summer SWE -0.81 0.002** 11 -0.22 0.513 11 0.08 0.816 11 

1999-2019 

June SWE -0.71 <0.001*** 19 0.12 0.628 19 0.35 0.150 18 

July SWE -0.74 <0.001*** 20 -0.32 0.162 20 0.23 0.338 19 

Aug SWE -0.63 0.004** 19 -0.62 0.004** 19 -0.04 0.876 18 

summer SWE -0.74 <0.001*** 18 -0.27 0.279 18 0.14 0.593 17 
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Table S9. Pearson correlation (r) between the foliar C/N and soil moisture water equivalent (SWE) in the surface 

layer of 0-60 cm with 0-,1- and 2-year time lag of the foliar C/N for three periods, 1999-2006, 2008-2018 and 1999-

2019. Bold font indicates a significant correlation. Significance levels were shown as ‘p <0.1, *p <0.05. The sample 

size (n) indicates a number of observed years. 

Period 
Soil moisture water equivalent 

in the current year (i year) 

Foliar C/N 

the current year (i year) the following year (i+1 year) two years later (i+2 year) 

r p-value n  r p-value n  r p-value n  

1999-2006 

June SWE -0.77 0.045* 7 -0.41 0.358 7 0.02 0.964 6 

July SWE -0.51 0.192 8 -0.65 0.082' 8 -0.34 0.452 7 

Aug SWE 0.18 0.702 7 -0.78 0.037* 7 -0.30 0.565 6 

summer SWE -0.41 0.422 6 -0.78 0.067' 6 0.12 0.852 5 

2008-2018 
(excluding 
2007 and 

2019) 

June SWE 0.60 0.089' 9 0.08 0.859 8 -0.34 0.455 7 

July SWE 0.47 0.197 9 0.04 0.927 8 -0.46 0.300 7 

Aug SWE 0.08 0.833 9 0.40 0.322 8 0.11 0.816 7 

summer SWE 0.43 0.245 9 0.19 0.660 8 -0.26 0.574 7 

1999-2019 

June SWE 0.04 0.888 18 -0.24 0.338 18 -0.22 0.392 17 

July SWE 0.07 0.766 19 -0.39 0.100' 19 -0.36 0.140 18 

Aug SWE 0.19 0.445 18 -0.24 0.341 18 -0.22 0.404 17 

summer SWE 0.18 0.491 17 -0.25 0.339 17 -0.21 0.437 16 

 


