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Ab stract—Cli mate trends for the re cent de cades and a po ten tial in flu ence of ag ri cul tural tech nol o gies
on spring wheat yields in the Re pub lic of Tatarstan are an a lyzed. The au thors used data on spring
wheat yields (Fed eral State Sta tis tics Ser vice) and ob ser va tions from 18 me te o ro log i cal sta tions dur ing
1961–2020. Cli mate-driven yields were cal cu lated us ing the Cli mate–Soil–Yield sim u la tion sys tem.
Yields at a fixed ag ro nomic level were cal cu lated for the pe ri ods of 1961–1990 and 1991–2020. It was
es tab lished that there are dif fer ences in the trends in ac tual and cli mate-driven yields for these pe ri ods.
Av er age ac tual yields for the sec ond pe riod are al most twice as high as those for the first pe riod, but the
rate of their in crease does not grow. Av er age cli mate-driven yields in 1991–2020 were lower than in
1961–1990 (Mann–Whit ney test, p = 0.05). An anal y sis of agroclimatic re sources for in di vid ual de -
cades shows that the down ward trend in cli mate-driven yields is linked to a sub stan tial tem per a ture rise
dur ing the grow ing sea son and a harsher pre cip i ta tion re gime. The rate of a pos si ble de crease in cli -
mate-driven yields of spring wheat in Tatarstan makes up ~2% per de cade dur ing 1991–2020.
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1. IN TRO DUC TION

The is sues of de vel op ing the sci en tific and meth od olog i cal ba sis for the agroclimatic mon i tor ing of
re gional agricultural sys tems dur ing cli mate change based on the Cli mate–Soil–Yield sim u la tion sys tem
were dis cussed in [7, 8, 15]. Ac cord ing to the fore cast based on cli mate mod els, it is ex pected that the rate
of fu ture warm ing will be sim i lar to the mod ern one, and the fre quency and in ten sity of se vere weather
events will in crease [1, 19, 21]. In these con di tions, an im por tant prob lem is to pro vide the rea son able as -
sess ment of trends in agroclimatic con di tions and crops pro duc tiv ity in the main grain crop ping re gions.
Such as sess ment should be a base for the in for ma tional and an a lytic ad ap ta tion of the Rus sian ag ri cul ture to 
ob served and pro jected cli mate change in ac cor dance with the Na tional Ad ap ta tion Plan [3, 5, 6].

Ac cord ing to the Min is try of Ag ri cul ture and Food of Tatarstan, about 52% of ar a ble land is al lo cated
in the struc ture of crop ar eas for the cul ti va tion of grain crops, such as win ter and spring wheat, pea, oat,
and bar ley [13]. Spring wheat yields in Tatarstan over the pe riod of 2001–2020 were the high est
(~29.0 centner/ha) among the sub jects of the Rus sian Fed er a tion. At the same time, the re pub lic ranks
fifth in the gross yield of spring wheat in Rus sia and ninth in the crop ar eas.

Taking into ac count a lead ing role of Tatarstan in the grain pro duc tion and a grow ing de mand for it both
at the in ter nal and ex ter nal mar ket, the mon i tor ing of the growth and de vel op ment of crops un der ob served
cli mate change is nec es sary both in the op er a tional prac tice of ser vices for ag ri cul tural pro duc ers and man -
age ment struc tures and for de vel op ing a re gional plan of ad ap ta tion to cli mate change.
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The ob jec tive of the pres ent study is the re gional agroclimatic mon i tor ing and the as sess ment of cli mate
change im pacts on agroclimatic re sources in the Re pub lic of Tatarstan for the wheat, which is the main
grain crop. The prob lem is solved on the ba sis of the mod ern tech nol ogy: the Cli mate–Soil–Yield sim u la -
tion sys tem, which al lows ob tain ing de tailed (in time and space) quan ti ta tive es ti mates of cli mate change
im pacts over a rather long pe riod from 1961 to 2020.

2. DATA AND METHODS

In for ma tion da ta base. Monthly data for the pe riod from 1961 to 2020 from the sub set of the Cli mate
da ta base (Izrael In sti tute of Global Cli mate and Ecol ogy (IGCE)) were used. The agrometeorological
mon i tor ing was car ried out us ing the ob ser va tions of air tem per a ture and monthly pre cip i ta tion at 18 me te -
o ro log i cal sta tions on the ter ri tory of Tatarstan from 1995 to 2020. The ob ser va tional data were re ceived in
the Roshydromet  PROMETEI soft ware pack age for hydro meteoro logi cal data pro cess ing. The sche matic
map of the lo ca tion of the sta tions is presented in Fig. 1.

Cli mate–Soil–Yield sim u la tion sys tem. The Cli mate–Soil–Yield sim u la tion sys tem [20] com bines
the Weather–Yield dy namic model, the in for ma tion da ta base, and the tech nol ogy for its pro cess ing and
anal y sis. The iden ti fi ca tion and ver i fi ca tion of the sys tem were per formed us ing the data of ret ro spec tive
and agrometeorological ob ser va tions, in clud ing soil mois ture ob ser va tions.

The data pro cess ing tech nique and var i ous vi su al iza tion schemes (ta bles, graphs, sche matic maps) in the 
Cli mate–Soil–Yield sys tem al low the ret ro spec tive, op er a tional, and pre dic tive anal y sis of agrometeoro-
log i cal con di tions on the ter ri tory of in di vid ual subjects of the Russian Federation. The full list of out put
agroclimatic in di ces and pro duc tiv ity indicators, as well as of ex treme weather con di tions for the cli mate
change mon i tor ing with the Cli mate–Soil–Yield sys tem was given in [9].

Cli mate-driven yields as an in di ca tor of crops pro duc tiv ity were cal cu lated in the sim u la tion sys tem
based on ac tual me te o ro log i cal and agrometeorological data (ob ser va tions) at an av er age (over some years) 
ag ro nomic level fixed by the model pa ram e ters.

Calibration and ver i fi ca tion of the Cli mate–Soil–Yield sys tem. Soil mois ture. In most of the cen tral
re gions of the Eu ro pean part of Rus sia, the ob served changes in agroclimatic re sources against a back -
ground of on go ing warm ing are linked to a trend to ward the soil dry ing [10, 11, 17]. The most in for ma tive
and prac ti cally de manded in di ca tor of the mois ture re gime of ag ri cul tural fields is the ob ser va tions of soil
mois ture car ried out at Roshydromet me te o ro log i cal sta tions. Due to an in suf fi cient den sity of the ob ser va -
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Fig. 1. The sche matic map of lo ca tion of me te o ro log i cal sta tions on the ter ri tory of the Re pub lic of Tatarstan.



tion network, the com pu ta tional meth ods are im por tant in terms of as sess ing ob served and pro jected cli -
mate change.

In the Cli mate–Soil–Yield sys tem, pro duc tive soil mois ture dur ing the grow ing sea son is a re sult of sim -
u lat ing the in fil tra tion, evap o ra tion, tran spi ra tion, and root ab sorp tion of mois ture [14]. The cor rec tion and
ver i fi ca tion of the model were based on the ob ser va tions of soil mois ture un der spring grain crops (spring
wheat or spring bar ley) at in di vid ual me te o ro log i cal stations. Fig ure 2 presents the cal cu lated and ob served
soil mois ture in the ar a ble and one-meter lay ers at Bol’shie Kaibitsy, Drozhzhanoe, and Aznakaevo sta tions 
in 2020. A rel a tive er ror of cal cu la tions is 10–20%, which may be con sid ered as a quite good re sult, tak ing
into ac count an ac cu racy of de ter mi na tion of ac tual soil mois ture at me te o ro log i cal sta tions.

Cli mate-driven yields. Based on the data of field ex per i ments and lit er a ture data, the model con stants
were de ter mined at the stage of the model con struc tion: the gen eral con stants that do not de pend on crops
(the fac tor of con ver sion of in te gral ra di a tion into photosynthetically ac tive ra di a tion, gas ex change co ef fi -
cients, cardinal tem per a ture of res pi ra tion, etc.) and the spe cific con stants for dif fer ent crops (the sum of
ef fec tive tem peratures dur ing interphase pe ri ods, the fac tors of con ver sion of re pro duc tive or gans into the
eco nomic yield, the pa ram e ters for cal cu lat ing bi o log i cal func tions, etc.).

It is ob vi ous that the model whose pa ram e ters were iden ti fied from ex per i men tal data can not be used for 
pre dict ing spa tially av er aged yields. When pass ing to the cal cu la tion for in di vid ual re gions, it is nec es sary
to limit the model “empiricism,” which is achieved by se lect ing a small num ber of pa ram e ters for op ti mi za -
tion [14].

Cli mate-driven yields cal cu lated in the Cli mate–Soil–Yield sys tem pri mar ily in di cate the ef fects of
cli ma tic factors on the crops pro duc tiv ity. An ag ro nomic level or a level of ag ri cul tural ef fi ciency is in di -
rectly de ter mined by the model pa ram e ters that re main con stant dur ing one or an other time pe riod. If there
is a dra matic jump in the level of the land use sys tem and yields in crease, the cor re spond ing pa ram e ters are
cor rected with ac count of ob served trends.

The model pa ram e ters were con fig ured for the ter ri tory of Tatarstan us ing the Rosstat (Fed eral State
Sta tis tics Service) data on yields [12]. The tar get func tion was min i mized by the least-squares method:
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Fig. 2. (1) Ob served and (2) cal cu lated pro duc tive soil mois ture on the 8th, 18th, and 28th days of the month in (a, c, e) the
ar a ble (0–20 cm) and (b, d, f ) one-meter (0–100 cm) lay ers in 2020 at three ob ser va tion sta tions: (a, b) Bol’shie Kaibitsy,
(c, d) Drozhzhanoe, and (e, f ) Aznakaevo. 



where Ym is the cli mate-driven yield modeled in the Climate–Soil–Yield model; Ya is the ob served yield
(Rosstat); N is the length of ob ser va tion se ries; a, rc, ar are the pa ram e ters of the model growth and de vel -
op ment mod ule.

3. RE SULTS AND DIS CUS SION

3.1. Ob served Yields

The time se ries of ac tual spring wheat yields over the pe riod from 1961 to 2020 was con sid ered. The
anal y sis re vealed that spring wheat yields in Tatarstan in the re cent three de cades have dra mat i cally
increased start ing from the late 1990s–early 2000s. Dur ing 1961–1990, de cad al mean spring wheat
yields var ied within a quite nar row range and were equal to 12.3, 14.3, and 14.3 centner/ha, re spec tively.
Dur ing 1991–2020, the de cad al mean yield ex ceeded 20 centner/ha, with a max i mum in 2001–2010 equal
to 25.8 centner/ha, even tak ing into ac count the ab nor mal low yield in 2010. Max i mum yields in creased
almost twice: from ~17–22 centner/ha in 1961–1990 to ~31–37 centner/ha dur ing 1991–2020 (Ta ble 1).

It should be noted that the level of spring wheat yields in Tatarstan did not de crease dur ing the ref or ma -
tion pe riod in the 1990s, when the crops pro duc tiv ity de cline was ob served al most ev ery where. For ex am -
ple, in 1993 and 1994, the mean yield in the re pub lic was 20.5 and 23.9 centner/ha, re spec tively, with the
mean wheat (spring and win ter) yields of 14 centner/ha for en tire Rus sia.

Fig ure 3 pres ents the se ries of ac tual and cli mate-driven spring wheat yields from 1961 to 2020 (with the 
model con fig u ra tion for the ag ro nomic level ob served in 1961–1990). It also al lows trac ing trends in crop
ar eas ex pressed in per cent rel a tive to the mean val ues for the first de cade (1961–1970).

It is clear that the tech no log i cal com po nent in the yield se ries be came a key one in 1991–2020, while the 
se ries of cli mate-driven yields had no dra matic jump af ter 1990. On the con trary, a neg a tive trend was ob vi -
ous dur ing 1961–2020 (Fig. 3).

It is known that mod ern ag ro nomic tech nol o gies in clude di verse com po nents: fer til iza tion, use of
drought-resistant and stress-tolerant va ri et ies, var i ous till age sys tems, se lec tion of op ti mum sow ing dates,
crop ro ta tion sys tem, mois ture-saving tech nol o gies, etc.

The stud ies have shown that sci en tif i cally grounded tech nol o gies for ap ply ing min eral and or ganic fer -
til iz ers with ac count of weather con di tions have be come a dom i nant fac tor in crops pro duc tion [16]. Dur ing 
2000–2018, ac cord ing to the Rosstat data, the vol ume of min eral fer til iz ers ap plied to grain and le gu mi nous 
crops in creased by three times: from 20.5 kg/ha in 2000 to 60.5 kg/ha in 2018. The vol ume of or ganic fer til -
iz ers ap plied to grain and le gu mi nous crops in creased since 2000 by 48% up to 1.2 t/ha in 2018 [2].

Having no sim i lar es ti mates for in di vid ual re gions, it may be ar gued with a high prob a bil ity that the cor -
re spond ing vol ume of fer til iz ers can only be greater for such eco nom i cally de vel oped re gion as Tatarstan.

An other im por tant fac tor is se lec tion work. In Rus sia, the con tri bu tion of se lec tion to the yield growth in 
the re cent de cades is es ti mated at the level of 30–70%, and its role is ex pected to in crease as neg a tive cli -
mate trends strengthen [2].

The yield growth may be associated with another factor indirectly affecting the productivity. As clear
from Fig. 3, the areas sown with spring wheat in the republic decreased from ~780000 ha in 1961–1970 to
~520000 ha in 2011–2020. It is well known that the yields grow if crop areas are reduced and nonpro-
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Ta ble 1. The sta tis ti cal char ac ter is tics of spring wheat yields (centner/ha) in the Re pub lic of Tatarstan dur ing
1961–2020 (ac cord ing to Rosstat)

Pe riod Mean SD Cv, % Max Min Amp

1961–1970
1971–1980
1981–1990
1991–2000
2001–2010
2011–2020

12.3
14.3
14.3
20.1
25.8
22.9

3.5
2.4
5.1
7.9
8.6
5.9

28
17
36
39
33
26

17.3
18.1
21.8
36.9
33.2
30.6

9.0
9.9
7.8

10.4
3.3

11.0

8.3
8.2

14.0
26.5
29.9
19.6

Here and in Ta ble 2, SD is the stan dard de vi a tion; Cv = SD/Mean ́  100% is the co ef fi cient of vari a tion; Max is the
max i mum value; Min is the min i mum value; Amp = Max – Min.



ductive land is removed from agricultural use. In this case, the coefficient of correlation between the
observed yields and sown areas for 1991–2020 is –0.38, and the contribution of the trend in the sown areas
to the total variance of the yield series reaches 12%.

3.2. Climate-driven Yields

With the ev i dent growth in the tech no log i cal com po nent of yields, it is meth od olog i cally rea son able to
con fig ure the model pa ram e ters char ac ter iz ing the ag ro nomic level and to pro vide the fur ther agroclimatic
anal y sis for two pe ri ods: 1961–1990 and 1991–2020, or the “early” and “late” pe ri ods. The con tin u ous se -
ries of years (from 3 to 5) was cho sen to iden tify these model pa ram e ters. It in cluded good, me dium, and
bad years and was close enough to the be gin ning of the “early” and “late” pe ri ods.

The re sults of the sys tem ver i fi ca tion in di cate a sta tis ti cally sig nif i cant cor re la tion (p = 0.05) be tween
the model Ym and ac tual Ya yields (Ta ble 2). The rel a tive er ror of cal cu la tions is 6.7 and 10.0%, and the
cor re la tion coefficients are equal to 0.60 and 0.68 for 1961–1990 and 1991–2020, re spec tively.

The high interannual vari abil ity of yields was reg is tered in both the first and the last three de cades of the
an a lyzed pe riod. This means that de spite the yield growth in the re cent de cades, the sustainability of grain
pro duc tion from spring wheat re mains at the level of 65–70% (cal cu lated as an ex ten sion of the co ef fi cient
of vari a tion to 100%).
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Fig. 3. The time se ries of (1) ac tual Ya and (2) cal cu lated Ym yields and (3) rel a tive ar eas sown with spring wheat (per cent -
age of the mean val ues for 1961–1970; the right scale) in Tatarstan. The straight lines are lin ear trends, the re spec tive lin ear
trend co ef fi cients b are: (1) 2.6 centner/ha per de cade; (2) –0.4 centner/ha per de cade; (3) –9% per de cade.

Ta ble 2. The sta tis ti cal char ac ter is tics and the cor re la tion ma trix for ob served (Ya, centner/ha) and cli mate-driven
(Ym, centner/ha) yields and sown ar eas (S, 103 ha) of spring wheat for 1961–1990 and 1991–2020

Pa ram e ter Mean SD Cv, %
 Cor re la tion ma trix

Ya Ym S

1961–1990

Ya

Ym

S

13.6
12.6
781

3.8
3.1
116

27.9
24.6
14.9

1.00 0.60
1.00

–0.23

–0.06
–0.23

1.00

1991–2020

Ya

Ym

S

22.9
19.6
520

7.7
5.6
69

33.6
28.6
13.3

1.00 0.68
1.00

–0.34
–0.38

1.00

The val ues with the sig nif i cance level p = 0.05 are bolded.



3.3. Anal y sis of Trends in Cli mate-driven and Ob served Yields

The trends in ac tual and cli mate-driven yields were an a lyzed sep a rately for the “early” and “late” pe ri -
ods.

The lin ear trend co ef fi cients for ob served and cli mate-driven yields dur ing 1961–1990 were pos i tive
and equal to 1.2 and 0.5 centner/ha per de cade or 9.0 and 3.9% per de cade (rel a tive to the mean yield). The
re spec tive co ef fi cients for the se ries of Ya and Ym for 1991–2020 had op po site signs and were equal to 0.9
and –0.4 centner/ha per de cade or 3.9 and –2.0% per de cade (Fig. 4). Thus, against a back ground of the al -
most two-fold in crease in ob served yields in the re cent three de cades, the rate of their growth de creases. It
is note wor thy that the trends to ward the yield growth slow down are also ob served in West ern Eu rope [18].

Since the anal y sis of the yield se ries does not re veal lin ear, sta tis ti cally sig nif i cant es ti mates of the lin ear 
trend co ef fi cients us ing the t-test, its nonparametric an a log, the Wilcoxon (or Mann–Whit ney) test, was
ap plied to com pare the in de pend ent yield sam ples for 1961–1990 and 1991–2020.

The results allow supposing the presence of a statistically significant difference in the level of actual and 
climate-driven yields from the “early” period to the “late” one: an increase in observed yields is statistically 
significant at the 1% level (p  = 0.01), and a decrease in climate-driven yields is significant at the 5%
level (p  = 0.05).

As for re veal ing the pres ence or ab sence of the sta tis ti cal dif fer ence in the av er age yields from de cade to 
de cade, the sta tis ti cally sig nif i cant dif fer ence was found only from 1981–1990 to 1991–2000 in the se ries
of ob served yields. Thus, the 1990s are the break point of the pe riod.

3.4. Vari a tions in the Pa ram e ters of Agroclimatic Re sources

The anal y sis of the trends in the pa ram e ters of agroclimatic re sources was based on ob ser va tional data
from Kazan me te o ro log i cal sta tion.

The es ti mated trends for the ther mal pa ram e ters over the warm ing pe riod since 1976 for the whole
agricultural zone were pre sented in [4]. It was shown that the trends in the pa ram e ters of the ther mal re gime 
re main pos i tive in the en tire Eu ro pean part of Rus sia.

The es ti mates of ther mal pa ram e ters for Kazan sta tion pre sented in Ta ble 3 also in di cate pos i tive dy -
nam ics of heat re sources on the ter ri tory of Tatarstan. Av er age air tem per a ture for the grow ing sea son of
spring wheat in the re cent de cade has in creased by 1.2°C as com pared to the base pe riod. This was a rea son
for its short en ing and is most of ten as so ci ated with the short fall of yield. The grow ing sea son of spring
wheat be came shorter ap prox i mately by 10 days, and phenological dates are ob served ear lier: at the be gin -
ning of May.

The data on to tal pre cip i ta tion, Selyaninov’s hy dro ther mal co ef fi cient (HTC), and mois ture co ef fi cient
pre sented in Ta ble 3 show that the most fa vor able mois ture con di tions were ob served dur ing the de cade
from 1971 to 1980, when more than 200 mm of pre cip i ta tion was reg is tered dur ing the grow ing sea son of
spring wheat, and the HTC var ied within 1.1–1.5. Dur ing the “late” pe riod, the amount of pre cip i ta tion was
smaller than dur ing the base pe riod by 40–50 mm or 22–28%, which is sig nif i cant for the zone of mod er ate
wet ting.
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Fig. 4. The vari a tions in (1) ac tual Ya 
and (2) cal cu lated Ym yields of spring wheat in Tatarstan for the pe ri ods of (a)

1961–1990 and (b) 1991–2020. The re spec tive es ti mates of lin ear trend co ef fi cients (b) and the cor re la tion co ef fi cient
(r) for 1961–1990: (1) b = 1.2 centner/ha per de cade, (2) b = 0.5 centner/ha per de cade; r = 0.60; for 1991–2020: (1) b =
0.9 centner/ha per de cade, (2) b = –0.4 centner/ha per de cade; r = 0.68.



There are also neg a tive de cad al trends in the HTC and mois ture co ef fi cient (E/E0) dy nam ics. For ex -
am ple, the mean HTC for the last de cade was 0.89 or 78% of the mean value for the base pe riod, which is
above the limit of the cri te rion for the se vere event “drought” (HTC < 0.6), but in di cates in suf fi cient
mois ture.

The vari a tions in mois ture re serves in spring at the be gin ning of veg e ta tion from de cade to de cade in
both the “early” and “late” pe ri ods do not point out any wors en ing of mois ture con di tions. Mois ture re -
serves are main tained at a rather high level in the ar a ble soil layer (31–36 mm). This re sult is con sis tent
with the pre vi ous es ti mates of trends to ward the spring pre cip i ta tion growth [4]. At the same time, in sum -
mer, start ing from the sec ond 10 days of June, when spring wheat can be in the crit i cal phase (“blos som -
ing–earing”) for the growth and de vel op ment, soil mois ture de creases (W206 = 12 mm). In some years,
mois ture in the ar a ble layer can de crease to the crit i cal level (<10 mm).

Thus, it can be stated that in the last three de cades, when grow ing spring wheat, ag ri cul tural pro duc ers
of grain in Tatarstan faced the short age of soil mois ture more of ten than be fore the 1990s.  

Ta ble 4 pres ents the es ti mates of the agroclimatic in di ces for the pe riod from 2011 to 2020, which il -
lus trate a wide range of their vari a tions. Among the years with large short fall of grain (~40% rel a tive to the
mean level), 2013 and 2015 stand out. The ther mal stress in these years was the high est: the av er age tem -
per a ture over the grow ing sea son was 18.8 and 19.1°C, with the nor mal equal to 17.0°C. In 2013, the
amount of pre cip i ta tion was al most twice smaller than the nor mal, and soil mois ture was com pletely ex -
hausted al ready by mid-June. The grow ing sea son lasted only 80 days and ended at the ear li est time: at the
be gin ning of the third 10 days of July. The crop loss made up 43% (2013) and 38% (2015).

4. CON CLU SIONS

The Min is try of Ag ri cul ture of the Rus sian Fed er a tion worked out a long-term strat egy for the de vel op -
ment of the grain com plex of the coun try un til 2035. Its im ple men ta tion will make it pos si ble to main tain
the food se cu rity of the coun try at a high level and to hold its po si tion on the in ter na tional grain mar ket. The 
re sult ing es ti mates of the trends in agroclimatic re sources and pro duc tiv ity of spring wheat in the Re pub lic
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Ta ble 3. The vari a tions in the in di ces of agroclimatic re sources for the grow ing sea son of spring wheat dur ing
1961–2020 ac cord ing to Kazan me te o ro log i cal sta tion

Pe riod Ym, % Dbeg Dend N, day T, °C Tmax,
°C R, mm HTC E/E0

W20,
mm

W206,
mm

1961–
1990
(base)
1961–
1970
1971–
1980
1981–
1990
1991–
2000
2001–
2010
2011–
2020

100

100

97

104

86

91

83

May 9

May 11

May 7

May 8

May 5

May 3

May 5

Au gust 8

Au gust 10

Au gust 8

Au gust 6

July 31

July 30

July 28

92

92

94

91

88

89

84

17.0

16.9

16.8

17.5

17.3

17.5

18.2

20.1

18.6

18.1

20.1

21.1

19.8

19.1

180

151

202

188

131

169

138

1.14

0.97

1.27

1.19

0.86

1.08

0.89

0.55

0.50

0.57

0.58

0.48

0.53

0.49

33

31

35

33

34

31

36

17

14

20

18

12

12

12

The calculations were performed in the Climate–Soil–Yield simulation system. Ym is the estimated climate-driven
yield relative to the mean for 1961–1990; Dbeg is the date of seedling; Dend is the date of yellowing; N is the length of
the growing season; T is average air temperature over the growing season; Tmax is maximum air temperature over the
growing season; R is total precipitation over the growing season, mm; HTC is the Selyaninov’s hydrothermal coeffi-
cient over the growing season; E/E0 is the moisture coefficient over the growing season; E is evapotranspiration over
the growing season, mm; E0 is evaporation over the growing season, mm; W20 is soil moisture in the arable layer (0–
20 cm) at the moment of vegetation renewal; W206 is soil moisture in the arable layer (0–20 cm) in June.



of Tatarstan over the re cent de cades can be con sid ered in the con text of in for ma tional and an a lyt i cal sup -
port of this strat egy.

The tem per a ture rise dur ing the grow ing sea son in com bi na tion with the ob served pos i tive trends in the
de gree of arid ity of the ter ri tory causes a de crease in the cli mate-driven yields of spring wheat from 1991 to
2020. A sta tis ti cally sig nif i cant de crease in cli mate-driven yields was re vealed from 1961–1990 to 1991–
2020, i.e., pos i tive trends in cli mate-driven yields in 1961–1990 changed into neg a tive ones in 1991–2020.
No sig nif i cant fluc tu a tions in the cli mate-driven yield were found on the de cad al scale, and they re main at
the level of its interannual vari abil ity.

The re sult ing es ti mate of the rate of the de crease in cli mate-driven yields at the level of –2.0% per de -
cade during 1991–2020 can not be con sid ered in sig nif i cant, tak ing into ac count that it is com pa ra ble in
ab so lute value with the rate of the in crease in ob served yields (3.9% per de cade).

The anal y sis of changes in the agroclimatic in di ces and the as sess ment of a mea sure of their im pact on
pro duc tiv ity dem on strated that the Cli mate–Soil–Yield sys tem as a mod ern tech nol ogy based on which
cur rent cli mate change in Tatarstan is sim u lated can also be used for an ad e quate as sess ment of fu ture
changes in the ag ri cul tural sphere of the re pub lic.

An other es sen tial com po nent of the de vel oped tech nol ogy for eval u at ing the pro duc tiv ity vari a tions is
the planned op er a tional 10-day agroclimatic mon i tor ing on the ter ri tory of Tatarstan for up dat ing and de -
tail ing the re sult ing es ti mates for dif fer ent agroclimatic zones and sep a rate ad min is tra tive ar eas.
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Ta ble 4. The vari a tions in the in di ces of agroclimatic re sources of the spring wheat grow ing sea son dur ing
2011–2020 ac cord ing to Kazan me te o ro log i cal sta tion

Year Ym, % Dbeg Dend N, day T, °C R, mm HTC E/E0
W20,
mm

W206,
mm

2011
2012
2013
2014
2015
2016
2017
2018
2019
2020

85
76
57
87
62
77

119
87
79

100

May 5
April 24
May 4
May 10
May 10
April 30
May 9
May 9
May 3
May 6

July 31
July 15
July 22
July 30
July 28
July 21
Au gust 10
July 29
July 28
Au gust 1

84
83
80
82
80
83
94
82
87
88

18.9
18.1
18.8
18.5
19.1
18.0
16.7
18.0
17.8
17.8

239
108
104
108
121

64
182
105
153
191

1.51
0.72
0.69
1.71
0.79
0.43
1.16
0.71
0.99
1.22

0.64
0.47
0.38
0.41
0.42
0.37
0.60
0.49
0.48
0.65

29
42
27
26
38
33
43
44
33
47

29
7
3

13
6
5

18
9
8

19

The des ig na tions are the same as in Ta ble 3. The cal cu la tions were per formed in the Cli mate–Soil–Yield sim u la tion
sys tem.
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