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ABSTRACT
	Chloride (Cl) application as part of potassium chloride (KCl) fertilizer has never been identified for a potential to reduce crop yield. Chloride exists as an anion in the soil and can be leached from well drained soils. The objective of this work is to identify whether chloride can reduce the yield of corn (Zea mays L.), soybean (Glycine max var. Mer.), and hard red spring wheat (Triticum aestivum L. em thell.). Two separate trials were established in Minnesota to evaluate the application of different sources of potassium fertilizer, potassium chloride (KCl) and potassium sulfate (K2SO4), and calcium chloride (CaCl2). Potassium (K) increased yield in situations where soil tests indicated a high potential for potassium to be deficient. Chloride did not impact grain yield of corn or hard red spring wheat and reduced the yield of soybean. Soybean grain yield reductions were small when KCl was applied directly ahead of the soybean crop either in the fall or spring at a rate to supply the expected removal of K for a two-year crop rotation. Yield reduction were less with the K was applied ahead of the rotational crop with soybean. The impact of Cl on soybean yield may be tempered by soil drainage and soil moisture content. While KCl is the most economical source of K for crops, soybean producers should keep the rate applied ahead of the soybean crop low and focus application ahead of crops more tolerant to Cl. In addition, more research is needed regarding Cl excluders for Northern soybean varieties for situations where high application rates of K are required.
MATERIALS AND METHODS
Long term trials were established at four locations in Spring 2017 [Crookston, Lamberton, Morris, and Waseca (Table 1)]. Two-year cropping rotations were established at each site in two blocks, one for each crop. A two-year corn-soybean rotation was established at Lamberton, and Waseca. A two year hard red spring wheat-soybean rotation was established at Morris and Crookston. Treatments are a combination of fertilizer rate, timing, and source. Fertilizer is based on a K application at a K rate of 100 and 200 lbs K2O per acre which is roughly 1 and 2 times expected crop removal for the rotations (Kaiser et al., 2020a, 2020b, 2013). Two sources of K, KCl and K2SO4, are compared with a non-fertilized control. An additional source treatment includes CaCl2 (calcium chloride) applied at a rate which supplies an identical amount of Cl as applied in the KCl treatments. The CaCl2 treatment is used to determine if any impacts from KCl may be due to the Cl. Soil Ca content at the beginning of the study will be measured, but the Ca applied is not anticipated to have a significant impact on yield. Gypsum will be applied to balance S applied with the K2SO4 so all plots will receive a relatively high rate of S and Ca annually. Timing will consist of all fertilizer applied before soybean or before wheat or corn. A split plot design will be used where main plots will consist of a factorial combination of rate and time while the sub-plots will consist of fertilizer source (none, KCl, K2SO4, and CaCl2). 
	Table 1. Summary of soil test data collected in spring 2017. Samples were collected from the 0-6 and 6-24” depths and are a composite of 8 separate cores collected from each main block.

	
	
	Sample
	Soil Test†
	 Cl‡
	 K Base Sat.

	Location
	Soil Type
	Depth
	P
	K
	pH
	OM
	Avg
	StDev
	

	
	
	inches
	--ppm--
	
	-%-
	-----ppm------
	

	Crookston
	Wheatville
	0-6"
	11
	124
	8.1
	2.9
	5.0
	0.9
	1.12

	
	
	6-24"
	--
	--
	--
	--
	2.5
	2.2
	--

	Lamberton
	Amiret
	0-6"
	7
	131
	5.0
	3.5
	4.2
	0.9
	2.67

	
	
	6-24"
	--
	--
	--
	--
	2.8
	0.6
	--

	Morris 
	Forman
	0-6"
	4
	168
	7.7
	4.3
	3.4
	1.0
	1.37

	
	
	6-24"
	--
	--
	--
	--
	3.0
	0.7
	--

	Waseca
	Webster
	0-6"
	5
	146
	6.0
	4.2
	3.7
	0.9
	1.89

	
	
	6-24"
	--
	--
	--
	--
	2.2
	0.4
	--

	† P, Olsen phosphorus; K, ammonium acetate K; pH, soil pH; OM, organic matter.
	

	‡ Average (AVG) and standard deviation (StDev) for the soil Cl extraction
	



Soil samples are collected after harvest from all plots sampling from the 0-6 and 6-24” depths. All samples will be air dried and ground prior to analysis. Exchangeable K is determined on the 0-6” samples while Cl will be analyzed on all depths. Initial soil test data are summarized in Table 1. 
A second set of soybean trials were established at 3 sites (Becker, Morris, and Waseca, MN) in 2020 and 2021 comparing or four varieties which vary in IDC/salt tolerance to determine if salt tolerance is an indicator of potential tolerance of excess Cl.  The variety sets varied by year and consisted of Asgrow 14X7, 14X8, 17X7, and 17X8 in 2020, and Asgrow 13XF0, 14X8, 17X8, and Gold Country 1827X in 2021. Three Cl treatments, no Cl and 500 lb/ac of Cl applied either as KCl or CaCl2 were applied. A strip plot design was utilized where varieties were planted as strips over top the fertilizer treatment. Soil test results are not shown for the second study. Soil types for Morris and Waseca were similar as those given in Table 1. The soil type at Becker was a Hubbard loamy sand. Becker was the only site which supplemental irrigation was applied. Average chloride content in the irrigation water was 32 ppm measured in 2020 at Becker. 
All crops were harvested with a research grade plot combine. Corn grain yield is reported at 15.5% grain moisture content. Hard Red Spring wheat and soybean yield are reported at 13% moisture. Statistical analysis was conducted using SAS 9.3 assuming fixed effect of fertilizer source, rate, and timing in the long-term study and source and variety fixed effects in the second trial and random year and block effects. All significant results are reported at the P<0.10 probability level.

RESULTS AND DISCUSSION
A summary of source main effects is given in Table 2 across four cropping years for each crop at each location. Rate and timing main effects were seldom, if ever, significant and are not included. Fertilizer source affected corn and hard red spring wheat yield at one of two locations and at three of four soybean locations. Single degree of freedom contrasts were used to determine response to K and Cl. Potassium almost always increased yield in situations where source main effects were significant. The exception was Crookston where the source main effect was not significant but single degree of freedom contrasts indicated a small response to potassium.  Overall soybean yields were relatively low at Morris and Crookston along with hard red spring wheat yield at Morris due to generally dry conditions and relatively high levels of soybean cyst nematode at Morris (not shown). Corn grain yield was increased at Lamberton but not at Waseca while hard red spring wheat yield was increased by K at Crookston but not at Waseca. Current fertilizer guidelines for corn and soybean in Minnesota suggest a response to K is more likely when soil test K is less than 200 ppm (Kaiser et al., 2020a, 2020b. All sites tested less than 200 ppm but not all sites responded to K. No K is suggested for wheat when the soil test is 160 ppm or greater (Kaiser et al., 2013). 
	Table 2. Summary of corn, hard red spring wheat, and soybean grain yield data across four growing years at four locations averaged for fertilizer source main effects across two fertilizer application rates and application timing where fertilizer was applied in the fall directly ahead of the soybean crop or in the fall ahead of the rotational crop. Response to K and Cl is given from results of single degree of freedom contrasts when the contrast indicated a significant effect of K or Cl. Small letters following numbers indicate significance among treatments at the P<0.10 probability level.

	
	
	Source Main Effect
	Response to

	Crop
	Location
	None
	CaCl2
	KCl
	K2SO4
	+K
	+Cl

	
	
	--------------------bushels per acre--------------------

	Corn
	Lamberton
	175c
	176bc
	181a
	179ab
	4.2
	2.4

	
	Waseca
	204
	206
	206
	204
	0
	0

	Wheat
	Crookston
	62b
	62b
	64a
	64a
	1.9
	0

	
	Morris
	36
	36
	37
	36
	0
	0

	Soybean
	Crookston
	38
	38
	39
	39
	0.7
	0

	
	Lamberton
	52b
	51c
	53bc
	54a
	1.3
	-1.0

	
	Morris
	25b
	23c
	26ab
	27a
	2.3
	-1.7

	
	Waseca
	67a
	66ab
	65b
	67a
	0
	-0.8


	There were seldom interactions between source and timing or rate so the data are not shown. The exceptions were all for the soybean crop. At Crookston there was a significant timing by source interaction which was due to the variation among sources only being significant when the fertilizer was applied ahead of the soybean crop. Rate and timing main effects are not shown as they were seldom significant except for the timing main effect which differed for soybean at Lamberton and Waseca. In both cases soybean yield was 1.5 bushels per acre greater when fertilizer was applied for soybean ahead of the corn crop. The fact that the timing by source interaction was not significant for soybean at Lamberton and Waseca is odd as soybean grain yield was greater when fertilizer was applied ahead of the corn crop, the negative impact of Cl on soybean grain yield did not seem to be affected by time of application. Additional data has shown that application ahead of the crop in rotation with soybean greatly reduces the risk of a reduction in grain yield (not shown). In the current study the reductions appear to be consistent regardless of fertilizer timing.
Chloride only increased yield at one location, Lamberton Corn. When impacted, soybean grain yield was always less when Cl was applied regardless of rate. The increases were generally small and likely would not be noticeable to soybean growers. When K was deficient K did increase yield, but the increase was typically greatest when potassium sulfate was the K source.
	Table 3. Summary of soybean grain yield data averaged across four soybean varieties when 500 lbs of Cl per acre were applied as either KCl or CaCl2. Small letters following numbers indicate significance among treatments at the P<0.10 probability level.

	Year
	Location
	None
	KCl
	CaCl2

	
	
	--------------------bushels per acre--------------------

	2020
	Becker, Waseca
	67a
	64b
	65ab

	
	Morris
	68a
	49b
	50b

	2021
	Becker, Morris, Waseca
	45a
	42b
	39b



	High rates of Cl were applied to study 2 in order to induce a negative soybean response to the nutrient. Data were analyzed by year across most sites as the variety sets differed between the years. Variety main effect grain yield data are not given in this article. Soybean grain yield did vary by variety but there was no interaction between variety and fertilizer source indicating consistent effects of K or Cl among the four varieties used. Yield data for Morris in 2020 was analyzed separately from Becker and Waseca due to greater impact on soybean grain yield from the fertilizer treatments at Morris (Table 3). Soybean grain yield was decreased by Cl by 18 bushels per acre at Morris in 2020 while the reduction was much smaller at Becker and Waseca which is consistent with the long-term study results. All sites responded similarly to fertilizer application in 2021. Average yield for the KCl and CaCl2 treatments did not differ in 2021 and averaged a 4 bushel per acre reduction in grain yield. There was a tendency in 2021 for soybean grain yield to be numerically higher for KCl but the difference was not significant. The data in study 2 further indicates a general risk of yield reduction from Cl and that more work is needed to determine which soybean varieties could be considered Cl excluders.
	Weather data are not given for the individual locations but likely impacted results at the given sites. The large yield reduction at Morris in 2020 in Study 2 and consistent reductions in soybean grain yield in the long-term trial are a result of poor drainage at the site and lower than normal precipitation in 2020 and 2021 (not shown). Crookston was similarly dry which resulted in lower yield potential in most years when studies were conducted at Crookston. What is interesting is the decrease in soybean grain yield at Becker which has a sandy soil that is excessively drained. However, well water samples indicate high amounts of Cl applied through the irrigation water on top of any Cl applied in fertilizer. The additional consistent reductions in soybean grain yield at Waseca, where rainfall should leach Cl out of the root zone, indicate a general risk of yield loss across most soils regardless of internal drainage. It should be noted that the rate of fertilizer applied in both studies was more than what is suggested for a single year application of K for corn, soybean, or wheat. It is possibly that yield would not be reduced by a lesser rate of fertilizer. 
CONCLUSIONS
	Soybean grain yield can be reduced by chloride contained in KCl fertilizer. These studies were not designed to determine the exact rate of KCl that would result in a reduction in yield. Research on rate of application is needed to determine whether rates lower than what would be applied to supply expected crop removal for a two-year corn-soybean or wheat-soybean rotation would not result in a reduction in grain yield. Potassium can increase yield and should be applied if soil tests indicate a potential deficiency. The reduction in soybean grain yield was less when fertilizer was applied ahead of the rotational crop. If higher application rates need to be applied as KCl it should be applied of the preceding crop. More research is needed to determine exact tolerance of soybean to Cl and whether alternative sources of K fertilizer should be considered if K is needed for soybean production.
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