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Abstract: Improvement of dendrochronological crops yield reconstruction by separate application of
earlywood and latewood width chronologies succeeded in rain-fed semiarid region. (1) Background:
Tree-ring width chronologies have been successfully applied for crops yield reconstruction models.
We propose application of separated earlywood and latewood width chronologies as possible pre-
dictors improving the fitness of reconstruction models. (2) Methods: The generalized yield series
of main crops (spring wheat, spring barley, oats) were investigated in rain-fed and irrigated areas
in semiarid steppes of South Siberia. Chronologies of earlywood, latewood, and total ring width of
Siberian larch (Larix sibirica Ledeb.) growing in forest-steppe in the middle of the study area were
tested as predictors of yield reconstruction models. (3) Results: In the rain-fed territory, separation of
earlywood and latewood allowed increasing variation of yield explained by reconstruction model
from 17.4 to 20.5%, whereas total climatic-driven component of variation was 41.5%. However,
both tree-ring based models explained only 7.7% of yield variation in the irrigated territory (climate
inclusion increased it to 34.8%). Low temperature sensitivity of larch growth was the main limitation
of the model. A 240-year (1780–2019) history of crop failures and yield variation dynamics were
estimated from the actual data and the best reconstruction model. (4) Conclusions: Presently in
the study region, breeding of the environment-resistant crops varieties compensates the increase of
temperature in the yield dynamics, preventing severe harvest losses. Tree-ring based reconstructions
may help to understand and forecast response of the crops to the climatic variability, and also the
probability of crop failures, particularly in the rain-fed territories.

Keywords: Siberian larch; tree-ring chronologies; earlywood width; latewood width; small grain
crops; semiarid conditions; crops failures; reconstruction model

1. Introduction

Long- and short-term climatic variations affect the growth and productivity of both
natural vegetation and agricultural crops in a fundamentally similar way [1,2]. Global
warming has led to shifts in productivity maxima and distribution areas towards higher
latitudes [3,4]. Studies of long-term crops yield dynamics can provide important infor-
mation on the vulnerability of agroecosystems to climate change and future risks to food
security [2,5–7]. However, this field of research is limited by insufficient availability of
actual yield data and instrumental climatic series measured at meteorological stations [6,8].
To overcome this limitation, the reconstruction of the missing information based on proxy
data from various natural sources is used [9,10]. In particular, tree-ring chronologies are
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available across a wide range of regions and can record climatic fluctuations over several
hundred years with yearly or lesser (monthly, seasonal) temporal resolution [11,12]. In
recent decades, several attempts have been made to use chronologies of tree-ring width
(TRW) for crops yield reconstruction [5,7,13–15]. However, the integral nature of these
productivity indicators, as well as ecological, morphological and phenological differences
between trees and cereals, limit the quality of the obtained models and force researchers to
look for complex methods to improve them.

During the process of growth and development, the plant reflects in its structure the
current external conditions. Such information is stored alongside internal relationships
(limitations of its organs and tissues united into an integral and functionally balanced
system) and legacy effects of the previous conditions on the plant [16,17]. In particular, raw
individual series of TRW measurements contain long-term trends including input of the
trees’ size-age characteristics [18,19] and autocorrelation component partially connected to
usage of previously formed wood as water conduit and (in deciduous trees) as a storage
tissue [20–22]. When standardizing tree-ring chronologies, these components are sup-
pressed [23] and the obtained residual chronologies are used to highlight the climatic signal
and “purify” it of noise. Tree ring can be separated into consequentially developed zones of
earlywood and latewood. In the residual chronology of the earlywood width (EWW), the
legacy effect is mainly concentrated on the period from the end of the previous ring width
formation, including dormancy. In the latewood width (LWW) residual chronology, the
legacy effect additionally includes conditions during earlywood cells’ production [24,25].
When analyzing these parameters of tree radial growth, the legacy effect in the LWW can be
quantified as linear regression function of its dependence on the EWW [26]. After removal
of this component, the adjusted chronology (LWWadj) contains mainly a signal for the
current conditions from the beginning of latewood cells’ production to the end of their
extension phase. Therefore, application of EWW and LWWadj can allow to split in time
climate signal in TRW and to highlight its individual components.

The yield of small grain crops consists of several significant components: the density of
productive stems determined by productive tillering and the survival of plants, the kernel
number per spike and the mass of 1000 kernels [27–30]. Comparing these indicators with
the development phenology of cereals, we can note that the first component is established
mainly from sowing to the end of tillering. The spike size and the possible number of
spikelets/florets in it are established on early stages of spike formation. Besides, they are
closely related to the whole plant habitus, correlating positively with plant height and total
leaf area. As a result, kernel number per spike is mainly determined by growth processes at
the stages from tillering until flowering [28,31,32]. All of the aforementioned development
stages occur during vegetative growth period. However, kernel number per spike can
also decrease after the onset of the generative period, e.g., due to flower infertility, causing
occurrence of partially or completely empty spikes [33,34]. The mass of 1000 kernels is
established during grain filling. However, this indicator is the most stable and genetically
determined of all yield components [32,35,36]. It also has a significant contribution of
legacy effect due to transfer of dry matter from vegetative mass of plant to the developing
kernels [37]. Thus, most of the yield components are determined during vegetative growth
of cereals. It is also supported by the dependence of the harvest index (the ratio of yield to
vegetative mass) more on crops variety than on the climatic conditions [38,39]. Amongst
all, the most critical period is from tillering to ear emergence.

Possible discrepancy in the intra-seasonal dynamics of climatic response between tree
ring width and crops yield is determined by different life forms, phenological sequences,
and climatic tolerance or sensitivity at each stage of development. It restricts the relation-
ship between these integral indicators of plant productivity, and hence hinders the quality
of dendrochronological yield reconstructions. As a means to reduce this discrepancy, in this
study we tested a hypothesis that the use of successively formed earlywood and latewood
widths in the yield reconstruction would allow better reflection of the climatically-driven
component of yield dynamics by increasing similarity in intra-seasonal patterns of the
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climatic response. Note also that growth and development of both trees and cereal crops
are rather linked to particular environmental triggers and conditions like day length, tem-
perature thresholds and accumulated heat sums, than strictly to calendar dates. If this
seasonality has similar long-term trends for investigated tree and crop species, it would
increase usefulness of tree ring chronologies as indicators of yield dynamics under condi-
tions of changing climate. Thus, in the present study we test said hypothesis and bring out
the overall relationship between tree growth and crops yield in the rain-fed and irrigated
conditions, as well as dynamics of their climatic response.

2. Materials and Methods

This study was performed on the example of the Republic of Khakassia, in the semi-
arid conditions of the steppe and forest-steppe zones. In this region, both grain crops
yield, and the radial growth of trees are significantly influenced by temperature and pre-
cipitation of May–July, but the quality of dendrochronological yield reconstructions is
still limited [14,40]. Earlywood and latewood widths were analyzed for Siberian larch
(Larix sibirica Ledeb.), since larch wood has well defined zones of earlywood and latewood,
with visibly distinctive and sharp boundary between them. This makes it possible to mea-
sure widths of both zones by classical dendrochronological methods with minimum error.

2.1. The Study Area

The Republic of Khakassia is located in South Siberia, on the territories of the Western
Sayan and Kuznetsk Alatau mountain systems (south and west of the republic, respectively)
and the Khakass-Minusinsk Depression between them (Figure 1). The climate of the study
area is sharply continental [41,42]: seasonal and daily temperature fluctuations are of high
magnitude (39 ◦C between average monthly temperatures of July +19.9 ◦C and January
−19.3 ◦C; 9–14 ◦C between maximum and minimum daily temperatures depending on the
season). Daily data on mean air temperature and precipitation for 1936–2017 were obtained
from the Minusinsk station (www.meteo.ru; 53◦41′ N 91◦40′ E, 250 m a.s.l.; Figure 1b).
Precipitation is unevenly distributed throughout the year: very little snow falls during
winters (on an average only 14% of the annual precipitation falls during the months from
November to March), and maximum precipitation occurs in the month of July (19% of the
annual precipitation). In the center of the Khakass-Minusinsk Depression, the average
annual temperature is +1.2 ◦C and the average annual precipitation is 350 mm. The period
with temperatures above 10 ◦C starts from 15 May on average and lasts up to 120 days.
In the spatial distribution of temperatures, latitudinal (increasing from north to south)
and altitudinal gradients (colder climate in the mountains) were observed. The amount
of precipitation also increases with elevation. This leads to the fact that most of the plains
of Khakassia are occupied by steppes and agricultural areas with hot and dry vegetative
season, while cooler and wetter mountain ranges are mainly covered with mixed and
conifer forests. The hydrological network is relatively poorly developed in the north of
the Khakass-Minusinsk Depression [43]. In the centre of the republic, the rivers Yenisei,
Abakan and their tributaries serve as the source for an irrigation system [44].

www.meteo.ru
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Figure 1. Study area: (a) Administrative map of the Republic of Khakassia. Hatched area is the most suitable for agri-
culture plains of Khakass-Minusinsk Depression; administrative districts and state variety-testing stations ( ) are 
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outside of Khakassia used as a source of phenological data (    ). Locations of Minusinsk climatic station (    ) and  

dendrochronological sampling sites (    ) are marked. (b) Climatic diagram at the Minusinsk climatic station: daily  

series of air temperature (lines) and precipitation (bars) averaged over 1936–2017 (dark shades) and their standard devi-
ations (light shades). (c) Location of the Republic of Khakassia in the South Siberia. 
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2.2. Grain Crops Yield Data

The yield, i.e., the weight of grain obtained from one hectare of sown area (kg/ha), was
used as a measure of agricultural productivity [8]. The original data were long-term series
(33–54 years; for cover periods see Supplementary Materials in the previous study [40])
of oats, spring wheat, and spring barley yield averaged over the administrative districts
of the republic (Federal State Statistics Service unpublished archives) and obtained at
the state variety testing stations (unpublished archives). These three crops, widespread
in temperate regions, have a habit of spring growth. Their growth and development is
sensitive to day length and temperature. Oats, spring wheat, and spring barley together
constituted about 95% of the total sown area of small grain crops in the region during the
cover period of archive data used in our study. Their local varieties were predominantly
used in the region historically [45]. The agricultural territory of Khakassia is located in
flatlands and adjacent foothills at elevations of 200–600 m a.s.l. It is divided into three
agroclimatic zones: (1) sub-taiga and forest-steppe zone of foothills as a narrow strip in the
south and west of the region; (2) dry steppes on kastanozem soils in the central part of the
republic, (3) steppes on chernozem soils in the north of the Khakass-Minusinsk Depression.
In the foothills, the sown areas are small (about 4% of the total area) and the moisture
deficit is less pronounced, which leads to a weakening of the climatic influence on the
yield. Therefore, this zone was not considered in this study. The rain-fed agriculture is
mainly practiced in the Northern zone, and an irrigated agriculture system prevails in the
Central zone [40,42]. For the present study, the original series were grouped according
to the similarity of the yield dynamics and its climatic response [40], standardized with
classical dendrochronological techniques [23] and generalized by a bi-weighted mean. As
a result, two zonal chronologies were obtained for the period 1945–2012.

Standardization of chronologies was carried out in the ARSTAN program [46]. During
this procedure, long-term trends (represented by linear functions) and autocorrelation
(explained by the use of local harvested grain for next year sowing and a positive rela-
tionship between yield and grain quality [47,48]) were removed from the original raw
series. The statistical characteristics of the developed chronologies are presented in Table 1.
Additionally, to assess the phenology of grain crops, we used average data for 2015–2019
from the Karatuz variety testing station, located in conditions similar to the agricultural
areas of Khakassia (Figure 1). In general, small grain crops in the region are usually sown
in the first half of May (when temperature rises up to +10 ◦C), and harvested in September,
depending mostly on early or late maturing of particular varieties. From Karatuz data,
average dates for 2015–2019 were: sowing, 15 May; germination, 27 May; onset of tillering,
5–10 June; booting, 20–25 June; earing, 12–19 July; dough grain, 30 August–9 September;
ripe grain (harvesting), 7–18 September.

Table 1. Statistic characteristics of crops yield and larch tree-ring parameters’ residual chronologies.

Variable

Sample Characteristics Chronology Characteristics

Length,
Years

Cover
Period,
Years

No.
of

Series
1

Mean
Value

2

Standard
Deviation

(SD)

Mean
Inter-Series
Correlation
Coefficient

Mean
Expressed
Population

Signal

Sensitivity
Coefficient

Yield Northern zone Y_N 68 1945–2012 18 1.235 0.418 0.640 0.970 0.532
Yield Central zone Y_C 74 1939–2012 15 1.296 0.339 0.485 0.934 0.438

Tree-ring width TRW 314 1706–2019 46 0.735 0.304 0.452 0.974 0.372
Earlywood width EWW 314 1706–2019 46 0.533 0.319 0.422 0.971 0.388
Latewood width 3 LWW 314 1706–2019 46 0.184 0.337 0.292 0.950 0.403

1 Individual series in yield chronologies are averaged series for administrative districts and data from variety-testing stations within each
zone. Individual series in tree-ring chronologies are measurements of trees. 2 Yield values are measured in 103 kg/ha; larch radial growth
parameters’ values are measured in mm. 3 LWW chronology statistics are shown before its adjustment.
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2.3. Tree-Ring Chronologies

Siberian larch (Larix sibirica) was selected as a source of dendrochronological data.
This is a deciduous conifer tree, typical for boreal and mountain forests of Middle Siberia.
L. sibirica is both frost- and drought-resistant, which makes it well adapted to the moisture-
deficit conditions of the lower forest line in the continental climate of Siberia.

Long-term series of radial growth parameters, namely tree ring width (TRW), early-
wood width (EWW), and latewood width (LWW) of Siberian larch were measured. Initially,
local chronologies were developed at two sites located in the forest-steppe zone in the
foothills of the Batenevsky ridge of the Kuznetsk Alatau: Bidzha (BID, 25 trees, 1706–2019,
54◦00′ N 91◦01′ E, 650–700 m a.s.l.) and Bograd (BGD, 21 tree, 1786–2019, 54◦12′ N 90◦50′ E,
500–600 m a.s.l.) in the vicinity of the settlements of the same names (Figure 1a). Both these
sites are occupied by mixed birch-larch-pine forest. Sampling and processing of wood
cores, measurement and cross-dating were carried out using standard dendrochronological
methods [23]. Series were standardized removing long-term trends (represented by expo-
nential or linear functions) and the autocorrelation component. Then, individual indexed
series were averaged by bi-weighted mean to obtain the residual local TRW chronologies
in the ARSTAN program [46]. The dynamics of the radial growth parameters significantly
(p < 0.05) correlate between the sites (TRW: r = 0.56; EWW: r = 0.55; LWW: r = 0.35). Thus,
the measurements from both sites were combined and, based on the entire sample, gen-
eralized chronologies of TRW, EWW and LWW were developed (Table 1, Figure 2). The
EWW and LWW chronologies were closely correlated (r = 0.61), this relationship was
taken into account by using the corrected chronology LWWadj, which was calculated as the
residual of LWW after subtracting linear regression LWW = a0 + a1·EWW [26]. It means
that EWW and LWWadj are orthogonal variables (i.e., r = 0), independent from each other
and suitable for application as predictors in regression model. To evaluate period when
tree-ring chronologies contain mostly common reaction to environmental factors registered
by total population (forest stand), expressed population signal (EPS [49]) was calculated for
TRW chronology with 50-year window and 1-year step. Only the period when EPS > 0.85
was used for reconstruction (Figure 2).

2.4. Statistical Analysis

The climatic response of productivity indicators was assessed as paired correlation
coefficients of their chronologies with 21-day (and longer) series of temperature and
precipitation from April to August, and with 21-day series of hydrothermal coefficient
(HTC [50]) calculated from temperature and precipitation from May to August. Correlation
analysis was carried out for both the entire overlap between cover periods of chronologies
and climatic series, and for a 40-year window with a step of 1 year to analyze the temporal
stability of the climatic response. To reconstruct the dynamics of yield, linear regression
models were used with the parameters of larch radial growth and climatic series used as
predictors. To identify the history of crop failures and low-yield periods according to the
reconstruction model, it was linearly transformed into Z-scores (mean value = 0, standard
deviation = 1) and smoothed with a 5-year moving average. Calculations were performed
using STATISTICA and Microsoft Excel software.
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3. Results
3.1. Relationships between Chronologies

The chronologies of larch earlywood and latewood width have input to the tree-
ring width, proportional to their mean values: r = 0.95 for EWW, r = 0.26 for LWWadj.
Both relationships are significant at p < 0.05. Zonal yield chronologies are rather closely
correlated among each other: r = 0.61. Correlations between yield and larch growth are
significantly lower in the Central zone (r = 0.27, 0.24, 0.16 with TRW, EWW, and LWWadj,
respectively) than in the Northern zone (r = 0.43, 0.38, 0.36); however, all correlation
coefficients are significant at p < 0.05 except for r (Y_C, LWWadj).

3.2. Climatic Response

During the growing season, all considered chronologies had a similar relationship
with climatic factors: a positive response to precipitation and HTC and a negative one to
temperature. However, the intensity and seasonality of this response varied (Figure 3). All
the considered parameters of the larch radial growth had a more pronounced response
to precipitation than to temperature. Earlywood and tree-ring widths correlated with
precipitation from late April to late June, with temperature limitation starting from mid-
April and ending in early July for EWW and early August for TRW. Adjusted chronology of
LWW had a distinctly shifted climatic response. The maximum correlations were observed
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with precipitation from mid-May to the second half of July and temperatures from mid-
June to the end of the season. The yield chronology in the Northern zone responded to
precipitation in May-July and temperatures from late May to mid-August. In the Central
zone, crops yield response to climatic factors ended earlier (in early July to precipitation, in
early August to temperature) and was less intense, especially in terms of precipitation. The
response to the HTC both in the larch tree-ring parameters and in the crops yield had a
very similar pattern of seasonality and intensity as the response to precipitation; however,
it is less uneven, especially in May.
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Temporal stability analysis of the climatic response (Figure 4) showed that in the
seasonality of the climatic response (i.e., the dates of the beginning, maximum and end of
the significant impact of climatic factors), the stability of some dates was combined with
systematic shifts of others. The onset of the temperature effect on EWW and TRW (end of
April) gradually shifted to earlier dates, while the onset of precipitation influence on them
was stable. A less pronounced shift to earlier dates was observed for the end of both the
factors’ influence on LWW in the second–third decades of July. Although, the correlations
with temperature may reappear later. The transfer of climatic impact from earlywood to
latewood was stable and observed in mid-June. For yield, significant correlations with
climatic factors began stably around 20 May for temperature, and around 10 May for
precipitation. Observed at the beginning of July, maximum intensity of the temperature
response during the stem elongation and booting gradually increased without temporal
shift. The ending of the pronounced climatic response to temperature, occurring in early
August for temperature and in early July for precipitation, in most cases shifted rapidly to
earlier dates after 1995–2000. Nevertheless, observed in mid-August for temperature and
in mid-July for precipitation, lessening of correlations to zero was more stable.
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3.3. Yield Reconstruction Models

For each agroclimatic zone, regression models were developed linking the dynamics
of the crop yields with the chronology of tree-ring width Y(TRW) and with the orthogonal
chronologies of the earlywood width and adjusted latewood width Y(EWW, LWWadj).
The equations and statistical characteristics of the models are presented in Table 2. For
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the Central zone, both models explain less than 10% of the yield variation, but for the
Northern zone, TRW-based model explains 17.4% of the yield variation and the separate
use of the earlywood and latewood width increases this value to 20.5%. After removing
the component recorded by earlywood and latewood of larch from the yield dynamics, the
residuals still contained a climatic signal, albeit less pronounced (Figure 5a). In the Central
zone, maximum yield correlations with temperature and precipitation weakened from
−0.532 to −0.473 and from 0.383 to 0.347, respectively; in the Northern zone, responses
decreased from−0.553 to−0.476 for temperature, and from 0.546 to 0.297 with precipitation.
Regression models of yield, taking into account this additional climatic signal, explain
up to 39%–42% of its total variation. Plots of yield reconstruction models based on larch
earlywood and latewood width and models including climatic predictors (temperature
and precipitation) are presented in Figure 5b. As more factors are included in models,
the fitness increases visibly; however, tree-ring based model of yield reconstruction for
Northern zone already has the same extreme years as actual yield series.

Table 2. Linear regression models of crops yield zonal chronologies (Northern and Central zones) based on larch tree-ring
standardized regional chronologies and climatic factors.

Model Equation 1 R R2 R2
adj F p SE

Northern zone
0.373 + 0.610·TRW 0.431 0.186 0.174 15.1 0.0002 0.380

−0.072 + 0.455·EWW + 0.592·LWWadj 0.478 0.229 0.205 9.6 0.0002 0.373
3.771 − 0.196·Tadd + 0.330·EWW + 0.444·LWWadj 0.647 0.418 0.391 15.3 <0.0001 0.326

3.315 − 0.175·Tadd + 0.00187·Padd + 0.264·EWW + 0.373·LWWadj 0.672 0.451 0.416 12.9 <0.0001 0.319
Central zone

0.652 + 0.326·TRW 0.277 0.077 0.063 5.5 0.0222 0.337
0.507 + 0.268·EWW + 0.200·LWWadj 0.278 0.077 0.049 2.7 0.0734 0.339

3.935 − 0.177·Tadd + 0.150·EWW + 0.072·LWWadj 0.553 0.306 0.274 9.4 <0.0001 0.296
3.425 − 0.153·Tadd + 0.00257·Padd + 0.048·EWW − 0.033·LWWadj 0.662 0.387 0.348 10.0 <0.0001 0.281

1 Periods of additional climatic predictors’ calculation (averaging Tadd and summing Padd) in each zone are presented in Figure 5a.

3.4. History of Crop Failures and Low-Yield Periods

In the northern zone the yield model based on EWW and LWWadj has minimums that
coincide with the observed crop failures throughout the republic (Figure 6). Therefore, an
analysis of crop failures and low-yield periods was carried out for the period of 240 years
(1780–2019). During this period, the TRW chronologies have expressed population signal
EPS > 0.85 [49]. In this crop yield reconstruction, 79 years (33%) with yield less than thresh-
old value (mean—0.5 standard deviation) were observed in the model. Most of these poor
yield events (58 years) occurred after a year with satisfactory or high yield, but 21 events
(9% of the total period length or 27% of bad harvest years) came consequentially. During
the years 1837–1840 the longest duration of crop failures was recorded in a continuous
sequence of the reconstructed poor yield. Smoothed by moving average, reconstructed
yield dynamics showed that periods with low 5-year average yield are unevenly distributed
over time, most often occurring in 1830–1915 (shaded areas in Figure 6). Despite some crop
failures, periods 1795–1830, 1915–1940, and from 2003 to the present can be considered as
more favorable for agricultural output. In recent decades, low yield period occurred only
during 1997–2002. When the 40-year periods 1940–1979 and 1980–2019 were compared, a
significant decrease in yield variation was observed. The standard deviation of the actual
yield chronologies decreased from 0.46 to 0.38 in the Northern zone and from 0.36 to 0.32 in
the Central zone. The considered model shows the same decreasing trend in yield variation
over time, reaching beyond the coverage of actual series. For comparison, the following
climatic trends in May-July were observed during these periods. During 1940–1979, stable
temperatures were observed against the background of an increase in precipitation by
approximately 5 mm per decade. During 1980–2019, there was a rise in temperatures by
0.32 ◦C and in precipitation by 7 mm per decade.
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Figure 5. Crops yield modeling. (a) Component of the crops yield climatic response not captured by earlywood-latewood-
based models: correlations of 21-day moving climatic series with differences between actual yield chronologies and
respective models Y(EWW, LWWadj); rectangles mark periods when climatic factors have maximum correlations with
respective yield series. (b) Dynamics of the crops yield in Northern and Central zones and its models based on tree-ring
parameters alone (top row), on tree-ring parameters and temperature (middle row), and on tree-ring parameters and both
climatic factors (bottom row). (c) Scheme of developed models’ limitation by difference in signals from growing season
temperature and precipitation (bubbles with T and P letters, respectively) registered in tree-ring parameters and crops yield.
Bubble sizes indicate relative signal strength.
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Figure 6. Reconstructed and actual crops yield (transformed in Z-scores): shaded areas represent 5+
year periods when average modeled yield is less then mean—0.5 SD threshold (grey dashed line);
dotted and dashed lines represent actual crops yield in Northern and Central zones respectively;
black lines represent model Y_N(EWW, LWWadj) and its 5-year smoothed time-series.

4. Discussion
4.1. Plant Behavior Under Climatic Extremes

Siberian larch is adapted to the conditions of the forest-steppe zone. It is a drought-
resistant species [51] with an anisohydric strategy for regulating the water balance of
plants under moisture deficit [52,53]. Under conditions of moderate drought, this plant
slows down its metabolism as a consequence of decreasing soil moisture and thus reduced
transpiration. But it does not close the stomata and continues its growth process. In extreme
cases, evapotranspiration is regulated by partial desiccation of needles and thin roots [54,55].
Subsequently, synthesized nutrients are partially redirected toward restoration of lost parts,
further slowing radial growth.

As for historically grown in the region local varieties of small grain crops, they already
had some drought resistance due to long-term adaptation to climatic conditions of the
South Siberia and unconscious artificial selection. Since the beginning of the 20th century,
crop breeding in Siberia has been conducted based on scientific methodologies [27,45]. This
breeding process was initially focused on increasing yield per se. However, in the more
recent decades, interest shifted to plants’ growth stability in the harsh climatic conditions,
i.e., complex resistance to drought, frost, diseases and pests. Selection for drought resistance
was aimed not only at the survival of plants, but also at maintaining their productivity
despite drought. The prominent Siberian breeder Vedrov N.G. [27], p. 42 stated that
drought-resistant varieties of cereals in Siberia should “possess the properties inherent in
wild plants of continental and high-mountain climates, such as high and complex static and
dynamic resistance. It is expressed in the ability not to suspend growth and accumulation
of dry matter under significant deviations of environment conditions from the optimum...”.
Thus, we can conclude that similarity of observed responses of investigated plants to
precipitation can be resulted from the same anisohydric growth strategy under drought
stress of larch trees and local crops varieties after many years of breeding.

For small grain crops, heat stress (suppression of growth and tissue damage) occurs
at temperatures above approximately +30 ◦C [33,56]. These occurrences in the present
study are associated with the maximum climatic response of yield to temperature in
July as the hottest month. However, a less pronounced peak of yield reaction to heat
observed in late May–early June can also be associated with thermal damage. During the
germination period, bare soil surface between plants can be overheated by solar radiation
up to +60 ◦C [28] (cf. soil surface temperature ranges in other studies [57,58]), causing
burn injuries of root crown and leaves at the soil level [28,59]. In addition, an increase in
temperature during the period of vegetative growth leads to an accelerated development.
When the temperature optimum is exceeded, it results in the fast formation of a lower plant
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with proportionally smaller sizes and numbers of stems, leaves and productive spikes, and
hence reduced productivity [31,60,61]. Dry and hot extremes during the growing season
increase damage by pests and diseases. Such conditions are more favorable for many biotic
agents but increase the vulnerability of plants by drought stress [52,62,63]. This is another
parallel between the considered productivity indicators.

On the other hand, there are practically no studies of the heat stress effect on Siberian
larch despite its successful growth in the most continental conditions, i.e., under high
magnitudes of seasonal and daily temperature variation. Such habitat conditions obviously
include high maximum diurnal temperatures during summer in forest-steppes on the
southern boundary of larch distribution range [64,65]. This lack of scientific interest in heat
impact on larch may be an indirect evidence of its resistance to high temperatures. There
are observations that larch cambial activity is linearly positively related to the average
and maximum daily temperatures during most part of the season, only in July slowing
down at maximum temperatures above the optimum of 24–26 ◦C [66]. However, the cited
work considers the natural stand in the semiarid forest-steppe zone of Central Siberia
where warm season temperatures are negatively correlated with precipitation similarly
to the study area [67]. Thus, the impact of high temperatures here can be partially driven
by its indirect drying effect. Additionally, the small size of larch needles detains their
overheating [68,69]. Therefore, we can conclude that the observed weaker reaction of
larch to temperature in comparison to crops might be explained by the low probability of
thermal damage and heat stress for this species. It should be noted that other tree species
(both coniferous and deciduous) also have a more pronounced reaction to precipitation
than to temperature even in semiarid stands of the South Siberia [14,70]. Moreover, the
semi-humid forests of the continental Asia respond positively to climate warming [71].
These patterns indicate a generally higher thermal tolerance of trees in comparison to
herbaceous agricultural cereals, at least for local species and varieties.

4.2. Seasonality of Climatic Responses and Its Dynamics

In the radial growth of larch (earlywood and the total ring), the onset of a signifi-
cant reaction to temperature occurred during the period of temperature transition above
5–7 ◦C (compare Figures 1b, 3 and 4). It is supported by a gradual shift of this reaction
to earlier dates synchronously with warming climate. This temperature threshold can
correspond to both the onset of cambial activity (cf. threshold values 8.4 ± 1.7 ◦C obtained
by Rossi et al. [72]), and onset of growth of needles and shoots that begins earlier [73,74].
During this relatively cool period, the amount of precipitation has a weaker effect, which
causes a lag in the beginning of the reaction to it. The boundary between pronounced
climatic signals in earlywood and latewood occurs in mid-June and is completely stable,
which suggests that for transition to latewood of Siberian larch, like other tree species and
phenological processes, photoperiod is the main trigger [75–77]. The end of cambial activity
in the second half of July slightly shifted to earlier dates, possibly due to an increase in
heat supply.

For cereals, a shift of the onset of a pronounced response to precipitation to earlier
dates is interesting. Unlike the instantaneous effect of temperature, precipitation provides
soil moisture for the next days; for example, the moisture reserve in the soil at the time
of sowing can be provided by precipitation from about the previous week. Thus, the
reaction to them begins earlier. For rain-fed agriculture in the Northern Zone, the end
of the influence of precipitation on crops yield is practically stable. This may be due to
the input of photoperiod into regulation of the phenophases in cereals observed during
most of the vegetative growth period [28,31]. In July, the level and discharge of water in
the hydrological objects of the region reach a maximum [78]. This most likely leads to
a weakening of the climatic response of cereals in the Central zone. On the other hand,
phenological shifts in grain crops under the influence of climate warming were noted in
many regions [79–81]. However, the influence of moisture availability on phenology is
unclear [82,83]. According to the available data of the Karatuz testing station, the time of
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full grain maturity in our study area varies by 10 days depending on variety. This range
significantly exceeds the temperature-driven phenological shifts given in the literature for
the particular varieties. Hence the phenological trends caused in any variety by warming
are not discernible in long term from the regional dynamics of sowing areas occupied by
crops varieties with different rates of maturation.

4.3. Assessment of the Reconstructed Crop Yield in South Siberia

Earlier it was shown that in the study area, the dynamics of yield was driven by
May-July climate and first-order autocorrelation component by approximately 30%–63%
and has moderate similarity with the growth of larch [14]. Therefore, a low proportion of
the explained variability for larch TRW-based model should be expected. Separating the
signal by using earlywood and latewood widths made it possible to improve the quality of
the model in the Northern zone (where the averaged crops yield has a fairly pronounced
response to precipitation) and to explain about half of its climate-related variation (20.5%
of 41.6%). In the Central zone, where the prevailing climatic impact on yield is caused
by temperature, the higher heat tolerance of larch did not allow obtaining a model with
a high proportion of explained variation. The climate signals analyzed in residuals after
subtracting the EW-LW-based models indicated that in both zones these models better re-
flect reaction of yield to precipitation (substantially decreasing it in residuals), as compared
to temperature. Thus, the “stumbling block”, limiting the possibilities of using the larch
growth parameters in modeling of yield within the studied region, is the inseparability
of the response to temperature and precipitation recorded in the tree-rings and the pre-
dominance of the response to precipitation in all three considered parameters TRW, EWW,
and LWWadj (Figure 5c). We propose several ways to further improve the quality of the
reconstruction model in the framework of using various tree-ring parameters. Firstly, the
previously tested (Babushkina et al., 2018b) use of multiple chronologies of different species
and/or their components of various frequencies. Secondly, providing a more detailed
fitting of “temporal profile” of yield climatic response using the anatomical features of
xylem cells measured in consequent sectors of tree rings (considering clear spatiotemporal
sequence of their development and climatic responses [84]). Lastly, the application of
temperature-sensitive tree-ring chronologies from the high elevation mountain ecosystems
selected as additional predictors. In our case, the latter approach is valid despite the
significant distance of the subalpine areas from the agricultural territories, considering that
the spatial field of the air temperature is much more homogeneous in comparison with
precipitation. We believe that the combination of these approaches will allow developing
appropriate reconstruction models that describe the dynamics of the climate-dependent
component of the yield with high accuracy and duration.

4.4. History and Prospects of Crops Failures

The restored long-term dynamics of crop failures over 240 years not only made it
possible to evaluate the overall chances of crop failure, but also showed that there is a
significant statistical probability of consecutive bad harvests up to four years in a row, as
well as periods of long-term yield depressions. These estimates can be used in agricultural
management of the region to assess future risks. In the climate of the continental Asia, and
in particular southern Siberia, the rate of warming in recent decades is significantly higher
than the global one [70,85,86]. However, as recorded in both reconstruction model and
actual yield data, this warming did not lead to an increase in the frequency of crop failures,
which can be expected under such conditions, or to an increase in the variation of yield. In
contrast, the standard deviations of yield series after 1980 have decreased compared to the
previous period. This may be due to the development of scientific breeding (including the
work of specialized research institutes and breeding centers founded during 1950s–1970s)
focused on varieties whose yield is resistant to droughts and other unfavorable condi-
tions [27,45,87]. It should also be noted, that the construction of the Krasnoyarsk and
Sayano-Shushenskoe reservoirs and launching respective hydroelectric power plants in
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1968 and 1980 had a significant impact on the regional climate, especially in the steppe
zone closest to the Yenisei River [88–90]. Huge volume of water in reservoirs serves as
heat accumulators leading to a delay and a decrease in daily and seasonal temperature
fluctuations. This results in a decrease in the climate continentality and lessening of the
intensity of droughts and heat waves [70]. The crop yield pattern over the 240-year period
in southern Siberia thus depended significantly on climatic parameters in the early part
of the record, but towards recent time was indirectly influenced by numerous factors that
reduced the inhibition of crop growth.

5. Conclusions

Our investigations confirmed the proposed hypothesis that separate earlywood and
latewood widths chronologies can provide better fitting reconstruction than total ring
width for crops yield in semiarid conditions. However, this reconstruction was unable to
clearly separate the climatic signal in terms of temperature and precipitation impacting the
plant growth. The strength of the modeled reconstruction lies in its observed pattern of
past crop failures. This model can contribute to further understand the impact of climate
fluctuations on the growth pattern of developed crop varieties in the study area. It can
further provide evidence of impact of extreme drought events on crop yield and contribute
towards planning in case of future occurrence of similar long duration drought events.
The local crop varieties have been developed to adjust to the conditions in the region,
but the changing temperature and precipitation conditions have minimal impact on the
new varieties in the present warming climate, as stability in dynamics of crop failures
and variation of yield showed. The same adaptability shall last in longer spatio-temporal
scales analogous to plant species surviving through the extreme conditions in the region;
however, it needs to be further investigated.
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