How a decade of different tillage intensity influences yield response to seasonal weather variations
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Synopsis
A 10 year study of crop establishment systems showed that ploughing gave the most stable yields whilst direct drilling was benefical in dry years.

Highlights
· Ploughing provided the greatest yield stability across all crops and seasons.
· Direct drilling can preserve soil moisture which resulted in higher yields than ploughing in drier years.
· Seasonal variability in wheat yield was partly explained by cultivation and temperature variables.
· Spring wheat was more sensitive to temperature variations than winter wheat.

Abstract
Variability in weather conditions represents a growing challenge to crop yield stability and performance. This long-term field experiment aimed to evaluate how weather conditions affect arable yields under contrasting cultivation practices: plough-based tillage (P), minimum tillage (MT) and direct drill (DD), over a 10-year period. Our results showed that ploughing provided the greatest yield stability in all crops across the seasons. Although DD produced lower yields in the first 4-years, DD can preserve soil moisture making more efficient use of the available precipitation resulting in similar or higher yields than plough based systems in drier and warmer years. This is especially important as we observed an upward trend in the seasonal maximum temperatures (TMax). For wheat crops, our results showed that yield variability was in part explained by cultivations and temperature variables, with spring wheat being more sensitive to variations in weather conditions in comparison to winter crops. When mean seasonal temperatures were <12.3°C, spring wheat had lower yields under DD compared to MT and P. For winter wheat, yields were lower when the TMax in February was <9.9°C regardless of the cultivation system. This study can conclude that cultivation systems can affect arable yields, but weather conditions can have both positively and negatively impact crop yields depending on the tillage systems. Climatic variables measured during different crop growth stages were better predictors of yield variability than those averaged over the entire growing season. These results highlight the importance of crop management for optimising production in response to weather variability.
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Introduction
Interactions among weather and cultivation practices. 

Climate change has already caused a global decrease in cereal yields ranging from -0.3 MT to -5.0 MT (Ray et al., 2019). More specifically, yield losses in eastern and northern Europe are widespread for maize (-24.5%), barley (-9.1%), and wheat (-2.1%) (Ray et al., 2019). Similarly, Vogel et al. (2019) reported that maize and spring wheat are highly sensitive to climate variations and extreme climatic events. To continue feeding a growing population while ensuring resilience toward climate change, agricultural systems must promote soil health and a sustainable increase in productivity and efficiency (Godfray and Garnett, 2014). Seasonal temperature increases have been shown to affect crop development causing losses in yields (Rial-Lovera et al., 2017; Rezaei et al., 2018) but this negative effect has been exacerbated when higher temperatures are accompanied by lower precipitation (Lesk et al, 2021; Zhang and Huang, 2011) or extreme weather events (van der Velde et al., 2012). Reduced tillage (RT) systems, such as direct drill (DD) and minimum tillage (MT), have been studied and promoted to sustain crop productivity and resilience under extreme weather conditions (Dicks et al., 2019; Liu and Basso, 2020; Rial-Lovera et al., 2017; Tilman et al., 2011). Residue retention under RT systems has been shown to enhance crop system adaptation to climate change by increasing soil water retention (Çelik et al., 2018; Rial-Lovera et al., 2016a). These systems can also improve soil organic carbon (SOC) content, create more soil macropores and promote earthworm activity (Blanco-Canqui and Ruis, 2018; Giannitsopoulos et al., 2019; Liu and Basso, 2020); increase soil water holding capacity and soil organic matter (SOM) improving the stability and water infiltration in the aggregates which in turn reduces topsoil erosion and water runoff (Soane et al., 2012). Regardless of these benefits, RT systems have not been fully adopted with only 12.5% of the global cropping area under RT within conservation agriculture (Kassam et al., 2018).
Reasons for low adoption rates of RT have been linked to lower crop yields and the variability of performance under different climate conditions and other management practices (Pittelkow et al., 2015). RT systems can result in increased soil compaction and a reduction in soil aeration due to less soil mixing (Blanco-Canqui and Wortmann, 2020; Çelik et al., 2018). The accumulation of crop residues within the topsoil can also result in cooler soils, leading to slower mineralisation of nitrogen (N) affecting its nitrogen availability in early spring (Rial-Lovera et al., 2016a). In addition, RT systems can lead to higher weed pressure resulting from less soil disturbance and build-up of weed seeds in the topsoil layers (Armengot et al., 2016; Cordeau et al., 2020; Hofmeijer et al., 2019; Vijaya Bhaskar et al.; 2013a) thus requiring greater weed chemical control than in ploughed-based tillage systems (P) (Fonteyne et al., 2020; Rial-Lovera et al., 2016b). However, this increase in weed pressure tends to be mostly accentuated during the first years of RT (Hernández Plaza et al., 2015; Hofmeijer et al., 2019). 
Crop and soil type and weather conditions can also largely explain the variability in crop yields under RT vs P (Baiamonte et al., 2019; Pittelkow et al., 2015; Samson et al., 2019; Su et al., 2021). For instance, Jalli et al. (2021) reported that direct drilled spring wheat yielded up to 30% more in a diversified crop rotation when compared to DD monoculture. This supports results found by Marini et al. (2020) reporting that growing diverse crop species in a rotation led to higher grain yields in both winter and spring cereals in years with higher temperatures and scant precipitations. Overall, RT systems, especially DD, have performed better under rainfed conditions in dry climates due to their ability to retain more soil moisture (Blanchy et al., 2020; Su et al., 2021; Vanderlinden et al., 2021).
The interconnections between grain yield, tillage management and changes in weather conditions as a result of climate change still require further research. Climate change and the increase in extreme weather events will bring more challenges for UK cereal production unless new adaptation practices are implemented (Rial-Lovera et al., 2017; Wheeler and Lobley, 2021). Long-term field experiments are therefore needed to further understand the potential effects that cultivation practices have on crop yields as a function of changing weather conditions. 
This study evaluated how weather conditions affect arable crop yields under contrasting cultivation systems. More specifically, it aimed to i) identify the most influential factors in determining inter-annual crop yield variations; ii) determine the comparative response of cultivation systems, plough-based tillage (P), minimum tillage (MT) and no-till (DD), over a ten-year growing period, and iii) explore the relationship between local periodic yields under contrasted cultivation systems and precipitation and temperature patterns in an arable cropping system in the United Kingdom.

Materials and methods
Experimental site 
[bookmark: _Hlk152093933]The study was conducted on a 10-year field experiment that began in October 2010 at the Royal Agricultural University’s Harnhill Manor Farm (51°42′N, 01°59′W; 135 m a.s.l.), Cirencester, UK. The soil is Evesham soil series (SSEW 1983) with a clay texture (pH 6.9 and 4.7% organic matter). During the experimental period 2010-2020, the mean annual temperature and total annual rainfall were 10.4°C and 829.7 mm, respectively (Figure 1).

[bookmark: _Hlk152093888]Figure 1. Total annual rainfall (mm) (bars) and mean annual temperature (°C) (line) during the experimental years 2010-2020

[bookmark: _Hlk152094341]
Experimental design
The experiment followed a complete randomised block design with three cultivation treatments replicated in six blocks (90 x 100 m2), conventional plough-based tillage (P), minimum tillage (MT) and no-till (DD). Each plot had a size of (33.3 m x 100 m). Cultivation systems specifications are shown in Table 1.







Table 1. Cultivation treatments specifications
	Cropping season
	Experimental year
	PT
	MT
	DD

	2010/11
	1
	Five furrows Kverneland reversible plough (20cm) + Kuhn power harrow combination seed drill (8cm)
	2 passes of ST bar attached to Simba Xpress (25 + 12cm) + Vaderstad Rapid-A system disc combination seed drill (8cm)
	1 pass of ST bar attached to Simba Xpress (25 + 12cm) + Eco-Dyn integrated seed drill (8 cm)

	2012
	2
	
	
	

	2013
	3
	
	
	

	2014
	4
	
	
	

	2015
	5
	
	Topdown (30 cm) + Moore Unidrill (8 cm) 
	Moore Unidrill (8 cm)

	2015/16
	6
	
	
	

	2016/17
	7
	
	Vaderstad Swift (20cm) + Moore Unidrill (8 cm)
	Claydon Hybrid drill (8 cm)

	2017/18
	8
	
	Topdown (30 cm) + Moore Unidrill (8 cm)
	

	2018/19
	9
	
	Vaderstad Swift (20 cm) + Moore Unidrill (8 cm)
	Moore Unidrill (8 cm)

	2019/20
	10
	Five furrows Kverneland reversible plough (20cm) + Horsch Joker + Horsch sprinter drill (8cm)
	Horsch Joker (25 cm) + Horsch sprinter drill (8cm)
	Horsch sprinter drill (8cm)



[bookmark: _Hlk152094520]The experimental years cover ten cropping seasons from 2010/11 to 2019/20 with winter and spring wheat (Triticum aestivum L.), winter barley (Hordeum vulgare L.) and winter oilseed rape (Brassica napus L.) (Table 2). Sowing dates for the winter cereal crops ranged from the end of September until the beginning of November, while spring cereals were sown between March and April. Oilseed rape was sown at the end of August and harvested in July (Table 2). During the first three seasons of the study, 2010-13, the trial followed an organic management regime after which, in 2014, a conventional management was adopted (Table 2). However, individual cultivation treatment plots remained constant throughout the years. As fertilisation was not investigated in this experiment, all plots, from 2014 onwards, received the same amount of nitrogen (N), phosphorus (P) and potassium (K), adapted to the specific requirement of each crop under conventional management according to AHDB Nutrient Management Guide RB209 (AHDB, 2020). Herbicides and fungicides were also applied to the whole experiment area under conventional management. 

Table 2. Outline of farming systems and crop details
	Cropping season
	Farming system
	Crop
	Variety
	Seed rate (seed m-2)
	Sowing date
	Harvest date

	2010/11
	Organic
	Winter wheat
	Claire
	410
	05/11/2010
	25/08/2011

	2012
	
	Spring wheat
	Paragon
	420
	14/03/2012
	22/08/2012

	2013
	Conventional
	Spring wheat
	Paragon
	480
	10/04/2013
	27/08/2013

	2014
	
	Spring wheat
	Paragon
	480
	18/04/2014
	31/08/2014

	2015
	
	Spring wheat
	Tybalt
	520
	21/04/2015
	16/08/2015

	2015/16
	
	Winter wheat
	Revelation
	190
	04/10/2015
	17/08/2016

	2016/17
	
	Winter barley
	KWS Infinity
	225
	06/10/2016
	14/07/2017

	2017/18
	
	Winter oilseed rape
	Veritas
	65
	26/08/2017
	17/07/2018

	2018/19
	
	Winter wheat
	Santiago
	400
	22/10/2018
	14/08/2019

	2019/20
	
	Winter barley
	California
	450
	23/10/2019
	29/07/2020



Data collection
1.1.1. Climatic parameters
Climatic data was collected from the Royal Agricultural University’s meteorological station in Cirencester (51° 42' 33.6'' N 1° 59' 40.7'' W), 3 miles away from the trial site. Climatic variables were measured at daily intervals for maxima (TMax), minima (TMin) and average temperatures (TMean) (°C), and total rainfall (Rain) (mm) across the study years. This higher resolution of the climatic data enabled a more precise assessment of how cultivation systems impacted crop yields under various climatic conditions. 
To determine the most critical weather conditions influencing crop yields under different cultivations, an analysis of factors influencing crops was conducted using seasonal meteorological and agronomic data. For winter crops, this analysis included monthly (maxima, minima and mean) temperatures and monthly total rainfall covering from October until the end of the growing season (August), including the period when cultivation systems were conducted. For spring crops, monthly temperatures and rainfall patterns were considered from the first cultivations in March through harvest in August.  
Volumetric soil water content (VWC) at 20-22 cm depth was measured in the June 2018- harvest 2020 cropping season using soil sensors from Soil Scout Monitoring service in one of the six replicate blocks. The value were recorded at midnight on the 15th of the month to represent the monthly soil moisture content.


1.1.2. Plant sampling 
Crop yields were determined by hand-harvesting using a 0.25 m2 quadrat replicated 4 times for each plot, recovering all above-ground plant material for analysis. Plant materials were dried at 105°C overnight and dry matter (DM) was recorded. For cereals, ears were threshed by hand and the amount of grain weighed to obtain grain yield, and subsequently corrected to 15% grain moisture content. Oilseed rape yield was obtained using a plot combine in the field taking the average yield of a 6m strip replicated 4 times. 

1.1.3. Data analysis
· Trend test
The non-parametric Mann-Kendall trend test (Kendall, 1948; Mann, 1945) was used to identify trends in time (2010-2020) for the annual TMean, TMin and TMax (°C) and total rain (mm) in the study site. The test was carried out using the “MKTREND” macro (EPA, 2006) in MiniTab. 
· Univariance statistical analysis
[bookmark: _Hlk26456157]An initial assessment of variance components was conducted to determine the primary factors affecting yields. Variance decomposition was estimated for year, cultivation and the interaction with crop yields. The responses of each crop were assessed separately. A mixed linear procedure was used in SPSS (IBM Corp, 2019) with cultivation systems as subject, cultivation and year as fixed effects and blocks as random effects. Year was included as a ﬁxed repeated measure to account for the cumulative eﬀects of treatments over time. The restricted maximum likelihood (REML) method was used to compute estimates and the Kenward-Roger method was used to calculate the degrees of freedom. Homogeneity of variance was veriﬁed through the analysis of residuals. The results of these statistical tests were declared signiﬁcant at P<0.05. When results showed a significant response, Fisher’s test was used for multiple comparisons of treatment means, at 5% probability. Part of the crop yields in 2010-2014 were previously published by Rial-Lovera et al. (2016a) and Vijaya Bhaskar et al. (2013b). These data were included in our statistical analyses since they represent the starting points of the experiment.
· Multivariate statistical analysis
Generally, early season conditions around planting and crop establishment, and late-season conditions around late vegetative and early reproductive growth have been demonstrated as most critical for determining crop yields (Barber et al., 2017). However, this paper analysed a series of meteorological and agronomic factors to determine the most critical weather conditions influencing crop yields under different cultivations. For this, the focus was on both winter and spring wheat as these crops were the most frequent in the experiment. Analyses included monthly TMean, TMin and TMax (°C) and rain (mm) covering the crop growing seasons (as stated in Table 2), as well as cultivation systems. Climatic variables also included TMax and Heat Stress Unit accumulation (HSU) during critical growing points, such as early booting (Critical 1, GS41-45) and early anthesis (Critical 2, GS61-65) were analysed as suggested by Barber et al. (2017). HSU was computed based on a 22°C threshold as ,  where TMax is the daily maximum temperature and the summation was accumulated daily over the critical period of n days, but only for days when TMax exceeded the threshold. HSU was evaluated only at critical periods 1 & 2 as stated above. 
All climatic and agronomic variables were de-trended when they exhibited a significant linear trend (P<0.05) across the experimental period. De-trended data was the deviation of the original data from the predicted value of the linear trend. The Pearson correlation among these variables was determined and the multiple regression of these variables on yield was computed using a stepwise selection process with P<0.01 as the selection criterion for entry and retention in the model. To assess the relative importance of variables selected for each model, standardised regression coefficients were used. 
To find a better predictor for the combination of variables, the variables included in the stepwise criteria were also used in a basic regression tree model (Kuhn and Johnson, 2013) using crop yields as the response variable and all the above-mentioned variables as predictors. The regression tree model consists of one or more nested if-then statements for the predictors that partition the data. Within these partitions, a model is used to predict the outcome (Kuhn and Johnson, 2013).

Results
Temporal variations in climate variables
During the 10 years of the experiment, the Mann-Kendall trend test showed a significant upward trend for TMax (z= 2.02410, P<0.05) and no significant (P>0.05) trends for rainfall, TMean and TMin (Figure 2). Moreover, noteworthy year-to-year climatic variability was observed revealing singular years, for example, warm and dry years in 2011 and 2018, and a cold and wet season in 2012.


Figure 2. Temporal evolution of annual climate variables (Rainfall, TMax, TMin and Tave) during the study period 2010-2020 in the study site.

[image: ]
Asterisks indicate the significance (P<0.05) of temporal trends according to the Mann-Kendall test.
1. Cultivation systems effects on crop yields

Crop yields were significantly affected by year (P<0.001), tillage system (P<0.01) and year x tillage interaction (P<0.001). The first winter wheat crop in 2011 showed significantly higher yields with both MT and P compared to DD (Figure 3). Similar results were observed in 2012 and 2013 with significantly lower spring wheat yields under DD in comparison to plough-based systems. Differences between non-inversion tillage treatments were reduced in the next season with 2014 showing lower spring wheat yields under DD and MT than those under P. The last spring wheat crop showed no significant differences between tillage systems in 2015. However, winter wheat in 2016 produced a lower yield under P in comparison to non-inversion tillage systems. Differences were then reduced, with no significant differences between cultivations in winter barley in 2017 and winter oilseed rape in 2018. In 2019, winter wheat showed the highest yield for this experiment, highlighting again significantly higher yields under plough based systems than under DD (Figure 4). The last cropping season in 2020 showed significant yield differences for winter barley, with MT outperforming DD and P. 
Overall, it is suggested that MT performance can be compared to P in most seasons and crops used in this experiment. Yet, when comparing yields under DD with P, DD yields showed an increase after four years following the establishment of the experiment. This resulted in higher or similar yields than those found under plough based systems regardless of the crop type. However, this trend appears to change when winter cereal crops are introduced into the rotation following a brassica break crop.
Figure 3. Mean spring crop (2012-2015) and winter crop (2011, 2016-2020) yields (t ha-1) as influenced by tillage systems and year interaction. 

[image: ]

Means with different letters within the same year are significantly different at the P<0.05 confidence level. ns = no significant differences. Bars represent S.E. Vertical line corresponds to the start of conventional management from 2014-2020 following organic management (2011-2013). P, Conventional plough-based tillage; MT, Minimum tillage; DD, Direct drill; WW, Winter wheat; SW, Spring wheat; WB, Winter barley; WOSR, Winter oilseed rape.


1.3. Cultivation systems on soil moisture 
Soil moisture content was significantly influenced by the sampling date (P<0.05) as well as the cultivation system (P<0.05) at various points during the sampling period. The results are inconsistent with periods where PT and MT behave similarly and other points where DD and MT have significantly greater or lesser soil moisture percentage than PT. there are also many sampling points where there is no significant difference in the soil moisture content between the different cultivation systems. These soil moisture results seem to be influenced by the date of cultivation but also the seasonal weather effects.

 Figure 4. The impact of cultivation systems on volumetric soil moisture content (%) from June 2018 to August 2020


1.4. Weather conditions effects on crop yields
Multiple regression of the climatic variables, cultivation systems and wheat yields were carried out with stepwise selection criteria and standardised regression coefficients (Table 3 and 4). Several climatic and management variables were identified that explained a large portion of the inter-annual variability of yield data in this experiment, with many climatic variables showing a strong correlation. 
For winter wheat, TMax and HSU during the critical growing period 1 (GS41-45), and TMax in February showed a positive correlation with yields (correlation coefficients ranging from 0.440 to 0.498) (Table 3). TMin in October, January and May, as well as rainfall in January and February, resulted in negative correlations with yields (correlation coefficients ranging from -0.451 to -0.483). While cultivation systems resulted in a weak positive correlation with yields (correlation coefficient 0.273), this factor was included in the regression model following the stepwise criteria. The optimum multiple regression model for winter wheat explained 32.2% (R2=0.322, P<0.001) of the yield variability, with tillage and TMax in February explaining a proportion of these (standardised coefficients of 0.498 and 0.273 respectively) (Table 3).
For spring wheat, temperatures across the season generally showed stronger correlations with yields compared to rainfall factors, with TMean showing the strongest positive correlation coefficient at 0.525 and TMax and TMin in August causing the strongest negative correlation with yields (correlation coefficients ranging from -0.483 to -0.504) (Table 4). The optimum multiple regression model for spring wheat explained 44.3% (R2= 0.443, P<0.001) of the yield variability. This revealed that cultivation systems and the seasonal TMean can largely explain the variability in spring wheat (standardised coefficient of 0.408 and 0.531) (Table 4). 






Table 3. Pearson’s correlation and standardised multiple regression coefficients for winter crop yields and the related climatic variables and cultivation systems in 2010/11, 2015/16 and 2018/19 cropping seasons
	Factor
	Correlation coefficienta
	Standardised multiple regression coefficientsb
	Factor
	Correlation coefficienta
	Standardised multiple regression coefficientsb

	Cultivations
	0.273**
	0.273***
	TMin Jan
	-0.451**
	 

	cTMax
	0.180*
	 
	TMin Feb
	-0.004
	 

	cTMin
	0.130
	 
	TMin Mar
	0.373**
	 

	cTMean
	0.161*
	 
	TMin Apr
	-0.003
	 

	TMax Critical 1 
	0.440**
	 
	TMin May
	-0.483**
	 

	TMax Critical 2 
	-0.218**
	 
	TMin Jun
	-0.004
	 

	HSU Critical 1  
	0.465**
	 
	TMin Jul
	0.152
	 

	HSU Critical 2
	-0.263**
	 
	TMin Aug
	-0.227**
	 

	TMax Oct
	0.229**
	 
	Seasonal Rain
	-0.077
	 

	TMax Nov
	-0.022
	 
	Rain Critical 1
	0.175*
	 

	TMax Dec
	-0.004
	 
	Rain Critical 2
	0.360**
	 

	TMax Jan
	-0.214**
	 
	Rain Oct
	-0.110
	 

	TMax Feb
	0.498**
	0.4998***
	Rain Nov
	-0.058
	 

	TMax Mar
	0.377**
	 
	Rain Dec
	0.080
	 

	TMax Apr
	0.006
	 
	Rain Jan
	-0.466**
	 

	TMax May
	0.078
	 
	Rain Feb
	-0.457**
	 

	TMax Jun
	-0.166*
	 
	Rain Mar
	-0.091
	 

	TMax Jul
	0.267**
	 
	Rain Apr
	0.030
	 

	TMax Aug
	-0.034
	 
	Rain May
	-0.340**
	 

	TMin Oct
	-0.463**
	 
	Rain Jun
	0.209**
	 

	TMin Nov
	-0.039
	 
	Rain Jul
	0.225**
	 

	TMin Dec
	-0.031
	 
	Rain Aug
	0.393**
	 


Orange and blue grids represent negative and positive correlations, respectively. aDependent variable: Yield. bMultiple standardised regression coefficients are shown for factors entered and retained in the model according to a stepwise selection procedure at P<0.01. cMean values cover the variable across the crop growing season. Bold numbers represent significant correlations. ***P<0.001 level (2-tailed). **P<0.01 level (2-tailed). *P<0.05 level (2-tailed). Missing values indicate that the factor was excluded from the model. HSU, Heat Stress Unit accumulation; Critical 1, Critical growing point at GS41-45; Critical 2, Critical growing point at GS61-65.




Table 4. Pearson’s correlation and standardised multiple regression coefficients for spring crop yields and the related climatic variables and cultivation systems over 2012-2015 spring cropping seasons
	Factor
	Correlation coefficienta
	Standardised multiple regression coefficientsb
	Factor
	Correlation coefficienta
	Standardised multiple regression coefficientsb

	Cultivations
	0.400**
	0.408***
	TMin Apr
	0.431**
	 

	cTMax
	0.512**
	 
	TMin May
	0.355**
	 

	cTMin
	0.330**
	 
	TMin Jun
	0.118
	 

	cTMean
	0.525**
	0.531***
	TMin Jul
	-0.175**
	 

	TMax Critical 1
	0.430**
	 
	TMin Aug
	-0.483**
	 

	TMax Critical 2
	0.449**
	 
	Rain Mar
	-0.235**
	 

	HSU Critical 1
	0.346**
	 
	Rain Apr
	-0.078
	 

	HSU Critical 2
	0.400**
	 
	Rain May
	0.282**
	 

	TMax Mar
	0.261**
	 
	Rain Jun
	-0.153*
	 

	TMax Apr
	0.412**
	 
	Rain Jul
	0.004
	 

	TMax May
	0.336**
	 
	Rain Aug
	0.191**
	 

	TMax Jun
	0.435**
	 
	Seasonal Rain 
	-0.054
	 

	TMax Jul
	-0.002
	 
	Rain Critical 1
	-0.091
	 

	TMax Aug
	-0.504**
	 
	Rain Critical 2
	-0.170**
	 

	TMin Mar
	0.209**
	 
	 
	 
	 


Orange and blue grids represent negative and positive correlations, respectively. aDependent variable: Yield. bMultiple standardised regression coefficients are shown for factors entered and retained in the model according to a stepwise selection procedure at P<0.01. cMean values cover the variable across the crop growing season. Bold numbers represent significant correlations. ***P<0.001 level (2-tailed). **P<0.01 level (2-tailed). *P<0.05 level (2-tailed). Missing values indicate that the factor was excluded from the model. HSU, Heat Stress Unit accumulation; Critical 1, Critical growing point at GS41-45; Critical 2, Critical growing point at GS61-65.

[bookmark: _Hlk98916656]Although N fertilisation and weed cover are known to have a major role in determining and affecting crop yields, they were not included as variables in these analyses. All cultivation systems received the same amount of fertiliser so this factor would not be expected to have strong explanatory power in differentiating yields. Weed cover, however, can be expected to have an influential effect, as suggested by Teasdale and Cavigelli (2017). Unfortunately, this experiment did not look at weed biomass across all seasons, but an indication of such effects could be seen from 2011 until 2014 as reported by Rial-Lovera et al. (2016a) and Vijaya Bhaskar et al. (2013b).

1.5. Cultivations and weather conditions interactions
A regression tree analysis based on the factors used for the stepwise criteria model was conducted to investigate how the interaction of weather conditions and cultivation management characteristics were associated with winter and spring wheat yield (Figure 5 & 6). For winter wheat, the primary splitting node (node 1) shows that TMax< 9.9°C in February resulted in substantially lower yields, with a prediction level of 88.9%, while TMax> 9.9°C in February will increase yields (Figure 5).  

Figure 5. Winter wheat decision tree

For spring wheat, the primary splitting node suggests that TMean< 12.3°C could result in lower yields (Node 1, Figure 6). Under such circumstances, DD results in lower yields (Node 3) than MT (Node 5) and then P (Node 6). Therefore, it is expected that under a scenario of TMean<12.3°C, P systems will outperform RT for spring wheat yield. 

Figure 6. Spring wheat decision tree

Discussion
Cultivation systems effects on crop yields
Cultivation systems affected crop yields in different ways across the seasons. DD tended to reduce winter and spring wheat yields in the first four years after implementation but resulted in similar or significantly higher crop yields than with P afterwards until the last season recorded. Berner et al. (2008) and Godwin et al. (2022) also found lower wheat yields in the first years of RT. However, Xu et al. (2019) reported higher wheat yields under DD during the first years, while Shakoor et al. (2021) found no differences between tillage systems in a global meta-analysis. 
The organic management followed during the first three seasons of this study influenced the performance of RT practices. As found by Hofmeijer et al. (2019) and Vijaya Bhaskar et al. (2013a), higher weed pressure and slower N mineralisation under organic RT could have reduced yields in comparison to P. Berner et al. (2008) also found that N mineralisation under RT systems is not asynchronous with the crop needs resulting in lower yields. Nevertheless, when N fertilisation is not a limiting factor, RT can perform similarly to P, as reported by Maltas et al. (2013). Rial-Lovera et al. (2016a) and Vijaya Bhaskar et al. (2013) reported the first four years of this experiment. Both papers explained that although from 2014 onwards weeds were controlled by pre-cultivation herbicides and mineral N fertilisation, the potential build-up of weed cover in 2014 following organic management could have explained lower yields under MT and DD than those under P (Rial-Lovera et al. 2016a; Vijaya Bhaskar et al. 2013b). Jalli et al. (2021) have also reported a greater occurrence of weeds in RT systems compared to P. Continuous chemical control of weeds in the following seasons could have reduced the negative impacts under MT and DD systems promoting greater crop yields than P as reported by others (de Cárcer et al., 2019). 
It is also hypothesised that the increase in yield performance under DD and MT after four years of establishment is a result of the gradual improvement of soil conditions over time in this study clay soil. This corroborates other studies (Rebetzke et al., 2014; Samson et al., 2019; Vanderlinden et al., 2021) highlighting the benefits of non-inversion tillage on soil properties, especially those with minimal soil disturbance, gradually improving yields and thereby helping the system become climate-resilient (Lal, 2020) as demonstrated in the volumetric water content. However, differences in cultivation systems were shifted in the last season of this study. Mild weather conditions across the UK in 2019 resulted in the highest wheat yields in the last 25 years (DEFRA, 2019). Those conditions in combination with the effects of a preceding brassica as a break crop (Sieling and Christen, 2015) could have explained why the highest yield found in this study was in 2019, regardless of the cultivation system used. The long-term lack of soil disturbance under DD could have also resulted in higher soil compaction potentially reducing yields after eight years, while conditions under MT and P promoted higher yields in 2019, as found by Bogunovic et al. (2018) and Skaalsveen et al. (2019). 
In 2020, MT favoured barley yields under wet and cold conditions which could be related to a better soil structure allowing better soil water infiltration in winter months and and higher soil moisture content during the summer months in comparison to the P system, as found by Piazza et al. (2020). The highest yield of the preceding wheat crop in 2019, could have also led to more unincorporated straw with lower decomposition rates in DD resulting in lower barley yields than MT in 2020. However, improved soil conditions and higher soil moisture content later the in the season under DD could have resulted in similar yields to P. The results agree with other studies reporting similar long-term yields between plough-based systems and non-inversion tillage (Büchi et al., 2018; de Cárcer et al., 2019; Pittelkow et al., 2015). 
Considering climate variability, crop yield stability has become increasingly important, as unexpected climatic conditions will occur more often (Rial-Lovera et al., 2017). However, it is difficult to strongly suggest a cultivation system that can promote yield stability as the ability of each cultivation system depends on the crop considered (Xu et al., 2019). In this study, it can be suggested that ploughing could promote yield stability in the face of climate uncertainty for both cereals and oilseed rape. This contrasts with Xu et al. (2019) reporting the greatest yield variation in plough-based systems. Nevertheless, given the importance of water use efficiency and the upward trend observed for TMax in this study area, DD could offer more efficient use of the available precipitation for production, as also reported by others (Baiamonte et al., 2019; Franchini et al., 2012; Rial-Lovera et al., 2016a). 

4.2. Interaction effects of cultivation systems and weather conditions on crop yields
Inter-annual crop yield variability is affected by many factors, including agronomic practices, the influence of pests and diseases and weather conditions from year to year. Although according to Ray et al. (2015) a third of global crop yield variability could be explained by climatic variation, climatic impacts on crop yield need to be evaluated together with other factors such as agricultural management practices and crop physiology. 
Results have shown that the weather variables and cultivation systems considered in this study explain between 44.3% and 32.2% of the variance of wheat yields. This study further shows that temperatures across the seasons have a stronger association with crop yield variability than rainfall-related variables, including those such as total rainfall. This is in agreement with results shown by Vogel et al. (2019) and Li et al. (2019) who reported that temperature stress impacts grain yields and yield stability in wheat. Barber et al. (2017) highlighted that the fertility of wheat is highly susceptible to heat stress during early booting and early anthesis with the severity of the impact determined by genotypes. In this study, however, heat stress (above 20°C) and TMax at critical periods such as early booting and anthesis, seem to have a positive relationship with yields, especially on winter sown. However, those parameters have less explanatory power on both winter and spring wheat yields as they were excluded by our multiple regression model.  
Overall, our results suggest that spring crops are more sensitive to variations in climatic conditions in comparison to winter crops, as also reported by Vogel et al. (2019). Likewise, Fronzek et al. (2018) reported that spring wheat has a greater sensitivity to temperature changes than to precipitation. Mean temperature across the seasons seems to have created a greater impact on spring crops with increases in average temperatures resulting in higher yields, perhaps due to an acceleration of the crop development as temperatures increased.  This supports the findings of Ye et al. (2021) reporting that climate warming can increase spring wheat yields in cool areas. Our results also suggest that under a climatic scenario of colder seasons, with mean temperatures lower than 12.3°C, plough-based systems can outperform reduced cultivation systems for spring wheat production. The presence of crop residues on the soil surface and potential compaction on the topsoil layer can result in colder soils under RT which in turn can lower yields (Rial-Lovera et al., 2016a). Shen et al. (2018) also suggest that the insulation effect created by soil residues can reduce the advantage of DD systems in colder environments.  
For winter wheat, our results suggest that higher maximum temperatures in February, which occur in winter wheat crops at the foundation stage, seem to explain in large the variation in yield causing a positive effect as TMax increases (with a predictor of TMax ≥ 9.9°C). Increases in temperatures during tillering stage could have accelerated crop development promoting a higher tiller & shoot numbers, therefore promoting higher yields. Higher temperatures at pre-anthesis have also been shown to significantly shorten the length of winter wheat growth resulting in higher yields (Tian et al., 2014). However, such results on wheat have been inconsistent as phenologies of different cultivars also play an important role (Rezaei et al., 2018). For example, Lorenzo et al. (2015) reported that increases in temperature at tillering can reduce the relative tiller production rate in winter wheat under controlled conditions, resulting in lower yields. It is also worth commenting that rainfall in January and February showed a negative correlation with yields, although these factors seem to have less explanatory power as were therefore excluded from the multiple regression model.  Similarly, cultivation effects although shown to have significantly affected winter wheat yields, seem to have less exploratory power than temperatures. This supports the findings of (Urruty, et al., 2017)  who found that under average weather conditions, winter wheat yield increases with the intensity of the management practice. 
Both winter and spring wheat yields were influenced by a complex combination of climatic conditions across the growing season and the cultivation systems used.  The range of different components demonstrates the complexity of changing climatic conditions and the challenges of responding to these changes. However, evaluating agronomic practices that can reduce wheat sensitivity to changes in climate and improve yield robustness to unfavourable weather conditions, can be of interest for future research. 

Conclusions
Our long-term experiment shows that although plough-based tillage can promote yield stability across various crops, reduced cultivations have the potential to produce similar or higher yields as plough-based systems over a long-term period. This study also provides an insight into the weather parameters influencing crop yields under different cultivation systems. When considering wheat crops, both spring and winter sown, showed higher variability to temperature variables than rainfall. Our study also demonstrated that spring wheat is more sensitive to variations in climatic conditions in comparison to winter crops and that some weather parameters can enhance the performance of cultivation systems. For instance, RT systems can result in lower spring wheat yields in cold seasons, but this was not seen in winter wheat. It can also be concluded that climatic variables measured during different growth development stages were better predictors of yield variability than those averaged over the entire growing season. Although our study highlights the importance of crop management for optimising production in response to weather variability, larger datasets are needed to fully understand the variability of weather patterns and their effects on yields.
Funding details: 
This project was kindly funded by The John Oldacre Foundation (no grant number)

Acknowledgements:
Thanks are expressed to Tony Norris for helping to facilitate the field operations for this trial and to the laboratory technicians in supporting practical work.

Conflict of interest statement: 
There are no conflicts of interests relating to this paper

Statement of ethics:  
Fully ethical approval was given from the RAU Ethics Committee

References
AHDB, 2023. Nutrient Management Guide (RB209) Section 4 - Arable crops. Retrieved from https://ahdb.org.uk/rb209 
Armengot, L., Blanco-Moreno, J.M., Bàrberi, P., Bocci, G., Carlesi, S., Aendekerk, R., Berner, A., Celette, F., Grosse, M., Huiting, H., Kranzler, A., Luik, A., Mäder, P., Peigné, J., Stoll, E., Delfosse, P., Sukkel, W., Surböck, A., Westaway, S., Sans, F.X., 2016. Tillage as a driver of change in weed communities: A functional perspective. Agriculture, Ecosystems and Environment 222, 276–285. doi: 10.1016/j.agee.2016.02.021
Baiamonte, G., Novara, A., Gristina, L., D’Asaro, F., 2019. Durum wheat yield uncertainty under different tillage management practices and climatic conditions. Soil and Tillage Research, 194. doi: 10.1016/j.still.2019.104346 
Barber, H.M., Lukac, M., Simmonds, J., Semenov, M.A., Gooding, M.J., 2017. Temporally and genetically discrete periods of wheat sensitivity to high temperature. Frontiers in Plant Science, 8. doi: 10.3389/fpls.2017.00051
Berner, A., Hildermann, I., Fließbach, A., Pfiffner, L., Niggli, U., Mäder, P., 2008. Crop yield and soil fertility response to reduced tillage under organic management. Soil and Tillage Research, 101, 89–96. doi: 10.1016/j.still.2008.07.012
Blanchy, G., Watts, C.W., Richards, J., Bussell, J., Huntenburg, K., Sparkes, D.L., Stalham, M., Hawkesford, M.J., Whalley, W.R., Binley, A., 2020. Time-lapse geophysical assessment of agricultural practices on soil moisture dynamics. Vadose Zone Journal 19, (1). doi: 10.1002/vzj2.20080
Blanco-Canqui, H., Ruis, S.J., 2018. No-tillage and soil physical environment. Geoderma 326, 164–200. doi: 10.1016/j.geoderma.2018.03.011
Blanco-Canqui, H., Wortmann, C.S., 2020. Does occasional tillage undo the ecosystem services gained with no-till? A review. Soil & Tillage Research 198. doi: 10.1016/j.still.2019.104534
Bogunovic, I., Pereira, P., Kisic, I., Sajko, K., Sraka, M., 2018. Tillage management impacts on soil compaction, erosion and crop yield in Stagnosols (Croatia). Catena 160, 376–384. doi: 10.1016/j.catena.2017.10.009
Büchi, L., Wendling, M., Amossé, C., Necpalova, M., Charles, R., 2018. Importance of cover crops in alleviating negative effects of reduced soil tillage and promoting soil fertility in a winter wheat cropping system. Agriculture, Ecosystems and Environment 256, 92–104. doi: 10.1016/j.agee.2018.01.005
Çelik, İ., Bereket Barut, Z., Acir, N., Acar, M., Budak, M., Günal, H., 2018. Strategic tillage may sustain the benefits of long-term no-till in a Vertisol under Mediterranean climate. Soil and Tillage Research, 185, 17–28. doi: 10.1016/j.still.2018.08.015
Cordeau, S., Baudron, A., Adeux, G., 2020. Is Tillage a Suitable Option for Weed Management in Conservation Agriculture? Agronomy 10, 1746. doi: 10.3390/agronomy10111746 
de Cárcer, P.S., Sinaj, S., Santonja, M., Fossati, D., Jeangros, B., 2019. Long-term effects of crop succession, soil tillage and climate on wheat yield and soil properties. Soil and Tillage Research, 190, 209–219. doi: 10.1016/j.still.2019.01.012
DEFRA, 2019. Farming Statistics. Final crop areas, yields, livestock populations and agricultural workforce at June 2019 UK. Retrieved from: https://assets.publishing.service.gov.uk/media/5e4560dde5274a6d3205e826/structure-jun2019final-uk-22jan20-rev_v2.pdf 
· Dicks, L. V., Rose, D.C., Ang, F., Aston, S., Birch, A.N.E., Boatman, N., Bowles, E.L., Chadwick, D., Dinsdale, A., Durham, S., Elliott, J., Firbank, L., Humphreys, S., Jarvis, P., Jones, D., Kindred, D., Knight, S.M., Lee, M.R.F., Leifert, C., Lobley, M., Matthews, K., Midmer, A., Moore, M., Morris, C., Mortimer, S., Murray, T.C., Norman, K., Ramsden, S., Roberts, D., Smith, L.G., Soffe, R., Stoate, C., Taylor, B., Tinker, D., Topliff, M., Wallace, J., Williams, P., Wilson, P., Winter, M., Sutherland, W.J., 2019. What agricultural practices are most likely to deliver “sustainable intensification” in the UK? Food and Energy Security, 8, e00148. doi: 10.1002/fes3.148
EPA, 2006. Data Quality Assessment: Statistical Methods for Practitioners EPA QA/G-9S.
Fonteyne, S., Singh, R.G., Govaerts, B., Verhulst, N., 2020. Rotation, Mulch and Zero Tillage Reduce Weeds in a Long-Term Conservation Agriculture Trial. Agronomy 10, 962. doi: 10.3390/agronomy10070962
Franchini, J.C., Debiasi, H., Balbinot Junior, A.A., Tonon, B.C., Farias, J.R.B., Oliveira, M.C.N. de, Torres, E., 2012. Evolution of crop yields in different tillage and cropping systems over two decades in southern Brazil.Field Crops Research, doi: 10.1016/j.fcr.2012.09.003
Fronzek, S., Pirttioja, N., Carter, T.R., Bindi, M., Hoffmann, H., Palosuo, T., Ruiz-Ramos, M., Tao, F., Trnka, M., Acutis, M., Asseng, S., Baranowski, P., Basso, B., Bodin, P., Buis, S., Cammarano, D., Deligios, P., Destain, M.F., Dumont, B., Ewert, F., Ferrise, R., François, L., Gaiser, T., Hlavinka, P., Jacquemin, I., Kersebaum, K.C., Kollas, C., Krzyszczak, J., Lorite, I.J., Minet, J., Minguez, M.I., Montesino, M., Moriondo, M., Müller, C., Nendel, C., Öztürk, I., Perego, A., Rodríguez, A., Ruane, A.C., Ruget, F., Sanna, M., Semenov, M.A., Slawinski, C., Stratonovitch, P., Supit, I., Waha, K., Wang, E., Wu, L., Zhao, Z., Rötter, R.P., 2018. Classifying multi-model wheat yield impact response surfaces showing sensitivity to temperature and precipitation change. Agricultural Systems,159, 209–224. doi: 10.1016/j.agsy.2017.08.004
Giannitsopoulos, M.L., Burgess, P.J., Rickson, R.J., 2019. Effects of conservation tillage drills on soil quality indicators in a wheat–oilseed rape rotation: organic carbon, earthworms and water‐stable aggregates.Soil Use and Management, 36, 139–152. doi: 10.1111/sum.12536
Godfray, H.C.., Garnett, T., 2014. Food security and sustainable intensification. Philosophical Transactions of the Royal Society Biological Sciences 369. doi: 10.1098/rstb.2012.0273
Godwin, R.J., White, D.R., Dickin, E.T., Kaczorowska-Dolowy, M., Millington, W.A.J., Pope, E.K., Misiewicz, P.A. (2022). The effects of traffic management systems on the yield and economics of crops grown in deep, shallow and zero tilled sandy loam soil over eight years. Soil and Tillage Research, 223, 2-15. doi: 10.1016/j.still.2022.105465
Hernández Plaza, E., Navarrete, L., González-Andújar, J.L., 2015. Intensity of soil disturbance shapes response trait diversity of weed communities: The long-term effects of different tillage systems. Agriculture, Ecosystems and Environment 207, 101–108. doi: 10.1016/j.agee.2015.03.031
Hofmeijer, M., Krauss, M., Berner, A., Peigné, J., Mäder, P., Armengot, L., 2019. Effects of Reduced Tillage on Weed Pressure, Nitrogen Availability and Winter Wheat Yields under Organic Management. Agronomy 9, 180. doi: 10.3390/agronomy9040180
IBM Corp, 2019. IBM SPSS Statistics for Windows, Version 26, NY.
Jalli, M., Huusela, E., Jalli, H., Kauppi, K., Niemi, M., Himanen, S., Jauhiainen, L., 2021. Effects of Crop Rotation on Spring Wheat Yield and Pest Occurrence in Different Tillage Systems: A Multi-Year Experiment in Finnish Growing Conditions. Frontiers in Sustainable Food Systems,5, 214. doi: 10.3389/fsufs.2021.647335 
Kassam, A., Friedrich, T., Derpsch, R., 2018. Global spread of Conservation Agriculture. International Journal of Environmental Studies 76: 1. doi: 10.1080/00207233.2018.1494927
Kendall, M., 1948. Rank correlation methods., 4th ed. Griffin, London.
Kuhn, M., Johnson, K., 2013. Applied predictive modeling. Applied Predictive Modeling 1–600.
Lal, R., 2020. The Future of No-Till Farming Systems for Sustainable Agriculture and Food Security. No-till Farming Systems forSustainable Agriculture,  633–647. doi: 10.1007/978-3-030-46409-7_35
Lesk, C., Coffel, E., Winter, J. et al. 2021. Stronger temperature–moisture couplings exacerbate the impact of climate warming on global crop yields. Nature Food 2, 683–691. https://doi.org/10.1038/s43016-021-00341-6
Li, Q., Meng, X., Li, D., Zhao, M., Sun, S., Li, H., Li, W., Qiao, W., 2019. Evaluation of heat tolerance index, susceptibility index of canopy temperature and leaf chlorophyll content of wheat (Triticum aestivum L.). Applied Ecology and Environmental Research17, 7357–7369. doi: 10.1016/S2095-3119(17)61716-7
Liu, L., Basso, B., 2020. Impacts of climate variability and adaptation strategies on crop yields and soil organic carbon in the US Midwest. PLoS One 15. doi: 10.1371/journal.pone.0225433
Lorenzo, M., Assuero, S.G., Tognetti, J.A., 2015. Low temperature differentially affects tillering in spring and winter wheat in association with changes in plant carbon status. Annuals of Applied Biology, 166, 236–248. doi: 10.1111/aab.12177
Maltas, A., Charles, R., Jeangros, B., Sinaj, S., 2013. Effect of organic fertilizers and reduced-tillage on soil properties, crop nitrogen response and crop yield: Results of a 12-year experiment in Changins, Switzerland. Soil and Tillage Research, 126, 11–18. doi: 10.1016/j.still.2012.07.012
Mann, H.B., 1945. Nonparametric Tests Against Trend. Econometrica 13, 245. doi: 10.2307/1907187 
Marini, L., St-Martin, A., Vico, G., Baldoni, G., Berti, A., Blecharczyk, A., Malecka-Jankowiak, I., Morari, F., Sawinska, Z., Bommarco, R., 2020. Crop rotations sustain cereal yields under a changing climate.  Environmental Research Letters 15, 124011. doi: 10.1088/1748-9326/abc651
Piazza, G., Pellegrino, E., Moscatelli, M.C., Ercoli, L., 2020. Long-term conservation tillage and nitrogen fertilization effects on soil aggregate distribution, nutrient stocks and enzymatic activities in bulk soil and occluded microaggregates. Soil and Tillage Research, 196, 104482. doi: 10.1016/j.still.2019.104482
Pittelkow, C.M., Lundy, M.E., van Kessel, C., Lee, J., van Gestel, N., Linquist, B.A., van Groenigen, K.J., Liang, X., Six, J., Venterea, R.T., 2015. When does no-till yield more? A global meta-analysis.Field Crops Research, 183, 156–168. doi: 10.1016/j.fcr.2015.07.020
Ray, D.K., Gerber, J.S., Macdonald, G.K., West, P.C., 2015. Climate variation explains a third of global crop yield variability. Nature Communications, 6, 1–9. doi: 10.1038/ncomms6989
Ray, D.K., West, P.C., Clark, M., Gerber, J.S., Prishchepov, A. V., Chatterjee, S., 2019. Climate change has likely already affected global food production. PLoS One 14, e0217148. doi: 10.1371/journal.pone.0217148
Rebetzke, G., Kirkegaard, J., Watt, M., Richards, R., 2014. Genetically vigorous wheat genotypes maintain superior early growth in no-till soils. Plant and Soil 377, 127–144. doi: 10.1371/journal.pone.0217148
Rezaei, E.E., Siebert, S., Hüging, H., Ewert, F., 2018. Climate change effect on wheat phenology depends on cultivar change. Scientific  Reports 81 8, 1–10. doi: 10.1038/s41598-018-23101-2
Rial-Lovera, K., Davies, W.P., Cannon, N.D., 2017. Implications of climate change predictions for UK cropping and prospects for possible mitigation: a review of challenges and potential responses. Journal of Science, Food and Agriculture,  97. doi: 10.1002/jsfa.7767
Rial-Lovera, K., Davies, W.P., Cannon, N.D., Conway, J.S., 2016a. Influence of tillage systems and nitrogen management on grain yield, grain protein and nitrogen-use efficiency in UK spring wheat. Journal of Agricultural Science 154. doi: 10.1017/S0021859616000058
Rial-Lovera, K., Davies, W.P., Cannon, N.D., Conway, J.S., 2016b. Weed development in spring wheat after contrasting soil tillage and nitrogen management. Annuals of Applied Biology, 169. doi: 10.1111/aab.12294
Rezaei, E.E., Webber, H., Asseng, S. et al. (2023). Climate change impacts on crop yields. Nature Reviews Earth and Enviornment 4, 831-846. doi: 10.1038/s43017-023-00491-0  
Samson, M.E., Menasseri-Aubry, S., Chantigny, M.H., Angers, D.A., Royer, I., Vanasse, A., 2019. Crop response to soil management practices is driven by interactions among practices, crop species and soil type.Field Crops Research, 243, 107623. doi: 10.1016/j.fcr.2019.107623
Shakoor, A., Shahbaz, M., Farooq, T.H., Sahar, N.E., Shahzad, S.M., Altaf, M.M., Ashraf, M., 2021. A global meta-analysis of greenhouse gases emission and crop yield under no-tillage as compared to conventional tillage. Science of Total Environment, 750, 142299. doi: 10.1016/j.scitotenv.2020.142299
· Shen, Y., McLaughlin, N., Zhang, X., Xu, M., Liang, A., 2018. Effect of tillage and crop residue on soil temperature following planting for a Black soil in Northeast China. Science Reports  81 8, 1–9. doi: 10.1038/s41598-018-22822-8
Sieling, K., Christen, O., 2015. Crop rotation effects on yield of oilseed rape, wheat and barley and residual effects on the subsequent wheat. Archives of Agronomy and Soil Science,  61, 1–19. doi: 10.1080/03650340.2015.1017569
Skaalsveen, K., Ingram, J., Clarke, L.E., 2019. The effect of no-till farming on the soil functions of water purification and retention in north-western Europe: A literature review. Soil and Tillage Research, 189, 98–109. doi: 10.1016/j.still.2019.01.004
Soane, B.D., Ball, B.C., Arvidsson, J., Basch, G., Moreno, F., Roger-Estrade, J., 2012. No-till in northern, western and south-western Europe: A review of problems and opportunities for crop production and the environment. Soil and Tillage Research, 118, 66–87. doi: 10.1016/j.still.2011.10.015
Su, Y., Gabrielle, B., Beillouin, D., Makowski, D., 2021. High probability of yield gain through conservation agriculture in dry regions for major staple crops. Nature Scientific Reports, 11, 3344. doi: 10.1038/s41598-021-82375-1 
Teasdale, J.R., Cavigelli, M.A., 2017. Meteorological fluctuations define long-term crop yield patterns in conventional and organic production systems. Nature Scientific Reports, 7, 688. doi: 10.1038/s41598-017-00775-8
Tian, Y., Zheng, C., Chen, J., Chen, C., Deng, A., Song, Z., Zhang, B., Zhang, W., 2014. Climatic warming increases winter wheat yield but reduces grain nitrogen concentration in East China. PLoS One 9, e95108. doi: 10.1371/journal.pone.0095108
Tilman, D., Balzer, C., Hill, J., Befort, B.L., 2011. Global food demand and the sustainable intensification of agriculture. Proceedings of the National Academy of Science. U. S. A. 108, 20260–20264. doi: 10.1073/pnas.1116437108
Urruty, N., Guyomard, H., Tailliez-Lefebvre, D. & Huyghe, C., 2017. Variability of winter wheat yield in France under average and unfavourable weather conditions. Field Crop Research, 213, 29-37. doi: https://doi.org/10.1016/j.fcr.2017.07.018.
van der Velde, M., Tubiello, F.N., Vrieling, A., Bouraoui, F., 2012. Impacts of extreme weather on wheat and maize in France: evaluating regional crop simulations against observed data. Climate Change 113, 751–765. doi: 10.1007/s10584-011-0368-2
Vanderlinden, K., Pachepsky, Y., Pedrera-Parrilla, A., Martinez, G., Espejo-Pérez, A., Perea, F., Giráldez, J., 2021. Water retention and field soil water states in a vertisol under Long-Term direct drill and conventional tillage. European Journal of Soil Science,  72, 667–678. doi: 10.1111/ejss.12967
Vijaya Bhaskar, A.V., Davies, W.P., Cannon, N.D., Conway, J.S., 2013a. Organic wheat performance following conventional and non-inversion tillage systems. Biological Agriculture and Horticulture,  29, 236–243. doi: 10.1080/01448765.2013.829754
Vijaya Bhaskar, A.V., Davies, W.P., Cannon, N.D., Conway, J.S., 2013b. Weed manifestation under different tillage and legume undersowing in organic wheat. Biological Agriculture and Horticulture,  30, 253–263. doi: 10.1080/01448765.2014.951961
Vogel, E., Donat, M.G., Alexander, L. V., Meinshausen, M., Ray, D.K., Karoly, D., Meinshausen, N., Frieler, K., 2019. The effects of climate extremes on global agricultural yields. Environmental Research Letters, 14. doi: 10.1088/1748-9326/ab154b
Wheeler, R., Lobley, M., 2021. Managing extreme weather and climate change in UK agriculture: Impacts, attitudes and action among farmers and stakeholders. Climate and Risk Management 32, 100313. doi: 10.1016/j.crm.2021.100313
Xu, J., Han, H., Ning, T., Li, Z., Lal, R., 2019. Long-term effects of tillage and straw management on soil organic carbon, crop yield, and yield stability in a wheat-maize system.Field Crops Research 233, 33–40. doi: 10.1016/j.fcr.2018.12.016
Ye, J., Gao, Z., Wu, X., Lu, Z., Li, C., Wang, X., Chen, L., Cui, G., Yu, M., Yan, G., Liu, H., Zhang, H., Wang, Z., Shi, X., Li, Y., 2021. Impact of increased temperature on spring wheat yield in northern China. Food Energy Security 10, 368–378. doi: doi.org/10.1002/fes3.283
Zhang, T., Huang, Y., 2011. Impacts of climate change and inter-annual variability on cereal crops in China from 1980 to 2008. Journal of Science, Food and Agriculture,  92, 1643–1652. doi: doi.org/10.1002/jsfa.5523



Yield
Node 0
Mean 7.752
Std. Dev. 1.838
n 162
% 100.0
Predicted 7.752


</= 9.90
Node 1
Mean 7.451
Std. Dev. 1.665
n 144
% 88.9
Predicted 7.451


> 9.90
Node 2
Mean 10.161
Std. Dev. 1.339
n 18
% 11.1
Predicted 10.161


T MaxFeb
Improvement = 0.725



Yield
Node 0
Mean 3.111
Std. Dev. 1.313
n 249
% 100.0
Predicted 3.11


</= 12.350
Node 1
Mean 2.646
Std. Dev. 1.033
n 162
% 65.1
Predicted 2.646


> 12.350
Node 2
Mean 3.977
Std. Dev. 1.345
n 87
% 34.9
Predicted 3.977


T MaxFeb
Improvement = 0.403


Tillage improvement = 0.205


<=NT

Node 3
Mean 1.853
Std. Dev. 0.916
n 54
% 21.7
Predicted 1.853



>NT

Node 4
Mean 3.043
Std. Dev. 0.846
n 108
% 43.4
Predicted 3.043


<= MT

Node 5
Mean 2.711
Std. Dev. 0.861
n 54
%  21.7
Predicted 2.711


>MT

Node 6
Mean 3.376
Std. Dev. 0.690
n 54
% 21.7
Predicted 3.376


Tillage improvement = 0.048


Rainfall	2010	2011	2012	2013	2014	2015	2016	2017	2018	2019	2020	662.9	599.9	1162.5999999999999	777.4	952.6	764.7	840.2	698.8	750.2	919	986.4	TMean	2010	2011	2012	2013	2014	2015	2016	2017	2018	2019	2020	10.6	9.4	9.6	9.6999999999999993	10.8	10.6	10.4	10.57	10.8	10.25	10.7	
Total rainfall (mm)


TMean temp (oC)




P	43266	43296	43327	43358	43388	43419	43449	43480	43511	43539	43570	43600	43631	43661	43692	43723	43753	43784	43814	43845	43876	43905	43936	43966	43997	44027	44058	22.2	21.6	19.600000000000001	18.399999999999999	20.399999999999999	26.5	36.200000000000003	36.5	33.5	37.1	30.1	23.5	27.2	26.4	24.2	21.4	32.4	37.9	36.5	36.4	38.5	30.4	24.5	19.600000000000001	23.5	21.3	25.5	MT	1.3160000000000001	1.3160000000000001	43266	43296	43327	43358	43388	43419	43449	43480	43511	43539	43570	43600	43631	43661	43692	43723	43753	43784	43814	43845	43876	43905	43936	43966	43997	44027	44058	24.3	22.5	20.100000000000001	17.5	15.2	26.7	34.4	35.4	34.6	36.4	29.5	24.6	24.6	24.3	21.6	22.5	31.2	37.4	34.5	35.200000000000003	36.799999999999997	31.2	26.5	20.399999999999999	24.6	20.399999999999999	26.8	DD	43266	43296	43327	43358	43388	43419	43449	43480	43511	43539	43570	43600	43631	43661	43692	43723	43753	43784	43814	43845	43876	43905	43936	43966	43997	44027	44058	25.6	25.1	19.399999999999999	20.100000000000001	17.600000000000001	30.5	30.4	32.700000000000003	33.1	32.4	27.6	23.1	23.2	25.3	23.4	21.8	35.4	35.200000000000003	34.799999999999997	35.6	35.4	32	25.8	21.2	23.2	22.2	27.2	
Soil moisture content (%)




image1.png
Rainfall (mm)

Tmin (°0)

. s
oo
1o
o0 .
. -
- . s
E
800 " 160
.
.
0 . 155
. .
. . 2= 1.08390 P>0.05 . 2202410 P<0.05
150
ED wa wa e FT— = = o s = prom
Year Year
74, . . .
107
n
. 1050
@ € 10
z
“ :
1000
64 .
@ a7
.
ol o 2-0.778499 P>0.05 . 72 0p50.05
250
w0 w2 En D D £ 0 F Fn En En £





image2.png
Yiled (t/ha)

12.00

11.00

10.00

9.00

8.00

7.00

6.00

5.0

S

4

o
S

3.

o
S

2.00

Organic

2011wWwW

a
a
? ab
b
b
2 ab
|Ib

2012w

2013swW

a
ns
b
: I I
2014SW  20155W

mPlough W Mintill

Conventional

b

|ab
a |
2016 WW

mDD

2017 WB

5 @b
b
ns
|“ |

2018 WOSR

2019 WwW

b
a
| ‘

2020wWB




