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Key Message. This study shows great potential of the well-validated VS-Oscilloscope (a
visual accurate parameterization of the VS-model) for assessment of spatial-temporal
cambium phenology, which is illustrated based on the analysis of comprehensive datasets
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Abstract (253 words)

Tree-growth response to changing climate varies depending on tree species, forest type, and
geographical region. Process-based models can help us better understand and anticipate these
outcomes. To characterize growth sensitivity to different climate parameters, we applied the
VS-Oscilloscope analytical package, as a precise visual parameterization tool of the VVaganov-
Shashkin model, to two contrasting habitats: one with tree-ring growth limitation by soil
moisture (in the southern part of central Siberia) and the another with temperature limitation
(in the middle part of central Siberia). We speculate that specific parameter values of the
Vaganov-Shashkin model and their variability under local conditions and species are the key
to understand different physiological processes in conifers. According to the simulation
results for the temperature-limited site, wider rings of Picea obovata can result from a longer
growing season. However, for the soil moisture-limited site, the final sizes of the tree rings of
Pinus sylvestris were not affected by the length of the growing season but were primarily
defined by the intra-seasonal variations in soil moisture, even under cold conditions. For the
two sites, we obtained a 20-day difference between the two phenological dates, in which the
early date could be associated with cambial initiation and the late date with the appearance of
the first enlarging cell. In the case of central Siberia, the time period was half that of the
southern Siberia. Such differences could be explained by both geography and species-specific
responses to phenology. To test this hypothesis, additional tree-ring and climatic data for
contrasted habitats would be needed.

Keywords: process-based model, VS-oscilloscope, parameterization, growing season, climate

signal, tree-ring seasonal variability

1. Introduction
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One of the common dendroecological problems relates to understanding how different forest
ecosystems may react to climate change (Hughes et al., 2011), which is especially important
for highly forested regions worldwide, such as Siberia (Briffa et al., 2008; Bunn et al., 2013;
Kirdyanov et al., 2012; Soja et al., 2007; Shishov et al., 2002; Tchebakova et al. 2011).
Information about the relationship of climate and tree growth can be extracted with high-
resolution and precise dating of tree rings due to their capability to fix environmental signals
in tree-ring structure during the time of tree-ring formation (Schweingruber, 1988; Fritts et al.,
1999; Vaganov et al.,, 2006). Well-developed globally distributed datasets of tree-ring

parameters (International Tree-Ring Data Bank (ITRDB) http://www.ncdc.noaa.gov/paleo

and a Russian database of tree-ring chronologies https://lib.ipae.uran.ru/dchrono/) as well as

daily climate database (NCDC's archive of global historical weather and climate data

https://www.ncdc.noaa.gov/cdo-web/) cover a large area of the forested territory of the planet,

which includes hundreds of sites and climate stations from different climatic zones and
locations. These datasets are actively used in dendroclimatological studies (e.g., Cook,
Kairiukstis, 1990; Schweingruber et al., 1996; Hughes et al., 2011; Hellman et al., 2016).
However, for dendroecological and tree physiological research (e.g., analyses of tree
phenology, species plasticity, wood formation, etc.), more site-specific information is needed.
Unfortunately, few of the data presented in the above-mentioned repositories include daily
climatic observations from adjacent meteorological stations, not to mention the fact that there
are no other long-term instrumental observations of any type of phenological or physiological
processes of tree growth. Thus, there is yet no reliable answer regarding how exactly woody
species from different ecosystems will respond to expected climatic changes at regional and
global scales. Improvement of our understanding of tree-growth processes and accurate
interpretations of climatic signals in tree rings, as determined by tree-ring parameters during

the growing season, have recently become possible through the application of process-based
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models. There are a number of such models, e.g., Biome3 (Haxeltine, Prentice, 1996),
MAIDEN (Misson et al., 2004), CASTANEA (Dufrene et al., 2005), CAMBIUM (Drew et
al., 2010), and PRYSM (Dee et al., 2015), which simulate tree-ring growth based on non-
linear effects of environmental conditions and which avoid most of the limits related to the
use of linear regression techniques in dendroecology (Fritts, 1976; Cook and Kairiukstis,
1990; Hughes, 2010). The process-based Vaganov-Shashkin model (VS-model) is one such
model and describes tree-ring growth as the result of multivariate nonlinear biophysical
processes, including effects of temperature, precipitation, and seasonal day length changes on
tree-ring growth (Fritts et al., 1991; Vaganov et al., 2006, 2011; Guiot et al., 2014). The VS-
model provides non-linear simulations of tree-ring growth for widely distributed coniferous
species and has been used to obtain unique patterns of climate-growth relationships at both
intra- and inter-annual scales in North America (Anchukaitis et al., 2012; Evans et al., 2006),
Mediterranean region (Touchan et al., 2012), China (Shi et al., 2008; Zhang et al., 2016; Gou
et al., 2013; He et al., 2017, 2018a, 2018b; Yang et al., 2017) and Siberia (Vaganov et al.,
2011; Shishov et al., 2016; Arzac et al., 2018). The deterministic VS-Lite forward model
(VSL-model) is a simplified version of the VS-model and uses monthly temperature and
precipitation as input data (Tolwinski-Ward et al., 2011, 2013). The transformation from daily
to monthly resolution significantly reduced the number of model parameters needed. As a
result, VS-Lite is widely used for spatial-temporal analyses of tree-ring growth responses to
climate changes in different forest systems around the globe (Evans et al., 2013; Tolwinski-
Ward, 2015; Breitenmoser et al., 2014; Lavergne et al., 2015; Mina et al., 2016; Tipton et al.,
2016; Chen et al., 2017; Pompa-Garcia et al., 2017; Sanchez-Salguero et al., 2017; Tumajer et
al., 2017). However, this simplification of the original VS-model resulted in a loss of ability

to estimate seasonal cell production and cell sizes.
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As with most of the process-based models, the initial purpose of the VS-model was to
describe variability of tree-ring radial growth, particularly tree-ring formation as related to
climatic influence, and to determine principal factors limiting tree-ring growth. However, the
VS-model is a complex tool that requires a considerable number of model parameters that
should be re-estimated for each forest stand. This leads to problems of accurate model
parameterization, namely estimations of "optimal™ values of the model parameters necessary
to guarantee: (1) the best fit to the observed tree-ring chronologies; (2) identification of the
specific seasonal cell production and enlargement; (3) reasonable ecological interpretation in
terms of processes involved in the model (Gaucherel et al., 2008; Shishov et al., 2016). The
VS-Oscilloscope (Tychkov et al.,, 2012, 2015; Shishov et al., 2016) is an accurate
parameterization tool of the model presented in this study, which shows potential to

effectively resolve requirements #1 and 3 above.

In earlier studies, the parameters of the VS-model and their variability in contrasted habitats
were not analyzed sufficiently in depth (Evans et al., 2006; 2013; Breitenmoser et al., 2014;
Tolwinski-Ward et al., 2013; Mina et al., 2016), although they may play a determinant role in
modelling of tree-ring growth in different environments (Shishov et al., 2016; Yang et al.,

2017).

The recent application of the VS-Oscilloscope is focused on (1) the usage of adjusted VS-
parameter values (with ecological interpretation) that provide the best fit to the actual tree-
ring chronologies from climatically contrasted sites, and (2) the assessment of differences in
the model parameters for contrasting environmental conditions. As a result, the model
captures significant diversity in non-linear tree-ring growth responses that are climatically

induced.
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Following that purpose, we applied the VS-Oscilloscope to simulate tree-ring enlargement in
spruce (Picea obovata Ledeb.) and pine (Pinus sylvestris L.) trees growing in differing
environmental conditions. The two contrasting tree-growth habitats were: (1) the middle part
of Central Siberia close to the settlement of Tura within the continuous permafrost zone,
where temperature is a principal limiting factor of tree growth (Kirdyanov et al., 2013;
Shishov et al., 2016), and (2) the forest-steppe zone of southern Siberia, in which soil
moisture limits tree-ring growth (Babushkina et al., 2014, 2015; Knorre et al., 2010; Shah et
al., 2015; Fonti, Babushkina, 2016). Special attention has been paid to determine the weights
and importance of each climatic and plant-soil-related factor of the model for tree-ring
formation during favorable (wide tree rings are formed) and unfavorable (narrow tree rings

are formed) environmental conditions.

2. Materials and Methods

2.1. Study area and weather conditions

To the best of our knowledge there is no available data (published or not published) about the
same tree species, or even a genus, with different limiting factors in diverse habitats for a vast
territory of Siberia. For that reason two dendrochronological sites with spruce (Picea obovata

Ledeb.) and pine (Pinus sylvestris L.) trees were chosen for analysis.

The site where tree-ring growth is limited by temperature (PlatPQO) is located in the middle
part of Central Siberia (64°17° N, 100°13” E, 610 m a.s.l.) (Fig. 1). The climate is continental
with short and cool to mild summers and long winters. The mean annual air temperature is —9
°C, and the annual precipitation is 370 mm. To select the set of model parameters providing
the best-fit model, daily weather records from the Tura meteorological station were used.

Wood samples of spruce trees (Picea obovata Ledeb.) up to 276 years old were taken for the
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analysis in a spruce-larch mixed stand with an admixture of birch (Betula pubescens)

(Shishov et al., 2016).

The MIN site, where growth is limited by moisture, is located in the Altai-Sayan region
(53°43° N, 91°50” E, 325 m a.s.l.) in a temperate climatic zone with a semi-arid cold climate
(Grigoryev, Budyko, 1960) (Fig. 1). The average annual temperature is approximately 1°C.
The average amount of precipitation per year is 330 mm, of which approximately 81-91%
falls within the period from April to October. The first half of the growing season is
characterized by a lack of atmospheric moisture (low ratio between the amounts of
precipitation and evaporation). At this site, Betula pendula Roth. and Pinus sylvestris L. trees
dominate in the sedge-grass-forb forest on sand dunes. We used a Pinus sylvestris ring-width
chronology and daily weather records from the Minusinsk station.

2.2. Wood sampling, tree-ring width measurements, development of ring-width series
The tree-ring chronology for the PlatPO site was obtained from 32 cores of 25 trees collected
in the autumn of 2009. The MIN tree-ring width chronology was built with 22 cores taken
from 19 trees in August of 2014. Tree-ring width (TRW) was measured with LINTAB 5.0 in
combination with the TSAP program (Rinntech, Heidelberg, Germany). The tree rings were
visually crossdated on wood cores, and the crossdating quality was verified using the
COFECHA program (Grissino-Mayer, 2001). To eliminate the influence of non-climatic
factors (e.g., age affects, abrupt changes caused by fires or defoliation caused by insects) on
tree radial growth, a 50%-variance cubic smoothing spline with a 2/3 cut-off time series
length was used as the detrending method. Autoregressive modeling was applied to remove
autocorrelations from the detrended time-series. Finally, the residual tree-ring chronology was
obtained using the bi-weight robust average procedure (Cook and Kairiukstis, 1990). The
climate-growth relationships were estimated via a Pearson correlation analysis (Cook and

Kairiukstis, 1990).
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2.3. VS-model

The Vaganov—Shashkin simulation model is a process-based forward model that describes the
formation of tree rings in relation to three environmental parameters: air temperature, soil
moisture and solar irradiation. Here we provide a very brief description of the VS-model, but
complete details can be found in VVaganov et al. (2006; 2011).

The input data for the model are daily records of mean temperature and total precipitation.
Taking into consideration the amount of precipitation, intensity of transpiration depending on
temperature and air relative humidity, and infiltration (Thornthwaite, Mather, 1955), the
model calculates the moisture content in the soil for each day of the season. The values of
daily solar irradiation coming from the upper atmosphere are determined by the latitude and
day of year (Gates 1980).

For each i-day of the year, the model provides the integral rate of tree-ring growth Gr(i) that
is determined as the minimum of two partial growth rates: the growth rate that is dependent
on the daily air temperature (Grr) and the partial growth rate that is dependent on daily soil
moisture (Grw), multiplied by the value of growth rate influenced by daily solar irradiation

(Gre) at the given latitude and on i day of the year:
Gr(i) = min( Gr, (i), Gr, (1)) - Gr, (i)

We consider the integral rate as a proxy estimate of the external component of tree-ring
growth rate during the season. All the rates were determined in relative units within the range
of zero to one. For each season, the ring-width indices, RWI, were calculated using the

equation
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where N is the day count in the season, and Gr is the average growth rate over the calibration
or verification period. The simulated ring-width indices were compared with the ring-width
indices of the actual chronology for MIN.

To quantify the agreement between the simulated and actual ring-width series, we used
Pearson correlation coefficient (R), the coefficient of synchronicity (S) (Huber, 1943;
Shiyatov, 1986; Savva et. al., 2002), and the variance ratio (for more details, see
Supplementary Material). The model variance should be not higher than the variance in the
actual chronology because the VS—model describes the ring-width variability caused by
climate factors.

2.4. Model parameterization procedure.

To obtain the combination of model parameters that provide the best fit of simulated tree-
growth values with the actual tree-ring chronology, we used a specially designed application,
the VS-Oscilloscope® (Shishov et al., 2016). The result of changing (decreasing/increasing) a
value of the selected parameter is displayed on the graph chart of VS-Oscilloscope. It allows
fits between simulated growth curves and the actual tree-ring chronologies to be visually
evaluated. Moreover, guantitative estimations of their agreement such as Pearson correlation
R, the coefficient of synchronicity S (Huber, 1943) and variance ratio between simulated and
actual chronologies are re-calculated (for more details, see Supplementary Material). When
using the VS-Oscilloscope, the user also monitors that the combination of parameter values is
within the acceptable ecophysiological range (Rossi et al., 2013).

To validate the model results, the time spans of direct climate observations (A.D. 1934-2009
for MIN; A.D. 1950-2009 for PlatPO) were divided into two independent parts: calibration

(A.D. 1960-2009 and A.D. 1970-2009 for the MIN and PlatPO sites, respectively) and

! The updated Lazarus Code of the VS-Oscilloscope and distributive package (CC BY SA license) can
be downloaded from http://vs-genn.ru/downloads/.
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verification (A.D. 1936-1959 and A.D. 1950-1969, respectively) periods. This is a standard
technique used in dendrochronology to validate linear regression models (Cook and
Kairiukstis, 1990).

2.5 Wide and narrow rings as indicators of favorable/unfavorable growing conditions

In the actual chronologies and corresponding simulated growth time series for both sites, we
selected two groups of favorable (unfavorable) growing seasons (i.e., the years) when most of
the corresponding wide (narrow) tree rings were formed. We defined wide rings as those
whose ring-width indices exceed the mean value of the chronology by more than one standard
deviation, whereas narrow ring-width indices are those that are at least one standard deviation
below the mean value. Based on the described procedure, we selected (1) favorable growing
seasons for the MIN site (1936, 1938, 1970, 1982, 1993, 1995, 1997, 2003, and 2006) and
PlatPO site (1979, 2001, 2002, and 2005) when most of the wide rings were formed and (2)
unfavorable growing seasons for the MIN site (1942, 1943, 1945, 1946, 1964, 1965, 1969,
1974, 1983, and 1998) and PlatPO site (1950, 1951, 1961, 1974, 1977, 1987, 1988, and 1989)
when the narrow rings were formed.

3 Results

3.1 Model calibration and verification

Applying the VS-Oscilloscope parameter adjustment procedure (see Table S1), we obtained
significant positive correlations between the actual tree-ring indices and simulated growth
curves for both sites, i.e., for the (1) MIN site, Pearson’s correlation coefficient R = 0.71 and
coefficient of synchronicity S=80% (p < 0.0001, n = 50 years) for the calibration period
1960-2009 (Fig. 2A) and for (2) the PlatPO site, R =0.65 and S=73% (p < 0.0001, n =40)
during the 1970-2009 period (Fig. 2B). The VS-model run with the same set of obtained
parameters for the verification periods (MIN 1936-1959 and PlatPO 1950-1969) resulted in a

simulated tree-ring growth curve characterized by good agreement with the actual tree-ring

10
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chronology: R =0.53, S=70%, p <0.0001, and n=24 years for the MIN site (Fig. 2A) and R
=0.5, S=80%, p <0.0001, and n=20 years for the PlatPO site (Fig. 2B).

3.2 Climate-growth correlations of actual and simulated chronologies

Correlation analysis between the actual and simulated tree-ring chronologies and monthly
climate data was carried out during for a 13-month window from August of the previous year
to August of the then current year over 1936-2009 and 1950-2009 for the MIN and PlatPO
sites, respectively (Fig. S1). The actual and simulated chronologies demonstrate similar
patterns in their relationships with monthly temperature and precipitation in both cases. MIN
tree-ring growth is characterized by positive effects of precipitation in current May-July
(Pearson correlation range: 0.33 to 0.52, p<0.005), negative effects of temperature during
those months (-0.24 to -0.20, p<0.05), as well as positive effects of the previous year's
November precipitation (p<0.01) (Fig. S1A). The tree-ring growth at the PlatPO site is
significantly correlated with current-year June-July temperature (correlation range: 0.25 to
0.62, p<0.05), which affects the start of growing season (Fig. S2B). There are no significant
correlations with previous-year temperature and precipitation.

3.3 Model parameter variations and agreement between the actual and simulated
chronologies: importance of adjusting the parameters

As an example, we consider in detail how the variations in the values of the model parameters
affected the agreement between the simulated and actual chronologies. In the VS-model, there
are two related temperature parameters that determine the timing of tree-ring growth start, i.e.,
the minimum temperature for tree-ring growth Tmin (°C) and temperature sum for growth
initiation Treg (°C). When the mean air temperature reaches Tmin, the model starts to sum the
mean daily temperatures until the sum for ten successive days equals Treg, and on the next

day, the tree-ring formation starts.

11
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To show the influence of Tmin and Treg Changes on the variability of modeled growth curve,
we compared the tree-ring width obtained at different values of these parameters with the
actual tree-ring chronology for the MIN site while the values of the other parameters were
fixed (see Table S1). The value of Theg Was changed from 70 °C to 150 °C in 10 °C steps, and
Tmin —was changed from 1 °C to 10 °C in 1 °C steps.

When Tmin was increased from 1 °C to 5 °C, the variances of the simulated growth time series
did not change and equaled the variance of the actual chronology. The simulated variances
were higher than the observed variance as Tmin Was varied between 6 and 10 °C. As Tpeg Was
changed from 70 to 90 °C, the calculated variance was 5.2 times higher than that observed.
Above that, the simulated variances decreased and became equal to the actual variance at
Theg=110 °C. The Pearson correlation values between the model and actual chronologies
responded differently and were highest when Tpeg=110£130 °C and Tmin=1£5 °C (Fig. 3A).
The coefficient of synchronism reached the maximum at Tpeg= 120 °C and Tmin =5 °C (Fig.
3B). Therefore, the maximum agreement between the model and actual chronologies occurred
for Theg=110 °C and Tmin =5 °C (Fig. 3).

A similar sensitivity test was undertaken for other model parameters, and the most sensitive
(influential) parameters are presented in Table S1. We defined the parameter as influential if
the correlation and synchronicity coefficients varied more than 1% by changing the parameter
values.

3.4 Analysis of intra-seasonal Kinetics of tree-ring growth

The VS-model provides us the ability to estimate the duration of growing seasons, describe
soil moisture Kinetics and growth rate changes within the seasons, and determine which

factor, air temperature or soil moisture, limits tree-ring growth on each day of the season.

For the MIN site, the best-fit model parameterization shows that all growing-season timing

and duration values vary substantially (Table 1). The season duration varies from 105 to 158

12



288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

I.1. Tychkov, I.V. Sviderskaya, E.A. Babushkina, M.I. Popkova, E. A. Vaganov, V.V. Shishov

days; the season can start as early as the end of April and as late as early June. However, most
often the season begins in the middle of May and ceases in the middle of September, and the
mean value of season duration is 130(x11) days. The time lag between DOYtmin (day of the
year when the daily temperature reaches the Tmin threshold) and DOYbeg (estimated start of
the growing season) can vary from 9 to 64 days. The minimum temperature for growth, Tmin,

is reached within the period from the middle of March to late April.

For the moisture-limited site, the longer season did not result in wider rings, as there are no
relationships between the timing of the season start, end, and duration with the actual tree-ring
indices (Fig. S2A, Figs. S5A, B). Moreover, by employing the ANOVA approach, we did not
find any significant differences in the duration of growth seasons between years when wide
and narrow rings were formed (Table 1, Fig. S5A). In both groups of selected rings/seasons,
the patterns of soil moisture Kinetics are very similar (Figs. S3C, D). Usually, the soil
moisture reaches its highest values in late May to early June, and the lowest values occur in
late June to middle July, which corresponds well to the regular summer droughts in the local
environment. During the seasons when wide rings are formed, the soil moisture is always
greater than during the seasons when narrow rings are formed (Fig. 4). The maximum values
of air temperature usually occur in late June—early July (Fig. S3A). During growing seasons
when wide rings were being formed, the soil moisture (Fig. S3C) as well as a partial growth
rate depended on soil moisture Grw (Fig. 4A), and the integral growth rates Gr (Fig. 4B) were
significantly higher than during the seasons when narrow rings were formed. The obtained
results shown in the Fig. 4 are confirmed by one-way ANOVA for the variabilities of Grw
and Gr in wide and narrow rings (Fig. S4A). The mean values of Grw and Gr are significantly
higher in the group of wide rings. This indicates the negative effects of high May-July
temperature on tree-ring growth during the season (Fig. S1A). Higher air temperatures

resulted in higher transpiration and decreased soil moisture (Fig. 5).

13
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Regarding growth conditions at the temperature-limited PlatPO site, growing-season duration
varies from 67 to 108 days, which is much less than for the MIN site. The mean duration of
the growing season is 86(x10) days, and the season starts in early June and ends in late
August (Table 1). The time-lag between DOYtmin and DOYbeg can vary from 6 to 62 days.
The minimum temperature threshold for growth, Tmin, is reached within the period from the
middle of March to early June.

According to simulation results, a wider tree ring will result from an earlier start and a longer
duration of the growing season (Fig. S2B, Figs. S5C, D). Although the dates of the end of the
growing seasons for wide and narrow rings are almost the same (Fig. S5D), the dates of the
beginning of the growth seasons differ significantly (Fig. S5C).

The growing season for wide rings begins during the last week of May or in early June (152
+7 days), and narrow rings start to grow in the middle or end of June (166+11 days) for
PlatPO (Table 1). The average duration of the growing season for wide rings is approximately
94(x15) days and that for narrow rings is 80(£10) days.

The narrow rings were formed in the years when the temperature values (Fig. S3B) as well as
corresponding partial growth rates depended on temperature Grr, and the integral growth rates
Gr (Figs. 4C, D) are significantly lower in comparison with years when the wide rings were
formed. According to the one-way ANOVA for the variability in the growth rates in the wide
and narrow rings (Fig. S4B), the mean values of the Gry and Gr for wide rings are
significantly higher. We noted that there is a significant difference in the soil moisture
Kinetics (Fig. S3D) and, as a result, in the partial growth rates dependent on soil moisture
Grw. However, it does not affect the final sizes of tree rings because soil moisture is not a
principle factor for tree-ring growth for PlatPO.

4. Discussion
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In this study, we concentrated our attention on how the VS-parameter adjustment
(parameterization) is important in the cases of two contrasting habitats. It was confirmed that
the adjusted values of the model parameters depend not only on difference in local
environmental conditions but also reflect the unique cambial phenology and physiology of
different tree species (Shishov et al., 2016, Yang et al., 2017, He et al., 2018b). Moreover, the
VS-model parameterization calculates year-to-year best-fitted variability of tree-ring width
via calculations of the seasonal kinetics of tree-ring formation, and we have justification to
consider the simulated kinetics of tree-ring seasonal growth to be an adequate representation
of the actual kinetics of tree-ring seasonal growth and climate influence (Vaganov et al.,
2011).

The choice of the two tree species was due to the fact that the tree growth was required to be
definitely limited either by temperature or soil moisture in two sites.

Siberian spruce is one of the main species for Siberia. Due to its preferences to grow in moist
places, Picea obovata is limited by temperature throughout the territory (Chytry et al., 2008,
Lloyd et al.,, 2011). The climatic signal in tree rings becomes stronger by moving from
favorable conditions of growth in the South (Babushkina et al., 2011) to less favorable in the
North (Shishov et al., 2016)

Direct field observations for both species (Pinus sylvestris L. and Picea obovata Ledeb.) show
that tree-ring growth starts almost at the same time in the conditions of southern Siberia
(Babushkina et al., 2011). Thus, we can presume that differences in tree phenology between
two sites might be influenced by climate rather than species difference, but this hypothesis
still needs further investigation with additional field observations and data.

For these reasons we used Siberian spruce, Picea obovata and Scots pine, Pinus sylvestris

growing in climatically contrasting habitats Central Siberia and Southern Siberia, accordingly,

15



361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

I.1. Tychkov, I.V. Sviderskaya, E.A. Babushkina, M.I. Popkova, E. A. Vaganov, V.V. Shishov

and showing highly distinguishable responses to different limiting factors, temperature
(Siberian spruce) and soil moisture (Scots pine).

Following the above-mentioned assumption that “the best fit values of model parameters
should not conflict with field observations,” the values of the obtained parameters can be
considered. In the model, tree-ring growth starts when daily air temperature varies in the
range of 5-9 °C, which is close to the temperature threshold value for conifer species provided
by Rossi and co-authors (2007, 2013). This result agrees with the fact that Scots pine prefers
light, sandy soils, although it also can be adapted to other types of soils where dry
environments do not drastically affect growth (Lavergne et al., 2015; Levula et al., 2003;
Linderholm, 2001). At the same time, Siberian spruce is a principal component of the boreal
taiga of northern Russia, where it tends to dominate on shallow soils over permafrost and
even on slightly deeper and better drained soils (Farjon, 2010, 2013; Shorohova et al., 2016).
The values for the lower and upper ends of the range of optimal temperatures (Toptz and Topt2)
are in agreement with the average temperatures of summer months at both sites.

The adjusted soil moisture parameters show the model's ability to describe the adaptation of
Scots pine and Siberian spruce trees to semi-arid and permafrost habitats, which is reflected in
changing values of parameters relating growth rate with soil moisture and transpiration (Wmin,
Woptt, Wopte, Wmax, C2, and Cs) (Table S1). The values of the soil moisture parameters for the
MIN site were relatively higher in comparison with the PlatPO parameters.

In this work, to understand better how VVS-model parameterization can be interpreted, we used
detailed information from previous studies in the research region, which provides an
explanation of climate effects on tree-ring growth. Therefore, the significant correlation
between the initial MIN chronology and climate for autumn months of the previous year (Fig.
S1A) can be explained by the assumption that moisture is accumulated in the soil after the

completion of the growing season. November is the period of first frosts and start of snow
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cover, i.e., precipitation plays a protective role for trees in winter and can be considered as a
source of moisture for the next growing season. We did not observe such an autocorrelation

for the temperature-limited site PlatPO (Fig. S1B).

It was shown that temperature can play a role as a limiting factor during late spring- early
summer months even for the soil moisture-limited MIN site. First of all, temperature affects
the start and the end of the growing season in cold semi-arid conditions (Yang et al., 2017).
However, the most important fact is that increasing late spring temperatures can significantly
change soil surface evaporation rate. As a result, trees are under water stress (Fonti and

Babushkina, 2015), which can be confirmed by the formation of particularly narrow rings.

We especially note that the VS-model parameterization can provide important reliable
phenological information, e.g., the start and end of the growing seasons over several decades,
based on available daily climatic observations in a long-term historical context (see Table 1).
In practice, to obtain such information even for few years is a time consuming and complex

procedure (e.g., Antonova, Stasova, 1993; Peltola et al., 2002; Rossi et al., 2007, 2009, 2013).

Previously, it was shown that wider rings resulted from longer growing season durations due
to earlier start of the season (He et al., 2018b). We have confirmed that result in part. It was
correct in the case of the temperature-limited site PlatPO (Figs. S5C, D), i.e., wider rings can
result from longer growing seasons with higher rates of ring formation at the start and the
same rates for the season's remainder (Figs. 4C, D). The modeling results of the soil moisture-
limited site MIN show no significant detectable differences in the duration of the growing
seasons for formation of wide and narrow rings (Table 1, Figs. S5A, B), i.e., annual ring
widths that are positively correlated with seasonal cell production (Vaganov et al., 2006;
Popkova et al., 2018) are not determined by growing season duration. However, the value of

tree-ring width is mostly defined by the partial growth rate dependent on limiting factor (i.e.,
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soil moisture for MIN), which is distinguished by intra-seasonal daily variations in
temperature, precipitation and water lost due to transpiration and drainage in the middle part

of growing season (Fig. 4B).

The best similarity between the modeled and actual chronologies is obtained if we determine
the minimum temperature for growth as 5 (9) °C and the effective temperature sum for the
initiation of growth Treg as 110 (100) over 10 days (Table S1) in the cases of the MIN and
PlatPO sites, respectively. We observed the 20-day interval for PlatPO and the 40-day interval
for MIN between the two dates (DOYbeg-DOYtmin) (Table 1) when the minimum
temperature for growth (5-9 °C) is reached and when the first enlarging cell becomes visible
in the cambium zone (or the emergence of first enlarging cambial derivatives) (Vaganov et
al., 2006), that is when the 100 (110) degree-day sum over 10 days is reached. This result
merits further research. One of the possible explanations is that reactivation of cambium starts
when daily temperatures achieve 5-9° C. As the initial cycle length was evaluated to be 15-25
days, the beginning of the first xylem cell production (or appearance of the first enlarging
cell) was evaluated to be 10-20 days. The sum of these two values gives us approximately 20-
40 days between the two dates (Table 1). The 20-day difference in the value (DOYbeg-
DOYtmin) between the two sites can be explained by the 70% decrease in growing-season
length for the temperature-limited site PlatPO in comparison with the opposite at MIN (Table
1), which directly affects the corresponding shifts of the successive phases during xylogenesis

(Rossi et al., 2013).

The issue of the initial temperature values and their correspondences with the beginning of
cold year growing season, growth cessation and missing rings were discussed in the
publications of Mann et al. (2012) and Anchukaitis et al. (2012). The discussed differences in
the values of minimum temperature (5° instead of 10° C and vice versa) responsible for the

start of xylogenesis can shift the growing season by more than 20 days to an early or late start
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in the case of temperature-sensitive trees. In the PlatPO case, we obtained an approximately
20-day difference between initiation and the appearance of the first enlarging cell (see
DOYbg — DOYtmin, Table 1). With the initiation of mother cells, it can take as many as 3-5
additional days to form a whole cambial zone. In the MIN case, the time cycle is even
longer—up to 40 days (see Table 1). Therefore, the time difference between the dates of Tmin
and Treg could be explained by the temporal delay between tree-ring growth initiation and the
appearance of the first enlarging cell. The above-mentioned contradiction arises due to
different definitions for the start of growing season. It could be the date of cambium initiation

or the date of the appearance of the first enlarging cell.

5. Conclusions

We have shown that the parameterization of the VS-model is powerful tool to reliably explain
the relationships between tree-ring growth, wood formation and cambium phenology over
long periods of direct climate daily observation. The results obtained for the two contrasting

habitats indicate that:

(1) the adjusted values of the model parameters depend not only on the differences in the
local environmental conditions but also reflect the unique cambial phenology and

physiology of the different tree species, Pinus sylvestris and Picea obovata;

(2) for the temperature-limited site, wider rings can result from a longer growing season
with a higher rate of ring formation at the beginning of the season and the same rates

for the rest of the season;

(3) in case of the soil moisture site, there are no significant differences in the duration of
the growing seasons for the formation of wide and narrow rings, i.e. the width of

annual rings is not determined by growing season duration but is significantly defined
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by the intra-seasonal variation in the partial growth rate dependent on limiting factors

(i.e. soil moisture);

(4) two different time intervals have been estimated, i.e. 20-day interval for the PlatPO
site and a 40-day interval for the MIN site between the two dates (1) when the
minimum temperature for growth is reached (i.e. 5 and 9°C for MIN and PlatPO,
respectively) and (2) when the first enlarging cell becomes visible in the cambium
zone (or the emergence of first enlarging cambial derivatives), that is, when the 100
and 110 degree-day sum over 10 days is reached for PlatPO and MIN, respectively.
The 20-day difference in the values for the two sites could be explained by the 70%
decrease in growing season length for the temperature-limited site PlatPO in
comparison with that of MIN, which directly affects the corresponding shifts in the
successive phases during xylogenesis. To test this hypothesis, additional tree-ring and
climate data for other tree species and different habitats as well as direct xylogenesis

observations are needed.
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Caption to the table

Table 1. The averaged simulated values of timing (DOY) for the two contrasted sites MIN
and PlatPO: DOYtmin is a date when the minimum temperature for tree growth Tpmin IS
reached; DOYbeg is a date when the effective sum of temperature for growth initiation Tpeg IS
reached and the appearance of the first enlarging cell is observed; DOY stop is a date when the
cambial cell devision stops , DOYbeg - DOYtmin is a difference between two corresponding
dates, DOYstop - DOYbeg is a duration of cambial activity (growing season), = 95%
confidence limits, in groups of wide and narrow rings.

Captions to figures

Figure 1. Map of study sites. Locations of the tree-ring sampled sites MIN and PlatPO

(circle) and the related meteorological station Minusinsk and Tura (triangle).

Figure 2. The actual tree-ring chronology (solid black line) and simulated one (solid grey
line) A) over 1936-2009 for MIN and B) over 1950-2009 for PlatPO. Dashed horizontal lines
is average index of tree-ring growth and standard deviation.

Figure 3. Estimated coefficient of correlation and synchronism between the actual and
simulated tree-ring chronologies at different values of parameters: Tmin (A), Theg (B).

Figure 4. The mean Kinetics of partial growth rate on soil moisture during seasons when the
wide (black dashed curve) / narrow (grey solid curve) rings were being formed for MIN site
(A); the mean Kinetics of integral growth rate during seasons when the wide (black dashed
curve) / narrow (grey solid curve) rings were being formed (B) for MIN site; the mean
Kinetics of partial growth rate on temperature during seasons when the wide (black dashed
curve) / narrow (grey solid curve) rings were being formed for PlatPO site (A); the mean
Kinetics of integral growth rate during seasons when the wide (black dashed curve) / narrow
(grey solid curve) rings were being formed (B) for PlatPO site. Vertical solid lines are

standard deviation.
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747  Figure 5. The average partial growth rates on soil moisture Grw(i), and temperature Grr(i) for

748 1950-2009, for MIN (A) and PlatPO(B).

33



I.1. Tychkov, I.V. Sviderskaya, E.A. Babushkina, M.I. Popkova, E. A. Vaganov, V.V. Shishov

749  Tables

750 Table 1.

Number of
Group DOYbeg- DOY'stop-
rings DOYtmin | DOYbeg | DOYstop
of rings DOYtmin DOYhbeg
in the group
MIN site
All rings
(1936- 74 98+2 138+2 268+2 3913 130£3
2009)
Wide
9 99+7 1377 270+3 377 13348
rings
Narrow
10 101+8 136+7 2746 34+8 138+8
rings
PlatPO site
All rings
(1950- 60 143+10 160+8 24617 17+12 86+10
2009)
Wide
4 13645 152+7 24617 15+7 94+15
rings
Narrow
8 14445 166+11 24617 22+12 80+10
rings
751
752

753 Figures
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Fig. 3.

Fig. 4.
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Supplementary material

How can the parameterization of a process-based model help us understand real tree-

ring growth?

Ivan 1. Tychkov®”, Irina V. Sviderskaya?, Elena A. Babushkina b Margarita 1.

Popkova?, Eugene A. Vaganov?, Vladimir V. Shishova¢”
Analysis of similarity

For better assessment of similarity between simulated tree-ring growth curves and observed
tree-ring chronologies, we used standard statistical estimations (e.g. Pearson correlation and

coefficient of synchronicity), variance ratio and one-way ANOVA technique.

Usually, the coefficient of synchronicity, which is non-parametric statistics (Huber, 1943), is
used for evaluation the coherence between two time series. We used it for evaluating the
coherence between the simulated growth indices and the initial tree-ring chronologies
(Shiyatov, 1986) based on the following equation:

~ n"*100

S_ '
n-1

where n* is the number of segments from radial growth having the same tendency and n is the

length of the compared period (in years) (Savva et. al., 2002).
Variance ratio VR is defined by the following equation:

VR — SD,, ’
SD

actual
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where SDp, is the standard deviation of the simulated growth curve, SDactal IS the standard
deviation of the actual tree-ring chronology. VR should not exceed one because simulated
growth variance affected by climatic conditions is a part of the total variance of tree-ring
chronology.
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Tables
Table S1. Estimated VVS-model parameters by the VVS-oscilloscope.

Parameters Description MIN  PlatPO
Tmin Minimum temperature for tree growth (°C) 5 9
Topt1 Lower end of range of optimal temperatures (°C) 13 22
Topt2 Upper end of range of optimal temperatures (°C) 22 28
Trmax Maximum temperature for tree growth (°C) 32 33
Whnin Minimum soil moisture for tree growth, relative to saturated

soil (v/vs) 0.0775  0.06
Wopt1 Lower end of range of optimal soil moistures (v/vs) 0.25 0.175
Wopt2 Upper end of range of optimal soil moistures (v/vs) 0.375 0.325
Winax Maximum soil moisture for tree growth (v/vs) 0.45 0.575
Wo Initial soil moisture (v/vs) 0.15 0.175
Theg Temperature sum for initiation of growth (°C) 110 100
theg Time period for temperature sum (days) 10 10
Iy Depth of root system (mm) 500 500
Pmax Maximum daily precipitation for saturated soil (mm/day) 40 40
C1 Fraction of precip. penetrating soil (not caught by crown) 0.43

(rel. unit) 0.5
C First coefficient for calculation of transpiration (mm/day) 0.3075 0.18
Cs Second coefficient for calculation of transpiration (mm/day) 0.11 0.125
A Coefficient for water drainage from soil (rel. unit) 0.005  0.005
Ver Critical growth rate 0.04 0.01
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792 Figures
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793

794  Figure S1. Correlations of actual tree-ring chronology and simulated one with monthly
795  precipitation (columns) and temperature (lines) for MIN site (A) and for PlatPO site (B).
796  Correlations were calculated from August of the previous year to August of current year.

797  Horizontal dashed lines show significant limits of correlation.
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799  Figure S2. The simulated timing of the growth start (circles), end (squares), and season
800  duration (triangles) versa the actual ring-width indices for MIN site (A) and for PlatPO site
801 (B). Grey solid, dark solid, dashed black lines are regression lines obtained for the start, end

802  and duration respectively. Dashed grey lines are 95%-confidence limits.
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804  Figure S3. The mean variation of temperature for MIN site (A) and for PlatPO site (B) and
805  soil moisture for MIN (C) and PlatPO (D) during seasons when the wide (black dashed curve)

806 /narrow (grey solid curve) rings were being formed.
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808  Figure S4. One-way ANOVA for groups of wide and narrow rings on integral growth rate Gr
809  (left Y-axis), partial growth rate on temperature Gry (left Y-axis) and partial growth rate on
810  soil moisture Gry (right Y-axis) for MIN (A) and PlatPO(B).
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812  Figure S5. One-way ANOVA for groups of wide and narrow rings on start (A) and end (B) of
813  growing season for MIN site; one-way ANOVA for groups of wide and narrow rings on start
814 (C) and end (D) of growing season for PlatPO site
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