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Abstract

:

We used 5 years of data from multi-environmental trials conducted in Poland to assess average winter wheat yield based on selected environmental factors to recommend cultivars depending on their performance in environments of different productivity. Average expected yields in particular environments were calculated using a model based on analysis of covariance (ANCOVA), which describes the relationship between winter wheat yield and environmental factors of soil suitability and pH, drought length and Selyaninov’s Hydrothermal Coefficient (HTC) in 10-day periods. The cultivar performance was evaluated using linear regression. The cultivar yield estimated by the mixed model was considered the dependent variable, whereas the environmental mean yields, estimated by ANCOVA, were considered independent variables. The cultivars were ranked according to the estimated yield in environments of determined average wheat productivity. Higher yielding cultivars were divided into two groups: widely and narrowly adapted cultivars, which were then recommended. The novelty of this study stems from the consideration of the environmental productivity in the recommendation process, the indication of widely adapted cultivars to be grown in a broad range of productivity sites and the selection of cultivars with narrow adaptation, which may outperform cultivars of wide adaptation in homogeneous fields. This study confirmed the importance of soil suitability and HTC for winter wheat yield. Direct application of our results is possible in Poland and in other countries with similar conditions.
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1. Introduction


Different countries and their regions elaborate cultivar recommendation systems in the form of cultivar listings, such as Germany’s regional Landwirtschaftskammer [1], the United Kingdom’s Agriculture and Horticulture Development Board AHDB [2], Ireland’s Department of Agriculture, Food and Marine [3] and Poland’s Research Centre for Cultivar Testing (COBORU) [4], and even online applications are seen in United Kingdom [5] and Germany [6].



Usually, the criteria of distinctness (growing type and quality group), uniformity and performance (resistance to diseases and other constraints, adaptation to particular soils) are applied for cultivar recommendation [5,6]. This recommendation also considers cultivars’ adaptation to the soil factor, which can be expressed as light and heavy soils [5], or loess, loam/clay, sand and mountain soils [6]. In Poland, the cultivars are recommended at a regional level [4], although the exact recommendation criteria are not available.



However, the potential yield available in given environments are not directly taken into account during cultivar recommendation. Although these potential yields are closely related to the soil group, they are also influenced by weather conditions and the agrotechnology level. Potential yield varies within one region and even within one field [7,8]. The potential yield, possible to obtain in a particular year and field, may be assessed by experienced farmers but may also be estimated using soil and climate data [9,10,11,12]. The importance of such estimations is that they make it possible to find areas of unstable yield within a single field [13]. For example, field depressions may perform better than the other parts of the field during dry years, and vice versa during wet years. Thus, the knowledge of the weather course during a particular season may help in yield prediction for that year and field area. However, the effect of weather factors on yield should be considered in shorter time-periods, such as months or even 10-day periods, because it helps to connect this effect with the crop growth stage. Such an approach was applied, among others, by [10,11,14,15]. The shorter time intervals may result in a very large number of variables, leading to overfitting during the estimation process. Moreover, drought stress is detrimental if it lasts long and is cumulated. On the other hand, long time intervals average the stress conditions with good conditions, which leads to the blurring of the drought occurrence. The 10-day interval is the compromise that allows the model to link the occurrence of drought in specific growth phases with the observed yield. The effect of climatic constraints, e.g., drought, on yield is particularly relevant during critical growth stages, such as flowering, BBCH 6 [11,14,16,17]. In the climatic conditions of Central Europe, the temperature and rainfall are the most important weather factors affecting the yield during spring and summer (March–July), but most often they have no significant effect on winter wheat yield (October–March) [18]. However, their separate use in yield predicting models is quite challenging as it seems more convenient to use their combination, e.g., the Hydrothermal Coefficient (HTC), proposed by Selyaninov [19] and used, among others, by Babushkina et al. [10].



Consequently, there are few studies relating wheat yield with environmental factors at particular growth stages [10,14] and almost no studies that propose cultivar recommendation on the basis of expected wheat productivity. Only a recent study by Iwańska et al. [11] proposed the assessment of potential (expected) wheat yield based on soil and weather data using the analysis of covariance (ANCOVA), as well as cultivar recommendation based on potential wheat productivity at a particular level. However, that study only considered 1 year (2018) of balanced data, which can be seen as a narrow and specific situation. The study only considered linear relationships between yield and the environmental factors. In this paper, we go one step forward to generalize and adapt the method proposed by Iwańska et al. [11] and devise an application with a broader dataset (5 years of observations), allowing unbalanced data in the sense that not all combinations of factors are observed for all cultivars. We also propose a new list of cultivars recommended for different productivity levels, compared with the recommendations presented by [11] and with the official COBORU list [4].




2. Materials and Methods


2.1. Yield Dataset and Environmental Variables


The data used in this study come from 19 experimental stations of the Research Centre of Cultivar Testing (COBORU) in Poland (Table S1), and were collected within the Post Registration Variety Testing System (PVTS) during five seasons between 2015 and 2019. These experimental stations are located in a zone of warm temperate climate and fully humid with hot summers (Cfb), according to the Koppen–Geiger classification [20].



The data include winter wheat grain yield, together with environmental variables. The observed winter wheat grain yields in each location and cropping season (April–July) are shown in Table S1. These yield values were calculated as the overall mean for all cultivars in the two crop management levels and are given to illustrate the agricultural conditions; the non-averaged data were used in the statistical analyses.



The winter wheat grain yield data covered a set of 94 winter wheat cultivars, which were evaluated during five cropping seasons, from 2015 to 2019, at each trial location and at two levels of crop management intensity. The list of cultivars tested in each location during the cropping seasons is given in the Supplementary Materials (Table S2).



Standard fertilization was adjusted for each experimental station to local conditions—e.g., to local soil nutrient status seed treatment—and herbicide and insecticide applications were considered at a lower, moderate input management system (MIM) according to necessity. The higher input management system (HIM) included a nitrogen dose increased by 40 kg ha–1, and additional applications of foliar fertilizers, fungicides and growth regulators [11,21,22]. The experimental strip-plot design was identical in all trial locations and comprised two factors (crop management and cultivar) with two replications. Each plot had an area of 15 m2. The three-factorial location × crop management × cropping season dataset was unbalanced, with 184 of 190 combinations observed. The 184 environmental conditions contain observations of different sets of cultivars and the dataset represents about 48% of all the four-factorial possible combinations (8282 of 17,296, Table S2). The level of about 50% of missing data seems to be acceptable for cultivar recommendation [23,24,25].



The environmental, weather and soil variables are shown in Table 1. Iwańska and Stępień [26] used 4 years (2015–2018) of data to assess the effect of the environmental variables on the yield by using Spearman’s rank correlation coefficient. Iwańska et al. [11] used 1 year (2018) of data to present and discuss a simple methodology that this paper generalizes for multiple years. Arable land suitability groups (agricultural soil suitability complexes) were attributed with points with a range between 18 (weak soils) and 94 (the best soils), as described by Witek et al. [27], depending on the average cereal yield obtained from particular land suitability groups and thus associated to soil conditions (Table S1 and Table 1). Soil pH values were within the range of 4.8–7.4 (Table S1).



More details about these environmental traits can be found in Iwańska et al. [11]. The mean air temperature (T) and precipitation (P) were used to compute the Selyaninov’s Hydrothermal Coefficient (HTC) in the 10-day periods (each single record covered 10 days in each location). In this paper, the HTC was considered to be the sum of air temperatures higher than 0 °C, while in [19] the HTC was considered to be the sum of air temperatures above a given minimum air temperature (e.g., 5 °C or 10 °C; Radomski [30]). The climatic water balance (CWB) was obtained from the Agricultural Drought Monitoring System for Poland (ADMS) (http://www.susza.iung.pulawy.pl (accessed on 2 March 2020)), available via the website of the Institute of Soil Science and Plant Cultivation-State Research Institute (IUNG-PIB). The occurrence of drought was recognized if the value of the CWB in the district of a given trial location was lower than the critical value of CWB determined for a particular soil texture grouping (agronomic category, Jadczyszyn et al. [31]) in that trial. Drought length was determined based on the successive ADMS reports with drought occurrence (Table S1 and Table 1).



The dates of winter wheat principal growth stages were provided by the COBORU experimental station and were used to determine the principal growth stage (e.g., 5: heading) according to the BBCH modified (Zadoks, [32]) scale as it was described by Meier [33]. The secondary growth stages (e.g., 52: 20% of spike emerged) are not known. It should be noted that in Poland, the winter usually ends in March, and the vegetation of winter wheat ends in July, with harvest between the end of July and August. However, in trial locations, the harvest is usually performed in the last days of July. Thus, we used the weather data between April and July 2019–2020. Although the winter wheat is usually sown in October of the year preceding the harvest, we omitted the data between October and March because during this period, the growth of winter wheat is limited due to low temperatures. The tillering, which determines the number of spikes per unit of area, is more intensive after April. According to Kristensen et al. [18], the temperature and rainfall during winter (October–March) have no significant effect on winter wheat yield in Denmark, which is characterized by very similar climatic and soil conditions to Poland.




2.2. Statistical Analyses


The yield dataset of winter wheat cultivars was unbalanced, in the sense that not all combinations of factors were observed for all cultivars. This is because the observations were obtained during several consecutive cropping seasons, and because the list of cultivars tested in a given experimental station is slightly different from season to season (Table S2).



The statistical analyses performed in this study included: (1) estimation of the mean yield of cultivars in particular environmental conditions, with linear mixed models (LMM); (2) assessment of the impact of the environmental conditions on the environmental mean yield using the analysis of covariance (ANCOVA); (3) estimation of the yield of each cultivar separately using the adjusted environmental means obtained from the ANCOVA as independent variable, and estimated yield of cultivars obtained from LMM model as the dependent variable; and (4) cultivar recommendation.



2.2.1. Adjustment of Mean Yield of Cultivars in Different Environmental Conditions


The environmental conditions considered in this study are described by the combination of location, management intensity levels and year.



The average yield of the observed cultivars are biased estimators of environmental means by unrepresentative choice of cultivars for each trial. For example, the environment in which less productive cultivars were sown may have understated productivity potential when compared to the environment in which better-yielding cultivars were sown. A linear mixed model was used to calculate the adjusted yield for the cultivars in each environmental condition as follows:


Yieldijkl = Lj + Mk + L × Mjk + Gi + Yl + L(Y)j(l) + G × L(Y)ijl + G × Mik + M × L(Y)kj(l)



(1)




where i is the ith cultivar index, j is the jth location index, k is the kth management intensity level index and l is the lth year index. Lj is the fixed effect of the jth location, Mk is the fixed effect of the kth management intensity level, L × Mjk is the fixed interaction effect of the jth location and the kth management intensity level, Gi is the random effect of the ith cultivar, Yl is the random effect of the lth year, L(Y)j(l) is the random effect of the jth location nested in the lth year, G × L(Y)ijl is the random interaction effect of the ith cultivar and the lth year nested in the jth location, G × Mik is the random interaction effect of the ith cultivar and the kth management intensity level, M × L(Y)kj(l) is the random interaction effect of the kth management intensity level and the jth location nested in the lth year.



This modelling framework also allows us to calculate the adjusted mean yield, Yieldjkl, for the 184 combinations of factors excluding the genotype (cultivar) factor, i.e., the combination of location, management and year:


Yieldjkl = Lj + Mk + L × Mjk + L(Y)j(l) + M × L(Y)kj(l)



(2)








2.2.2. Assessment of the Impact of Environmental Conditions on Yield


The soil (LS and pH) and weather (HTC and DL) conditions recorded in the experimental stations were used as environmental factors to explain yield. The use of such explanatory (independent) variables can reduce the random error involved in the observed values [34,35,36].



To assess the impact of environmental conditions on yield, the analysis of covariance (ANCOVA) was used, in which the dependent variable was the adjusted mean yield, Yieldjkl, and the predictors were considered to be the management intensity level (categorical variable), LS, the soil pH, DL, HTC (quantitative variables), the squares of DL and the squares of the HTC index, being the effects of quantitative variables considered different for different management intensity levels (interaction between management and other variables) (Equation (3)). During the ANCOVA, both the values of environmental factors and their squares were tested for their effect on the response variable yield.



The Akaike information criterion (AIC) was used to select factors with confirmed effect on yield and to reduce the number of yield predictors. This procedure is very important due to the large number of independent variables (52, including the squares of variables and interaction with management) because, without proper selection, the model can overfit the data [37,38,39]. The AIC estimates the prediction error of statistical models for a given data set, in a way that the goodness of fit is rewarded, but also includes a penalty that increases with the number of covariates. The minimum value of the AIC corresponds to the best balance between model fit and model size (i.e., number of covariates), in order to obtain the most parsimonious model. The resulting model allows the estimation of the mean yield (YieldAICjkl) based on the explanatory variables. This model will be called explanatory environmental model (EEM) hereinafter.


YieldAICjkl = m + Mk + c1 × HTC1,jl + … + c11 × HTC11,jl + c12 × LSjl + c13 × pHjl + c14

DLjl + c15 × DL2+ c16 × HTC1,jl 2 + c26 × HTC11,jl2 + ejkl



(3)




where m is the overall mean, Mk is the kth management intensity level main effect, HTCn,jl is the HTC index of nth period (from 1 to 11) in the jth location and in lth year, DL, LS and pH are the drought length, arable land suitability and soil reaction, respectively, cn are the coefficients for its associated quantitative variables and ejkl is the error term.



At the end of this step, the Pearson correlation coefficient is used to measure the agreement between the yield estimated by the linear mixed model and the model explaining yield using the environmental variables.




2.2.3. Calculation of Cultivar Yield in Relation to the Average Yield in a Given Environment


In this step, the performance of cultivars in relation to the environmental productivity mean is assessed. Linear regression techniques were applied, separately for the ith cultivar, where the independent variable is the adjusted environmental mean obtained from the ANCOVA and the AIC analyses (YieldAICjkl) and the dependent variable is the estimated yield for the cultivars, obtained from the mixed model (Yieldijkl). It should be mentioned that this is a balanced set of estimates (despite the unbalanced set of observations), i.e., all cultivars have its estimated yield for all locations and years. Moreover, the expected yield for the cultivars, assessed for environments of average yield equal to 6, 7, 8, 9, 10 and 11 t/ha, were calculated as the base for cultivar recommendation. The yield for the ith cultivar, jth location, kth management intensity level and lth year can be written as:


Yieldijkl = a + b × YieldAICjkl + ejkl








and the final yield estimation in a particular environment (Yecv) can be written as:


Yecv = a + b × YieldAICjkl



(4)








2.2.4. Cultivar Recommendation and Comparison with the COBORU Recommendation


The cultivar yield estimated (Yecv) in Equation (4), for a given environmental productivity of 6, 7, 8, 9, 10 and 11 t/ha, was used as a criterion for cultivar recommendation. The top 20 cultivars within each productivity level were treated as widely adapted. In contrast, the first top cultivars within each particular productivity level were considered as narrowly adapted if they were not top cultivars across all productivity levels. The recommended cultivars based on our approach were compared with the COBORU recommendations. When this methodology is applied to data from different countries, the cultivars recommended by our method can be compared with national and/or local lists from a variety of testing entities. However, the second part of this step, where the comparison is made with official cultivar recommendations, is only for illustration purposes and it is not required for cultivar recommendation in our method.




2.2.5. Method Validation


To assess the consistency of the method of cultivar recommendation described in the current study and to compare it with cultivar recommendation in Poland [4], the Spearman rank correlation coefficient was used. To achieve this purpose, several rankings of cultivars were created as follows:




	(1)

	
Ranking of cultivars calculated for environments with productivity 7 t/ha, obtained based on the data from the years 2015–2019, denoted R7 (2015–2019);




	(2)

	
Ranking of cultivars calculated for environments with productivity 10 t/ha, obtained based on the data from the years 2015–2019, R10 (2015–2019);




	(3)

	
Ranking of cultivars calculated for environments with productivity 7 t/ha, obtained based on the data from the year 2018 [11], R7 (2018);




	(4)

	
Ranking of cultivars calculated for environments with productivity 10 t/ha, obtained based on the data from the year 2018 [11], R10 (2018);




	(5)

	
Ranking of cultivars based on the recommendation of COBORU, R (COBORU).









The rankings of cultivars considered in this study and in [11] were created based on the cultivar yield for environments of a given productivity 7–10 t/ha. In this analysis, we considered two productivity levels, namely 7 and 10 t/ha. The lower level (7 t/ha) was considered because of its likelihood to be obtained in the majority of Polish soils, considering good, but not perfect, agrotechnology levels. The higher productivity level (10 t/ha) can be achieved if good and very good soil conditions are combined with very good agrotechnology conditions.



The COBORU ranking was created based on the number of provinces in which each cultivar was recommended [4]. If several cultivars were recommended in the same number of provinces, they were attributed the same rank. For example, if two cultivars were recommended in eight provinces, with a rank between 4 and 7, they received a rank of 5.5.



The ranks based on this study (2015–2019 data) considered 94 cultivars, while the ranking for 2018 [11] accounted for 25 cultivars, and the COBORU ranking includes 35 cultivars [4].



The Spearman rank correlation coefficients can be calculated between the five rankings described above: R7 (2015–2019), R10 (2015–2019), R7 (2018), R10 (2018) and R (COBORU).



The statistical analyses were performed using the R software [40]. The linear mixed model and the significance level was calculated by ‘lmer’ function from the ‘lme4′ [41] and ‘lmerTest’ [42] packages. The analysis of covariance and regression analyses were carried out with the lm function and the orthogonal contrasts were chosen for the management factor. The selection of independent variables retained in the model was carried out according to a stepwise selection method based on Akaike information criterion (AIC) and the calculation was performed with the ‘stepAIC’ function from the R package ‘MASS’ [43].






3. Results


3.1. Average Yield per Trial Locations: Observed, Adjusted Using Linear Mixed Model and Estimated Using the Explanatory Environmental Model (EEM)


The average winter wheat yield, observed, adjusted using the linear mixed model (LMM) and estimated using the explanatory environmental model (EEM), are shown in Figure 1 and in the Supplementary Table S3. The correlation coefficient between the observed and the adjusted yield, based on the linear mixed model, was equal to 0.915 and it can be seen as a shrinkage estimator because of the linear relationship: adjusted yield = 1.45 + 0.82 × observed yield. That is, the spread (around the mean) of the adjusted yield in differentiated environmental conditions is smaller in comparison to the spread of the observed yield [24,44].



Additionally, the correlation coefficient between the estimated yield based on the explanatory ANCOVA model and the linear mixed model estimates was equal to 0.669, being the correlation between the yield estimates of the explanatory ANCOVA model and the observed yield equal to 0.592.




3.2. Assessment of the Impact of Environmental Conditions on Yield


Table 2 gives the ANCOVA analysis of variance for the model after variable selection based on the Akaike information criterion.



The estimated intercept (m) is equal to 6.11 t/ha (this does not equal the overall mean because the quantitative independent variables in the model are not centered). In the case of a lower (moderate) management intensity level (MIM), the yield decreased by 0.5 t/ha in relation to the overall mean, and a higher management intensity level (HIM) increased the yield by 0.5 t/ha in relation to the overall mean. Thus, the difference between the management intensity levels MIM and HIM was about 1 t/ha. The effects of the management intensity level (MIM or HIM) did not show a significant interaction with the quantitative variables (selected according to AIC), thus, the reaction on the quantitative variables will be the same for both management intensity levels, MIM and HIM. This result is shown in Figure 2.



The effect of the environmental variables was linear or non-linear depending on the variable (Table 2, Figure 2). A positive linear effect was found for LS, HTCApril_2_dec, HTCJun_2_dec and a negative linear effect was observed for soil pH, HTCMay_1_dec, HTCJuly_2_dec. The non-linear effect was (1) positive for HTCApril_1_dec and HTCJune_1-dec, (2) negative for DL, (3) indicated optimal conditions for HTCMay_3_dec or (4) indicated unfavorable condition for HTCJuly_1_dec (the lowest yield was predicted for the HTCJuly_1_dec between 2 and 3 whilst greater yield was estimated for HTC greater than 4 or lower than 1).



The effect of LS was positive and corresponded to a yield increase of about 0.079 t/ha per each 10 points of LS. Greater soil pH resulted in lower yield, and an increase of one pH unit within the range of values 5 (4.8) to 7 (6.9) represented a loss of about 0.59 t/ha.



The effect of the drought length (DL) was detected, primarily for longer periods. The winter wheat yield achieved their maximum (ca. 8.2 or 9.2 t/ha for MIM and HIM respectively) for about 10–20 days of water deficit, and decreased to less than 7 t/ha with drought periods of 50 days. Thus, a short water deficit does not seem to cause a decrease in yield.



The response of winter wheat to the HTC index depended on the period. A significant and positive effect of HTC on yield was observed in the first and second 10-day periods in April, and the yield differences were greater than 1 t ha−1. The HTC was very diverse in the first 10-day period in April (from 0 to 15) and more stable during the second 10-day period (from 0 to 6). In contrast, a negative relationship between yield and HTC was found in the first 10-day period in May, during which the HTC values of around 6 caused a yield variation of around 1 t ha−1. In the third 10-day period in May, the wheat yield was positively affected by the HTC values close to 6 (and HTC values around 0 or around 10 reduced the yield). A significant and positive effect of HTC on yield was observed in the first and second 10-day periods in June. For the first period, the HTC, if equal to or greater than 3, increased the yield by 1 t ha−1 in comparison to HTC not greater than 1, while for the second period, the yield gaps estimated for HTC at most equal to 1 were about 0.5 t ha−1 greater than for HTC at least equal to 4. In the first 10-day period in July, the wheat yield was negatively affected by HTC of about 2.5 t ha−1. A negative relationship between yield and HTC was also found in the second 10-day period in July.




3.3. Cultivar Recommendation


Table 3 shows the estimated cultivar yield and their ranks in the environments with mean productivity between 6 and 11 t/ha. The overall 20 most productive cultivars (at any productivity level) are shown in Table 3. The complete list of cultivars used in the analysis, with estimated yield and ranks at each average productivity level, is available in the Supplementary Table S4.



Within the selected range of winter wheat yield (6–11 t/ha), different types of cultivar adaptation can be identified. Wide adaptation within the whole range of environmental productivity was represented by the greatest number of cultivars: Rotax, Artist, Hybery, SY Orofino, Kredo, Viborg, Sikorka, Linus, Błyskawica, RGT Bilanz, Euforia, Apostel and Sfera. These cultivars may be recommended to most environments and, particularly, for fields with variable soil type. Narrower adaptation for higher yielding environments was represented by a smaller number of cultivars: Plejada, Tobak, Opcja, Frisky, Rivero, Mulan and Arkadia, which should be recommended for soils of higher productivity. The cultivars KWS Kiran, Franz, KWS Dakotana, Mirek, Oxal, RGT Kilimanjaro and Bonanza were adapted to less productive environments and they should be recommended to less fertile soils.



There were different types of narrow adaptation; e.g., Arkadia was well adapted to environments with the highest wheat productivity, and Frisky was adapted to environments with productivity of 7 t/ha and higher.



A practical application of the results from Table 3 consists of summing the positions in the ranking for the expected productivity of wheat. The smaller the sum of points (higher position in the ranking), the higher the confidence that a given cultivar should be recommended.



If the expected yield on a given field is within the range 6–7 t/ha, the cultivars that should be recommended are: Rotax (sum of points: 1 + 1 = 2), Artist (4), Hybery (6), SY Orofino (8) and Kredo (10).



If the farmer expects to obtain a yield within the range 7–9 t/ha, the cultivars recommended to be grown are Rotax (7), Artist (7), Hybery (10), Sikorka (17), Błyskawica (13). On the other hand, if very high yield, in the range 10–11 t/ha, is expected, the farmer should select the cultivars Frisky (4), RGT Bilanz (4), Błyskawica (4), Sikorka (9) and Artist (9).



During cultivar selection, other criteria should be taken into consideration, such as quality traits, disease resistance and hardiness (i.e., frost resistance, which is particularly important in the north and east provinces of Poland).




3.4. Method Validation and Comparison COBORU Recommendation


Spearman’s rank correlation coefficient confirmed the agreement between cultivar rankings based on 2015–2019 (this study) and 2018 [11] data, for both 7 and 10 t/ha (Table 4). A relationship was obtained for both rankings regarding lower environmental productivity (rR7 (2015–2019) and R7 (2018) = 0.63) and higher environmental productivity (rR10 (2015–2019) and R10 (2018) = 0.59). In contrast, the relationship between the rankings based on COBORU recommendation and R7 (2015–2019) was weak but still significant when considering a 0.05 significance level, being non-significant with the remaining rankings. However, it was expected that the rankings based on 5 years result in a higher correlation coefficient than the ranking based on a single year.



We can see that by considering 5 years of data, the correlations between our rankings and the COBORU rankings increase, when compared with rankings based on a single year [11]. Moreover, the choice of the top 20 cultivars to compute the correlations, which has a strong effect on the correlations, is arbitrary, and can be changed to a more appropriate number, depending on the aims of the analysis.





4. Discussion


4.1. Average Yield in Trial Locations: Observed, Adjusted Using Linear Mixed Model and Assessed Using Explanatory Environmental Model


The best agreement, as expressed by the Pearson’s correlation coefficient (r = 0.9152) was found between the observed yield and the adjusted yield using the linear mixed model (LMM), and a considerable worse agreement between adjusted yield using the LMM and the estimated yield using the explanatory environment model (EEM). The worst agreement (r = 0.5919) was found between the results of EEM model and the observed yield values. This results from the fact that the LMM is based on the observed data, while the explanatory model estimates the yield indirectly, based on LMM and on the ANCOVA that helps describing the relationship between environmental factors and the crop yield. The average yield for each year (Figure 1) shows a clear variation between years according to the observed data, which is much smaller if the LMM and EEM model are used. This results mainly from the high amount of missing data (about 54%) that affect both models’ performance in this paper [23].




4.2. Assessment of the Impact of Environmental Conditions on Yield


The model intercept (6.11 t/ha) for the 5 years of data used in this study is smaller than reported in a previous study based on only 2018 (7.70 t/ha, [11]).



The higher management intensity level (HIM) increased winter wheat yield by 1.0 t/ha when compared to a moderate intensity level (MIM). A similar trend was reported in a previous study (1 t/ha, [11]) for the year 2018, which is slightly higher than the result reported by Mądry et al. [21] and Rozbicki et al. [45], who obtained about 0.9 t/ha of average yield difference between HIM and MIM in seasons 2008/2009 and 2009/2010.



In this study, based on 5 years (2015–2019), we observed a yield increase of 0.79 t/ha per 10 points of the LS value. This effect is smaller than reported in a previous study (0.93 t/ha, [11]) for the 2018 growing season. However, the year 2018 was characterized by the least favorable weather conditions in comparison to remaining years in the period 2015–2019 (Table S5). This suggests that the land suitability, which reflects the soil ability to satisfy crop needs, is particularly important in years of suboptimal weather and specific rainfall patterns. Despite these differences, our study further confirms the correctness of the valuation of land suitability groups in points (on a scale from zero to 100) established by Witek et al. [27].



The effect of soil pH on winter wheat yield was linear and negative, representing an average yield reduction of 0.59 t/ha per pH unit increase. This yield reduction is generally similar to, although smaller than, the yield reduction observed in another study based on the 2018 data, where a decrease in yield of about 0.9 t/ha per pH unit was reported [11]. Negative linear effect on wheat yield, observed in both studies refers to the range of pH values (4.8 to 6.9) of our study. At the full range of the pH values, observed in soils from about 3 to about 8, the effect of soil reaction on crop yield is curvilinear, positive at the lower pH ranges and negative on the higher values. Such a relationship was observed, among others, by Fotyma and Zięba [46], Schnug et al. [47], Farhoodi and Coventry [48] and Miller [49].



The effect of DL on winter wheat yield was curvilinear (Figure 2) and positive up to 10 days of water stress, which indicates that a short period of water deficit may cause an increase in the winter wheat yield. The drought periods longer than 20 days results in strong yield reduction. In Iwańska et al. [11], based on the 2018 data, a decrease in yield of about 1 t/ha per 10-day period was reported. However, only the linear relationship between DL and yield was assessed in that study.



In this study, we used covariates obtained as the squares of HTC, differently from Iwańska et al. [11], because the crop yield may be affected by both shortage and excess of water [11,15,50,51]. This indicates that the effect of HTC on yield may be nonlinear. A positive impact of HTC (water supply) on yield was found during the first 20 days of April and June, which corresponds to tillering (BBCH 2), flowering (BBCH 6) and early grain filling (BBCH 7). Partially similar results were reported by Iwańska et al. [11]. In contrast, a negative influence of HTC on yield was observed during the first 10 days of May and in mid-July, i.e., beginning of shooting (BBCH 3) and ripening (BBCH 9), also reported by Iwańska et al. [11]. A non–linear effect of HTC on yield was found in the third 10-day period in May, which relates to heading (BBCH 5), and the highest yield was obtained close to an HTC of 6, indicating excessive water supply. Further water excess reduced yield. Previously, [11,15] reported only positive effects of HTC on yield during this period but the HTC values did not exceed 1.6 [32]. In the first 10-day period of July, which corresponds to dough maturity (BBCH 8), an inverse relation between HTC and yield was observed, being the lowest yield obtained close to an HTC of 2.3 [28], indicating somewhat excessive water supply. Such a relationship is not fully understandable.




4.3. Cultivar Recommendation


The cultivar recommended based on our study may be divided into three main groups. One group includes the cultivars Artist, Linus, RGT Bilanz and Rotax, which are also recommended by COBORU in a considerable number of provinces—no less than seven. The cultivars such as Hybery, SY Orofino, Błyskawica and Frisky are recommended by COBORU in one or two provinces (Table 5). Other cultivars that are recommended by COBORU were not recommended by our study.



The cultivar recommendation should be adjusted to the yield that is expected by farmers on their own fields, depending on the agrotechnology level and environmental conditions. Our approach may be used both for homogeneous and heterogeneous fields in terms of productivity level, as it allows the selection of cultivars of wide and narrow adaptation. This concept and procedure are more suitable for practical use than the recommendation of a cultivar at a regional level [4], because the average winter wheat yield ranges between 3–6 t/ha within a given region [52], and the yield within one single field might vary within a different range 7–8 t/ha. The application of our methodology and proposal also allows for a cultivar selection based on other commonly used criteria such as quality, disease resistance and others. For example, frost resistance is very important in north and east Poland and in other countries with severe winters. Consequently, we suggest a two-step cultivar selection. Firstly, a group of cultivars with desirable characteristics, such as quality and frost and disease resistance, should be created; then the final selection of cultivars, based on the yield performance expected in particular environment, should be conducted. Our method may be applied not only to winter wheat and cereals but also to any other crops.




4.4. Method Validation and Comparison with the COBORU Recommendation


The cultivar rankings based on a 5-year period spanning 2015–2019 for two levels of environmental productivity showed a good agreement with the results presented by Iwańska et al. [11], where the single year of 2018 was considered. This good agreement may be influenced by the fact that the 2018 data is a subset of the data used in this study. However, this consistency in the results confirms and reinforces the validity of the method proposed by [11]. Moreover, the results presented in this paper provide a more general framework by considering several years.



The ranking based on COBORU recommendations was moderately correlated with the ranking for the environmental productivity level 7 t/ha, when considering the full 2015–2019 data, and not significantly correlated with the other rankings. This may result from the fact that the COBORU recommendation is more suitable for the agrotechnology level used by most famers, and not for the most productive farms. Our recommendations are based on the expected yield in environments of particular productivity, while the COBORU recommendations take into account other factors besides yield.





5. Conclusions


In this paper, we used 5 years of data to assess the expected average winter wheat yield based on selected environmental factors, aiming at recommending cultivars depending on their performance in environment determined productivity levels. This study confirmed the importance of soil suitability and HTC for winter wheat yield. The list of cultivars recommended in our study is partially consistent with the official list of cultivars recommended in Poland. The study’s novelty is based on the indication of widely adapted cultivars to be grown in a broad range of environmental productivity levels and on the selection of cultivars with narrow adaptation. These cultivars may be particularly important in environments of determined productivity—very high, medium and low—in which narrowly adapted cultivars outperform cultivars of wide adaptation. Direct application of our methodology and results are not limited to Poland, but may be useful for other countries with relatively similar soil and weather conditions, such as Belarus, Czech Republic, Germany, Estonia, Latvia, Lithuania, Russia, Slovakia and Ukraine, among others. The method for cultivar recommendation proposed in this paper can be adapted and applied to winter wheat, to cereals in general and to other crops and world regions.
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Figure 1. Average yield (t/ha) in trial locations (left) and in years (right): observed, adjusted using linear mixed model (LMM) and estimated by the explanatory environmental model (EEM). 
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Figure 2. Mean yield (t/ha) at HIM management level depending on the quantitative explanatory variables (environmental). 
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Table 1. Description of the environmental traits used in the statistical analysis (Iwańska et al. [11], modified).
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Variable Name

	
Unit

	
Description and Interpretation

	
Number per Location and Cropping Season

	
Source






	
Air temperature (T)

	
°C

	
Mean air temperature in 10-day period from the first period in April to the second period in July

	
11

	
COBORU




	
Precipitation (P)

	
mm

	
Sum of rainfall in 10-day period from the first period in April to the second period in July

	
11




	
Selyaninov Hydrothermal coefficient (HTC)

	
10 mm/°C

	
HTC = 10 × ƩP/ƩT

	
11

	
Skowera and Puła [28], simplified (calculation based on COBORU data)




	
Climatic water balance (CWB)

	
mm

	
The difference between the precipitations and the potential evapotranspiration for a total period of 60 days, reported every 10 days

	
5

	
ADMS for the district in which the experiment is located




	
Drought length (DL)

	
10-day period

	
The number of ADMS reports indicating the threat of drought between 1 April and 10 July 2015–2019 as according to the ADMS website adjusted to agronomic category

	
1




	
Arable land suitability group (LS)

	
points

	
Arable land suitability for each trial location. The full scale ranges from 18 to 94 points, with higher values for better, more wheat-suitable soils [29]

	
1

	
COBORU




	
Soil pH

	
unitless

	
Measured in 1 M KCl extract

	
1
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Table 2. ANCOVA analysis of covariance for the model after variable selection based on the Akaike information criterion.
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	Variable
	Coefficients b
	Sum of Squares b
	d.f.
	F-Ratio
	p-Value





	Intercept (m*)
	6.110
	27.911
	1
	15.524
	<0.001 ***



	Mk (MIM_HIM)
	−0.501
	46.111
	1
	25.646
	<0.001 ***



	LS
	0.079
	116.054
	1
	64.547
	<0.001 ***



	Soil pH
	−0.585
	9.990
	1
	5.556
	0.0196 *



	DL
	0.520
	4.008
	1
	2.229
	0.1373



	DL2
	−0.186
	7.979
	1
	4.438
	0.0366 *



	HTCApril_1_dec
	0.006
	4.401
	1
	2.448
	0.1196



	HTCApril_2_dec2
	0.143
	6.029
	1
	3.353
	0.0688 (.)



	HTCMay_1_dec
	−0.157
	5.571
	1
	3.099
	0.0802 (.)



	HTCMay_3_dec
	0.283
	7.298
	1
	4.059
	0.0455 *



	HTCMay_3_dec2
	−0.025
	5.193
	1
	2.888
	0.0911 (.)



	HTCJune_1_dec2
	0.098
	8.195
	1
	4.558
	0.0342 *



	HTCJune_2_dec
	0.180
	3.390
	1
	1.885
	0.1716



	HTCJuly_1_dec
	−0.806
	9.839
	1
	5.472
	0.0205 *



	HTCJuly_1_dec2
	0.166
	8.455
	1
	4.703
	0.0315 *



	Residuals
	
	302.062
	168
	
	







MIM—moderate (lower) management intensity level; HIM—high management intensity level; LS—land suitability; Soil pH—pH of soil extract in 1 M KCl; DL—drought length in number of periods of duration of 10 (exceptionally 11 days); HTC—hydrothermal coefficient in period of duration of 10 (exceptionally 11 days) in a particular month. For example, HTCAPril_1 dec denominates hydrothermal coefficient for first 10 days of April, i.e., 1–10 April, HTCMay_3dec denominates a hydrothermal coefficient in the period between 21 and 31 May. m* is the overall mean estimated by ANCOVA, b according the ANCOVA analysis. *** Significant at the 0.001 probability level. * Significant at the 0.05 probability level. (.) Significant at the 0.1 probability level. 
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Table 3. Estimated cultivar yield and their ranks in the environments’ particular productivity levels.
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Cultivar

	
Mean Winter Wheat Productivity Level t/ha

	
Adaptation

(Yield Range, t/ha) **




	
6

	
7

	
8

	
9

	
10

	
11




	
Yecv

	
Rank

	
Yecv

	
Rank

	
Yecv

	
Rank

	
Yecv

	
Rank

	
Yecv

	
Rank

	
Yecv

	
Rank






	
Rotax

	
6.60

	
(1)

	
7.55

	
(1)

	
8.49

	
(1)

	
9.44

	
(5)

	
10.38

	
(8)

	
11.33

	
(13)

	
w **




	
Artist

	
6.49

	
(2)

	
7.48

	
(2)

	
8.46

	
(2)

	
9.45

	
(3)

	
10.44

	
(4)

	
11.43

	
(5)

	
w




	
Hybery

	
6.47

	
(3)

	
7.46

	
(3)

	
8.45

	
(3)

	
9.44

	
(4)

	
10.43

	
(6)

	
11.42

	
(6)

	
w




	
SY Orofino

	
6.46

	
(4)

	
7.43

	
(4)

	
8.41

	
(8)

	
9.38

	
(11)

	
10.36

	
(11)

	
11.34

	
(11)

	
w




	
Kredo

	
6.45

	
(5)

	
7.43

	
(5)

	
8.41

	
(9)

	
9.39

	
(10)

	
10.37

	
(10)

	
11.34

	
(9)

	
w




	
Viborg

	
6.44

	
(6)

	
7.42

	
(7)

	
8.41

	
(7)

	
9.39

	
(9)

	
10.38

	
(9)

	
11.37

	
(8)

	
w




	
Sikorka

	
6.42

	
(7)

	
7.43

	
(6)

	
8.43

	
(5)

	
9.44

	
(6)

	
10.44

	
(5)

	
11.44

	
(4)

	
w




	
Linus

	
6.41

	
(8)

	
7.40

	
(9)

	
8.40

	
(10)

	
9.39

	
(7)

	
10.39

	
(7)

	
11.39

	
(7)

	
w




	
Błyskawica

	
6.39

	
(9)

	
7.42

	
(8)

	
8.44

	
(4)

	
9.47

	
(1)

	
10.49

	
(1)

	
11.52

	
(3)

	
w




	
KWS Kiran

	
6.37

	
(10)

	
7.34

	
(12)

	
8.31

	
(13)

	
9.28

	
(15)

	
10.25

	
(18)

	
11.22

	
(22)

	
n (6–10)




	
RGT Bilanz

	
6.36

	
(11)

	
7.39

	
(10)

	
8.42

	
(6)

	
9.46

	
(2)

	
10.49

	
(2)

	
11.52

	
(2)

	
w




	
Euforia

	
6.35

	
(12)

	
7.35

	
(11)

	
8.34

	
(11)

	
9.34

	
(12)

	
10.33

	
(12)

	
11.33

	
(14)

	
w




	
Franz

	
6.34

	
(13)

	
7.31

	
(13)

	
8.28

	
(14)

	
9.26

	
(18)

	
10.23

	
(22)

	
11.21

	
(23)

	
n (6–9)




	
KWS Dakotana

	
6.30

	
(14)

	
7.25

	
(18)

	
8.20

	
(24)

	
9.15

	
(25)

	
10.10

	
(26)

	
11.05

	
(26)

	
n (6–7)




	
Mirek

	
6.30

	
(15)

	
7.26

	
(16)

	
8.22

	
(23)

	
9.17

	
(24)

	
10.13

	
(25)

	
11.09

	
(25)

	
n (6–7)




	
Oxal

	
6.26

	
(16)

	
7.25

	
(20)

	
8.23

	
(22)

	
9.22

	
(22)

	
10.21

	
(23)

	
11.20

	
(24)

	
n (6–7)




	
RGT Kilimanjaro

	
6.26

	
(17)

	
7.25

	
(17)

	
8.25

	
(17)

	
9.25

	
(20)

	
10.24

	
(21)

	
11.24

	
(21)

	
n (6–9)




	
Apostel

	
6.25

	
(18)

	
7.27

	
(14)

	
8.28

	
(15)

	
9.30

	
(13)

	
10.32

	
(14)

	
11.33

	
(12)

	
w




	
Bonanza

	
6.25

	
(19)

	
7.19

	
(25)

	
8.12

	
(25)

	
9.06

	
(27)

	
10.00

	
(27)

	
10.94

	
(27)

	
n (6)




	
Sfera

	
6.25

	
(20)

	
7.25

	
(19)

	
8.25

	
(19)

	
9.25

	
(19)

	
10.25

	
(19)

	
11.25

	
(19)

	
w




	
Plejada

	
6.24

	
(21)

	
7.24

	
(22)

	
8.24

	
(20)

	
9.25

	
(21)

	
10.25

	
(20)

	
11.25

	
(20)

	
n (10–11)




	
Tobak

	
6.22

	
(22)

	
7.25

	
(21)

	
8.27

	
(16)

	
9.29

	
(14)

	
10.32

	
(13)

	
11.34

	
(10)

	
n (8–11)




	
Opcja

	
6.21

	
(23)

	
7.23

	
(23)

	
8.25

	
(18)

	
9.27

	
(16)

	
10.29

	
(15)

	
11.31

	
(18)

	
n (8–11)




	
Frisky

	
6.20

	
(24)

	
7.27

	
(15)

	
8.33

	
(12)

	
9.39

	
(8)

	
10.46

	
(3)

	
11.52

	
(1)

	
n (7–11)




	
Rivero

	
6.18

	
(25)

	
7.21

	
(24)

	
8.24

	
(21)

	
9.26

	
(17)

	
10.29

	
(16)

	
11.32

	
(17)

	
n (9–11)




	
Mulan

	
5.99

	
(26)

	
7.05

	
(26)

	
8.12

	
(26)

	
9.19

	
(23)

	
10.25

	
(17)

	
11.32

	
(15)

	
n (10–11)




	
Arkadia

	
5.72

	
(27)

	
6.84

	
(27)

	
7.96

	
(27)

	
9.08

	
(26)

	
10.20

	
(24)

	
11.32

	
(16)

	
n (11)








Yecv—estimated cultivar yield at determined mean winter wheat productivity level; ** we use following codes for adaptation types: w—wide adaptation; n—narrow adaptation (number in parenthesis denotes the range of productivity to which the cultivar is adapted). For example, n (6–10) means that the cultivar is adapted to the environment with expected average yield within the range between 6 and 10 t/ha. The green and with bold font denotes the top 20 for respective environmental conditions. 
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Table 4. Spearman’s rank correlation coefficients between cultivar rankings for environments productivity 7 (R7...) and 10 t/ha (R10...), based on the data used in this study (2015–2019), data from 2018 [11] and the COBORU recommendation [4].
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	R7 (2015–2019)
	R7 (2018)
	R10 (2015–2019)
	R10 (2018)
	R (COBORU)





	R7 (2015–2019)
	1.00
	0.63 ***
	0.82 ***
	0.68 ***
	0.42 *



	R7 (2018)
	0.63 ***
	1.00
	0.41 (.)
	0.68 ***
	0.26 (ns)



	R10 (2015–2019)
	0.82 ***
	0.41 (.)
	1.00
	0.59 ***
	0.33 (ns)



	R10 (2018)
	0.68 ***
	0.68 ***
	0.59 ***
	1.00
	0.09 (ns)



	R (COBORU)
	0.42 *
	0.26 (ns)
	0.33 (ns)
	0.09 (ns)
	1.00







*** Significant at the 0.001 probability level; * significant at the 0.05 probability level; (.) significant at the 0.1 probability level; ns not significant.
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Table 5. List of winter wheat cultivars recommended by COBORU [4] with their place in the ranking of estimated yield in environments based on the period and mean productivity level.
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Cultivar

	
Type *

	
Mean Winter Wheat Productivity Level t/ha

	
COBORU

Recommendation

(No of Provinces)




	
7

	
10




	
2018

	
2015–2019

	
2018

	
2015–2019






	
Artist

	
B

	
1

	
2

	
10

	
4

	
1 (15)




	
RGT Kilimanjaro

	
A

	
14

	
17

	
7

	
21

	
2 (13)




	
Linus

	
A

	
19

	
9

	
13

	
7

	
3 (12)




	
RGT Bilanz

	
B

	
3

	
10

	
1

	
2

	
4 (11)




	
Hondia

	
A

	
16

	
38

	
19

	
19

	
5.5 (8)




	
Rotax

	
B

	
5

	
1

	
15

	
8

	
5.5 (8)




	
Formacja

	
A

	
15

	
46

	
12

	
42

	
7 (7)




	
Euforia

	
A

	
n.d.

	
11

	
n.d.

	
12

	
8.5 (6)




	
Patras

	
A

	
8

	
29

	
11

	
27

	
8.5 (6)




	
Belissa

	
B

	
6

	
31

	
20

	
26

	
10.5 (5)




	
Owacja

	
B

	
n.d.

	
48

	
n.d.

	
52

	
10.5 (5)




	
KWS Spencer

	
A

	
17

	
52

	
18

	
61

	
13 (4)




	
Medalistka

	
B

	
20

	
44

	
23

	
36

	
13 (4)




	
Ostroga

	
A

	
25

	
83

	
25

	
87

	
13 (4)




	
Arkadia

	
A

	
22

	
75

	
22

	
24

	
17 (3)




	
Delawar

	
A

	
18

	
54

	
10

	
29

	
17 (3)




	
Fakir

	
B

	
n.d.

	
39

	
n.d.

	
67

	
17 (3)




	
LG Jutta

	
B

	
4

	
66

	
14

	
77

	
17 (3)




	
Tytanika

	
B

	
21

	
65

	
21

	
64

	
17 (3)




	
Bonanza

	
B

	
2

	
27

	
8

	
55

	
23.5 (2)




	
Hybery

	
B

	
11

	
3

	
4

	
6

	
23.5 (2)




	
KWS Dakotana

	
A

	
n.d.

	
18

	
n.d.

	
41

	
23.5 (2)




	
KWS Firebird

	
A

	
14

	
67

	
16

	
75

	
23.5(2)




	
Plejada

	
B

	
n.d.

	
22

	
n.d.

	
20

	
23.5 (2)




	
Rivero

	
B

	
9

	
24

	
9

	
16

	
23.5 (2)




	
RGT Metronom

	
A

	
n.d.

	
53

	
n.d.

	
49

	
23.5 (2)




	
SY Orofino

	
B

	
n.d.

	
4

	
n.d.

	
11

	
23.5 (2)




	
Apostel

	
A

	
n.d.

	
14

	
n.d.

	
14

	
31.5 (1)




	
Błyskawica

	
B

	
n.d.

	
8

	
n.d.

	
1

	
31.5 (1)




	
Frisky

	
C

	
7

	
15

	
2

	
3

	
31.5 (1)




	
Kometa

	
B

	
n.d.

	
57

	
n.d.

	
57

	
31.5 (1)




	
KWS Ozon

	
B

	
24

	
59

	
24

	
50

	
31.5 (1)




	
Natula

	
A

	
n.d.

	
70

	
n.d.

	
68

	
31.5 (1)




	
Pokusa

	
B

	
23

	
56

	
17

	
30

	
31.5 (1)




	
Sailor

	
A

	
n.d.

	
76

	
n.d.

	
76

	
31.5 (1)








* A—quality bread cultivar, B—bread cultivar, C—forage or other cultivar.
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