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ABSTRACT 

 

 

FIELD TRIAL OF DOLOMITIC LIMESTONE AS AN IN SITU SOIL REMEDIATION 

TECHNIQUE TO REDUCE NICKEL TOXICITY IN SOYBEAN AND OAT 

 

 

Stephen Christopher Cioccio      Advisor: 

University of Guelph, 2011      Professor B. A. Hale 

 

 

As more contaminated sites are being discovered, new in situ remediation techniques need to be 

developed.  Chemically treating soil with lime to increase soil pH is a method that may decrease 

the bioavailability of the contaminant.  To test the usefulness of rendering metal-contaminated 

soils alkaline with dolomitic lime, to improve crop performance,  field trials at a site in Port 

Colborne, ON,  with soil nickel concentration (as high as 5000 mg/kg) from refinery emissions 

were completed.    Oat and soybean yield, as well as plant uptake and bioavailabilty of nickel in 

soil were evaluated.  Liming Ni-contaminated soils decreased soybean foliar Ni concentrations 

from 36.68 µg/g in unlimed fields to 19.98 µg/g in 50 t/ha limed fields in the 2007 growing 

season; yield of both oat and soybean in unlimed soils was the same (p>0.05) as at a reference 

site, suggesting that for these soils, remediation is not necessary for yield. 
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INTRODUCTION 

The remediation of soils with metals concentrations which exceed the generic 

criteria outlined in the Ministry of Environment‟s Soil, Groundwater and Sediment 

Standards for Use Under Part XV.1 of the Environmental Protection Act (Ontario 

Gazette, March 9, 2004) is required of many industries and governments.  There are 

several approaches to this goal.  The first is to remove the top layer of soil, which usually 

contains the highest concentrations of the metals, and replace it with clean fill.  The 

limitation of this approach is that disposal of the removed soil in a landfill is increasingly 

unacceptable from the perspective of environmental stewardship, and is costly.  The 

second option is to remove the metals from the soil by phytoextraction with 

hyperaccumulating plant species, such as various members of the Brassicaceae family.  

This has proven to be challenging, in part because many of the „good‟ species are slow 

growing, thus removing only a relatively small mass of metal in a single growing season, 

and also because many of these soils are poor quality for plant growth – compacted and 

nutrient poor.  It has been suggested that this approach is not going to be possible without 

genetic engineering of plant species (Clemens et al., 2002).   The third option is to 

chemically remediate the soil to reduce the phytoavailable fraction of the total soil 

metals.  This approach has been carried out successfully in Sudbury ON, to remediate 

soils that had received substantial input of both metals and sulphur dioxide from the 

smelting of Ni and Cu sulphide ores, resulting in soils of low pH (Gunn, 1995) with high 

metal bioavailability.  The soils were treated with dolomitic limestone to raise soil pH, 

which reduced the phytoavailability of the metals and stopped the loss by leaching of 
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nutrients essential to plant growth, and enabled detritivore communities to thrive, thus 

allowing the cycling of N, P and K from plant debris back to the soil (Winterhalder, 

1996).  At the mechanistic level, reducing the [H
+
] in soil solution by liming reduces the 

number of cation binding sites on soil solids (clay, organic matter, iron oxides) occupied 

by H
+
, thus increasing the binding of cationic metals to these locations, and reducing their 

availability to plants.  However, benefits of liming near-neutral soils to reduce metal 

bioavailability cannot be assumed to have the same beneficial outcomes as the liming of 

acidic or highly acidic soils, as the relationship among pH and metal bioavailability is not 

linear throughout the pH range of 3-8 (Tyler and Ollson, 2001a; 2001b).  As well, 

nutrient cation bioavailability in soil can generally decrease in response to increasing soil 

pH (Weng et al., 2003); thus, benefits of liming can be offset by nutrient deficiencies in 

plants, especially Mn and Fe.  The potential for liming to reduce Ni bioavailability 

sufficiently to allow for normal crop growth has not yet been fully explored for extreme 

soil Ni concentrations (>5000 mg/kg) or lime treatment. 

Complicating this data gap is the hypothesis that Ni phytotoxicity is primarily Fe 

deficiency, which is also caused by soil liming.  The mechanism of Ni-induced Fe 

deficiency for Strategy II species (such as oat) is either reduced phytosiderophore 

production, and/or competition between Ni and Fe for phytosiderophore binding.  

Siderophores are implicated by the typical chlorotic foliar banding that is symptomatic of 

Ni toxicity; siderophores are secreted diurnally, and the bands correspond to leaf 

expansion periods when siderophores were unable to provide sufficient Fe.  The 

mechanism of liming-induced Fe deficiency is that as pH increases, total dissolved Fe 

decreases. Both liming, and soil amendment with hydrous ferric oxide (HFO), have been 
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demonstrated to decrease shoot tissue Ni:Fe ratio in oat grown on muck soil from Port 

Colborne, containing ~3000 mg/kg Ni (Kukier and Chaney, 2000).  However, neither of 

the amendments improved yield (g/pot) relative to the unamended soil, and HFO actually 

decreased yield, alone, and in combination with lime.  The greater of these two yield 

decreases (amelioration with HFO alone) was accompanied by a reduction in tissue Mn 

by 2/3.  Similar observations were made for the same muck soil, with approximately 

1000 mg/kg total soil Ni:  tissue [Mn] was decreased by all amendments, and yield was 

reduced, as well, despite unchanged tissue Ni:Fe ratios with amendment.  It is important 

to emphasize that although Kukier and Chaney (2000) demonstrated some reduction in 

tissue Ni:Fe for oat with amendments, no recovery of plant growth resulted from the 

amendments.  From an agronomist's perspective, a soil Ni remediation strategy that does 

not restore crop yield is not too useful; since an intended use for much of the remediated 

Port Colborne land is agricultural, restoration of crop yield is a critical remediation goal.  

Despite prior focus on liming and Fe, it seems that soil Mn, and its relationship with soil 

pH and soil Ni, is key to the future remediation of the Port Colborne soils. 

The background research upon which this work is based was carried out by 

Jacques Whitford Ltd., under the direction of a joint Technical Review Committee 

(composed of Ontario's Ministry of the Environment, the City of Port Colborne, Jacques 

Whitford Ltd. and Beak) the mandate of which was to guide the site specific risk 

assessment for Port Colborne, as well as to develop a plan for remediation.  In a 

greenhouse study of metal-contaminated (Ni, Cu, Co and As) agricultural soils in Port 

Colborne, ON, values for shoot biomass EC25 (exposure concentration at which a 25% 

reduction in some response parameter is observed) were determined relative to both soil 
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Ni and tissue Ni concentrations, for oat (Avena sativa L.) shoot biomass.  Clay (Welland 

and Till), organic (muck) and sand soils collected from the field were used, and as 

expected, variation among soil Ni EC25 thresholds for soils with different characteristics 

that are known to affect bioavailability of cationic metals were identified (Jacques 

Whitford Ltd. 2004a).  However, less expected was the fact that the EC25‟s for oat shoot 

biomass based on tissue Ni concentration also varied considerably among the soil types 

(lowest for the two clay soils), suggesting that shoot biomass reduction was in part due to 

factors other than Ni toxicity.  Examination of a wide range of both essential and non-

essential elements found that tissue Mn (but not tissue Fe) of plants grown in clay soils 

decreased as soil Ni concentrations increased, suggesting that to some degree, soil Ni 

reduces Mn uptake or bioavailability, and some degree of Mn deficiency enhanced or 

contributed to the effects of Ni toxicity.  The potential for Mn deficiencies in Port 

Colborne Ni-contaminated muck soils had been noted in the previously cited study for 

oat and redbeet (Kukier and Chaney, 2000), where reduced (but likely not deficient) 

tissue Mn concentrations were observed in response to limestone amendments to muck 

soil with elevated Ni concentration.  This result is consistent with the known chemical 

speciation of Mn in soil which shows increasing pH favours less bioavailable forms such 

as MnO2 (at pH=8) and Mn2O3 (favoured at neutral pH) over Mn
2+

 (the form most readily 

taken up by roots) (Tisdale and Nelson, 1966).   In a follow-up study, Siebielec and 

Chaney (2000) showed that MnSO4 additions to soil could greatly increase oat tissue Mn 

concentrations at all limestone applications, even at very high application rates 

(equivalent to 50 t/ha). However, tissue Mn deficiencies were not identified by Siebielec 

and Chaney (2000) and no effects of Mn amendment on oat biomass yields were found, 
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so whether or not Mn amendment in combination with liming, or alone, will restore oat 

yield in high-Ni soils, remains unresolved. 

In an attempt to resolve the question of whether Mn amendment of Port Colborne 

soils should be part of  a remediation strategy based on liming to increase oat growth and 

yield to control values, additional experiments were carried out.  During the summer and 

fall of 2003, the effectiveness of MnSO4 (equivalent to 50 or 200 kg/ha) and limestone 

amendments (equivalent to 10 t/ha or 50 t/ha) in recovering yield (biomass and seed) for 

oat grown in soils with elevated Ni concentrations was tested in the greenhouse (Jacques 

Whitford Ltd., 2004a). Pairs of till clay and muck soils with concentrations of soil Ni 

either similar to uncontaminated soils throughout Ontario, or higher (2500 mg/kg for till 

clay, 10,000 mg/kg for muck soil) than the EC25 identified in the 2001 Greenhouse Study 

(Jacques Whitford Ltd., 2004b), were collected from Port Colborne.  Within each soil 

type, they were blended to achieve a number of soil Ni concentrations between 

background and high.  Oat was grown in these soils to senescence; shoot biomass and 

seed yield were determined, as well as concentrations of Ni and Mn in the tissues. This 

study demonstrated that both shoot biomass and seed yields could be restored by 

remediation to control levels up to and including the highest soil total Ni concentrations 

tested.  Results of the study were as follows: 

 no remediation of the clay soil resulted in depressed yield at 2500 ppm Ni for clay, 

with tissue Mn deficiencies noted at all elevated soil Ni concentrations; 
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 no remediation of the muck soil resulted in depressed growth and yield at 10,000 ppm 

Ni  associated with elevated tissue concentrations of Ni, and Mn deficient plants at all 

soil Ni concentrations; 

 high liming of 2500 ppm Ni clay improved growth and yield, associated with a trend 

towards increased tissue Mn; 

 adding Mn to 2500 ppm Ni clay with no liming also improved growth and yield, 

associated with no  changes in tissue Mn; 

 combining Mn and low liming of 2500 ppm Ni clay improved growth and yield 

similarly to high liming alone, associated with a trend towards increased tissue Mn, 

an observation that was more marked at the high liming rate; 

 similarly, interactions among liming, Mn amendment and oat growth and yield were 

observed for the muck soil, suggesting that the observations are not restricted to the 

clay soil type.  

Summarizing the 2003 greenhouse study of Mn and liming, biomass yield at higher 

Ni concentrations in clay soils did not improve as much as expected with liming, and the 

hypothesis is that alleviation of Ni toxicity by liming was confounded by tissue Mn 

deficiencies, based on observed tissue Mn concentrations, and textbook suggestions of 

minimum tissue Mn concentrations (10 μg/g dw:  Marschner, 1988) required to meet 

sufficiency (Jacques Whitford Ltd., 2004b).  These Mn deficiencies were only noted at 

higher soil total Ni concentrations despite the fact that bulk soil total and soluble Mn 

concentrations were similar among soils with different Ni concentrations.  These 

observations raised two general questions:  why does raising soil pH in soils with 

elevated Ni concentrations have such unpredictable effects on plant Mn nutrition, and 
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what combination of liming and/or Mn amendment is the most appropriate remediation 

strategy for elevated Ni in these soils? Nutrient interactions can be mechanistically 

grouped into three types:  enhancement of requirement or response to one element by 

another; antagonistic/synergistic effects of one element that influences 

absorption/integration of the other (plant physiology); absorption/utilization of two 

elements are affected differently as a result of reactions with the soil or plant, or plant 

effects on soil chemistry (rhizosphere vs. bulk soil).   

The use of pot-grown plants to predict field-grown plant response has some 

limitations, particularly regarding root growth, and its effect on plant nutrition.  It is well 

recognized that for cationic elements, including Ni and Mn, the apical and sub-apical 

zones of the root tips are the sites of active uptake (Piñeros et al., 1998).  Thus, plants 

that are healthier as a result of liming may take up more Mn because there are more root 

tips.  As well, pot-grown plants only have high-Ni soil to exploit for nutrition and water, 

whereas in the field, the elevated concentrations of Ni are usually restricted to the plow 

layer, whereas plant roots penetrate deeper than this for nutrition and water. Finally, oat 

is quite sensitive to Mn deficiency (page 265 of Graham, 1988); however, it is the 

sentinel species of choice of the joint TRC for the remediation of Port Colborne soils, as 

it is also known to be sensitive to Ni, and is the species upon which the generic MOE soil 

quality guideline is based.  As other crops will be grown on the remediated soil, it is 

questionable whether Mn amendment as a remediation strategy is needed for crops that 

would be grown in Port Colborne under normal agronomic practice, i.e. corn, soybean 

and hay. At this point, it is unclear whether the liming and Mn amendment rates used in 

the greenhouse study (Jacques Whitford Ltd., 2004b) will have similar effects in the field, 
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and before a remediation strategy is recommended to the community, it must be field 

tested. 

Therefore, the objective of the field trial was to measure the effect of liming 

alkaline clay soils with high total soil-Ni concentrations on yield and accumulation of 

tissue Ni in oat and soybean.  Manganese amendments were also applied to some plots 

(soils and plants) to determine if this was required to ameliorate the anticipated reduction 

by liming of Mn availability.  It is hypothesised that liming Ni contaminated soils will 

decrease Ni uptake in to soybean and oat, or decrease the bioavailability of total soil-Ni 

to soybean and oat and increase the yield of soybean and oat.         
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MATERIALS AND METHODS 

Site 

The field study was conducted on three adjoining fields in Port Colborne Ontario, 

which is located on the north shore of Lake Erie (Figure 1). “Hruska West” (HW), 

“Hruska East” (HE) and “Snider” (SN) (42°53‟23.34”N, 79°13‟43.03”W, elev. 175m), 

are each approximately 1 ha.  A reference site located approximately 10 km away 

(42°52‟47.05”N, 79°06‟04.84”W, elev. 185m) was chosen for its similarity in 

microclimate and soil, except for concentration of soil Ni.  All field and crop 

management was contracted out to a local farmer, who applied the dolomitic limestone 

(summer 2004), and managed crop protection, planting and harvesting 2005-7.  Decisions 

on the timing of the application of pest management products and planting and harvesting 

of the crops were made in consultation with the farmer and availability of the required 

farming equipment that was rented from the local Farming Co-op (Clark Agriservice, 

Wellandport, ON). 

Three liming rates were tested at the Site, 50 t/ha (HW), 10 t/ha (HE) and 0 t/ha 

(SN).  The lime amendments, applied as dolomitic limestone (CaMg(CO3)2), were tilled 

into the soil in the summer of 2004.  Each of the three experimental fields was subdivided 

into 16 plots, each measuring 34 m by 12.8 m (Figure 2).  Due to the natural features in 

the SN field, its plots could not be laid out in a simple grid as were the plots of HW and 

HE (Figure 3).  Experimental plots were separated by a 4-meter buffer zone so that 

individual plots could be harvested with a combine (Figure 1). 

Eight of the 16 plots in each field had the soil amended with 100 kg Mn/ha 

(Figures 2 and 3); these plots also had 8 kg/ha Mn (as MnSO4) applied directly to the 
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foliage with backpack sprayers in mid July if symptoms of Mn deficiency were noted 

during the growing season.  Five soil cores (top 15 cm) were sampled from each plot in a 

“W” pattern, homogenized in Ziploc bags and air dried.  The dried soils were lightly 

ground with a pestle and mortar, homogenized, sieved through a 2 mm Teflon sieve and 

analyzed for total metal concentrations using aqua regia digestion followed by analysis 

by inductively coupled plasma (ICP) spectroscopy. 

A total of three field seasons were planted at the experimental and reference sites.  

In 2005, half the fields were planted with oat, Avena sativa, (AC Rigodown, Certified 1-

OMAF) and the other half of the fields were planted with soybean, Glycine max, (29- FL-

2R) (Figures 2 and 3).  Due to poor soybean performance in 2005, the experimental and 

reference fields were planted completely with soybean in the 2006 field season.  Soybean 

and oat were planted in the 2007 field season. 

2005 Field Season 

Fertilizer (NPK) was applied to the oat plots at a rate of 224 kg/ha (18:18:18) and 

at a rate of 168 kg/ ha (6:24:24) to the soybean plots on the 15
th

 and 16
th

 of May 2005. 

These rates of fertilization were based on soil fertility testing and recommendations from 

Clark Agri Services using standard fertility rates recommended by OMAFRA.  Eight 

plots in each of the three fields were planted with oat and 8 plots in each of the three 

fields were planted with soybean on May 17
th

, 2005
 
(Figures 2 and 3).  It was randomly 

determined which side of each field would be planted with oat or soybean.  Oat was 

planted at a planting density of 0.08 t/ha and soybean was planted 0.1 t/ha.  Both crops 

were planted with a John Deere 1560 no till drill, set to a depth of 3 cm.  The rows were 
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spaced 19 cm apart. Oat was combine-harvested in mid-August and early September 

from the experimental and reference fields, respectively; each plot was harvested 

separately for the determination of agronomic yield.  Soybean did not grow well, and was 

not harvested, thus agronomic yield was not determined. 

2006 Field Season 

The three experimental fields were prepared and planted as in 2005, except that 

prior to planting, the fields were sprayed with Round-Up™, and then all 16 plots in each 

field were planted with soybean (29- FL-2R).  Oat was not planted in 2006 to increase the 

chance of obtaining soybean yield data.   

The soybean began to show symptoms of Mn deficiency, presenting itself as 

interveinal chlorosis (Camberto, 2001), in the early July at the V6/V7 stage of 

development. In mid-July, the “Mn plot” foliage was sprayed with MnSO4 at a rate of 8 

kg/ha, which is typical for Mn-deficient crops (OMAFRA, 2002), using a backpack 

sprayer. Young leaves at the top of the canopy from each plot were sampled in triplicate 

for tissue Ni concentrations at 10 m intervals across each plot. The reference field at 

Point Abino was sampled at 12 random locations in mid-August.  The samples were oven 

dried (70°C) for three days, and then stored in the lab until analysis.   

An extremely wet fall prolonged die back and desiccation of the soybean, so a 

commercial dessicant (Reglone, Syngenta Crop Protection Canada Inc, Guelph, ON) was 

applied to the soybean in early October to enable harvest.  Then, a snowstorm in early 

October knocked down the majority of the soybean crop, making it impossible to harvest 

the crop with a combine.  To estimate the 2006 soybean yield, entire plants were hand 
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harvested in early November from three 1m
2
 sub-samples areas from each plot (144 sub-

samples total).  The soybean plants were placed in large nylon bags and dry-stored until 

being threshed on a portable electric thresher. No adjustment for field moisture was 

made.  The yields from the three 1m
2
 sub-plots were scaled up to estimate the agronomic 

yield per field plot. 

2007 Field Season 

The fields were prepared and planted as in 2005, except that prior to planting, the 

fields were sprayed with the herbicide Round-Up™, and the planting locations for oat 

and soybean were switched.  The oat began to show symptoms of Mn deficiency, which 

presents itself as interveinal yellowing with grey or buff coloured streaks on the lower 

half of the older leaves, in the early stages of stem extension (Siebielec and Chaney, 

2006).  The oat also showed symptoms of iron deficiency, which is expressed in young 

leaves as interveinal stripes progressing to severe chlorosis, across all experimental fields 

with the worst symptoms expressed in the 0 t/ha field (SN). At the end of May, the “Mn 

plot” oat and soybean plants were sprayed with MnSO4 at a rate of 8 kg/ha, which is 

typical for Mn-deficient crops (OMAFRA, 2002), using a backpack sprayer.  In early 

August, five oat plants were sampled, 5 cm from the ground surface, at 10 m intervals on 

the diagonal in each plot for a total of 15 oat plants per plot.  Plants were stored in paper 

bags and oven dried (70°C) for 1 week, after which seed was separated from shoot for 

analysis.  At the same time, soybean leaves from each plot were sampled in triplicate at 

10 m intervals on the diagonal in each plot.  Chlorotic and non-chlorotic leaves were 
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sampled separately.  Samples were oven-dried in paper bags (70°C) for 1 week before 

analysis. 

Each plot of oat was combine harvested in late August and emptied into a weigh 

wagon for the determination of agronomic yield.  No adjustment for field moisture was 

made.  Seed was sampled from each plot for Ni concentration.  The soybean was sprayed 

with Reglone in late September, and harvested in early October, separately for each plot. 

Snider Field Paired Soil/Plant Sampling 

The wide range in plant performance for soybean within the unlimed (SN) field 

was further investigated by carrying out a paired soil and plant analysis along transects in 

the centre of the field where variation in plant performance was very obvious.  Each of 

five replicate transects, with plants ranging in performance from very poor to normal, had 

five locations identified, which were approximately equally spaced (1 being the 

unhealthiest plant and 5 being the healthiest (i.e. a plant with large biomass, good colour 

and overall healthy appearance)).  At leach location on each transect, the soil was 

sampled and analyzed as described below, plant health was visually assessed as described 

above, and foliage sampled for determination of Ni concentration, as described below.  

Additionally, clearly visible gradients were identified at the perimeter of the unlimed 

field; as these gradients were far more abrupt than those in the centre of the field, six 

shorter transects were identified, each with only two sampling locations (unhealthy and 

healthy plants), and soils and plants were sampled as described above. 
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Soil Sampling and Analysis 

 The soils were re-sampled, for comparison with the 2005 sampling, after the 2007 

harvest, in either late August (oat plots) or early October (soybean plots).  Five soil cores 

(top 15 cm) were sampled from each plot in a “W” pattern, combined in Ziploc bags and 

broken into smaller aggregates prior to air drying, to prevent the heavy clay from 

becoming too hard to subsample.  The dried samples were lightly ground with a pestle 

and mortar, homogenized and sieved through a 2 mm Teflon sieve. Total Ni 

concentration for each soil was determined by aqua regia digestion followed by ICP 

analysis.   

Soluble Ni was determined with a CaCl2 solution as an estimate of plant-available 

Ni (Hendershot et al., 2008).  Sub-samples of the soil were oven dried overnight at 65°C 

prior to adding a 25 mL aliquot of 0.01 M CaCl2 to 2.5 g of dry, sieved soil in a 50-mL 

Boston type polyethylene centrifuge tube.  Each tube was shaken for 3 hours in a 

modified orbital shaker, then spun in a centrifuge at 5000 × g for 10 min, and filtered 

(Whatman 42 filter paper) into a 30 ml mL polyethylene bottle.  The pH of the filtrate 

was measured with a glass pH probe, followed by the addition of 0.2 mL of 10% HNO3, 

as a preservative.  Nickel concentration was determined by Flame Atomic Absorbance 

Spectrometer (FAAS) within a week of the extraction.  This procedure was followed as 

described in Carter and Gregorich (2008), with the exception that the sample was filtered 

through Whatman 42 filter paper under ambient pressure instead of filtering through 0.45 

µm nylon or polycarbonate membrane filters under a vacuum. 
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Tissue Ni Analysis 

Dried soybean leaves were re-dried overnight at 70°C prior to hot-acid digestion 

using the closed Teflon vessel method of Topper and Kotuby-Amacher (1990) for 

analysis of Ni concentration. Desiccated leaves were crumbled by hand with gentle 

pressure. One gram of dry, ground soybean foliage was weighed out into a Teflon 

digestion vessel and 10 ml of 16M HNO3 was added, vented for 4 hours, then capped and 

placed in a 110°C oven over night.  The samples were diluted to 25 ml with nano-pure 

water, filtered (Whatman 42 paper) and then analysed for Ni concentrations using a 

Flame Atomic Absorbance Spectrometer.   

Soybean seed was ground to a coarse powder using the KitchenAid grinder and 

placed in snap cap vials.   The samples were dried overnight (70°C) prior to analysis.  

One gram of dried, ground soybean seed was weighed directly into a 60 mL Teflon 

digestion vessel (Savillex).  Nine mL of trace metal grade HNO3 (Caledon Laboratories) 

and 3 mL trace metal grade HCl (Caledon Laboratories) were added to the digestion 

vessel and swirled slowly.  Because of the high oil content of the beans, a 5 mL aliquot of 

ACS grade 30% H2O2 (Fisher Scientific), no more than 2 ml at once, was added to the 

acid mixture, slowly to keep frothing to a minimum.  The digestion vessel was 

periodically swirled to dissipate trapped gas until all peroxide was added, then loosely 

capped and allowed to predigest overnight (longer than normal because of the high oil 

content of the beans) in a fume hood.  The next morning, the vessels were swirled once 

more to release any remaining gas, capped tightly with the wrenches and then placed in 

an oven at 110°C for 6 hours, removed from the oven and allowed to cool.  The vessels 

were then uncapped and vented in the fume hood; when fumes were no longer visible, 
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each sample was filtered (Whatman 42 paper) into a 25 ml volumetric flask.  The samples 

were diluted to 25 ml with nano-pure water, transferred to a 30 ml polyethylene bottle 

and stored in a refrigerator until FAAS analysis. 

The same procedure was used for the analysis of the Oat seed and leaves for Ni 

concentration, with the exception that they were ground to a coarse powder with a 

stainless steel KitchenAid Blade Coffee Grinder (model #BCG1000B1).  In between 

samples, the grinding container was cleaned using a compressed air line, rinsed with 

Nanopure water and dried using Kimwipes.  A sub-sample of the Oat seed and leaves 

were ground with mortar and pestle to evaluate for Ni contamination of the sample from 

the stainless steel blades of the grinder. 

Flame Atomic Adsorption Spectroscopy  

All tissue sample digestions as well as the CaCl2 soil extracts were analysed using 

a Varian SpectrAA 220 FAAS.  NIST Standard Reference Material 1570a (Spinach 

Leaves) was digested with each round of samples as a quality control check of Ni 

recovery by the digestion procedure.  As part of the quality control procedure, CaCl2 

samples were run in triplicate to ensure a repeatable reading on the FAAS as it was not 

certain if the salt would interfere with the instrument (Hendershot et al., 2008).  If the 

value of the sample fell outside 2 standard deviations, calculated for all measurements of 

that sample, the whole batch would be re-analysed.  A standard curve was generated for 

the FAAS by manually diluting a 1000 ppm Ni standard solution to three concentrations 

that surrounded anticipated sample concentrations.  A Ni standard equal to the middle 

concentration of the calibration curve was run after every 10 samples to check for sample 
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drift.  If the QC check was off by more than 10% of the actual value, the calibration curve 

was re-run. 

Consideration of Nickel Contamination during Sample Handling 

 Nickel is found in many metal alloys.  Where possible, metal tools such as 

scoopulas, scrapers and sieves were replaced with plastic and/or Teflon alternatives.  

Non-metal replacements for field soil sampling equipment (e.g. soil core probe) were not 

available, however, due to the high concentrations of Ni in soil, the contribution of 

contamination to the assay was likely negligible.  As a metal alternative was not available 

for the coffee grinder used to reduce plant tissue samples, subsamples of tissues reduced 

to small particles by other methods (e.g. mortar and pestle) were analysed to evaluate 

whether contamination had occurred.  The tissue from plants grown on the Point Abino 

reference fields also served as a check for this contamination, by comparison with known 

typical tissue concentrations for Ni in soybean (1.56 mg/kg (Reddy and Dunn, 1986)) and 

oat (<3 mg/kg (Mishra and Kar, 1974)).  All glassware, plastic and Teflon containers 

used in any experimental procedure were soaked in a 10% HNO3 acid bath for a 

minimum of 4 hours and then rinsed 4 times with distilled water and 4 times with nano-

pure water and allowed to air dry prior to use.   

 Statistical Analysis 

General Linear Model (GLM; SAS 9.1(SAS Institute 2003)) was used to attribute 

variance in soil chemistry parameters, as well as plant yield, to the main effects of liming 

and Mn amendment, and their interaction, after ensuring that the assumptions of ANOVA 

were satisfied (experimental errors are random, independent of the mean, and normally 
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distributed about a zero mean with a common variance). A difference among means as 

indicated by a significant F-test (p-value < 0.05) in the ANOVA was further explored 

using Tukey‟s HSD Test.   

As this study did not manipulate the Ni concentration in the field soils, the total 

Ni concentration in soil varied both among fields and among plots within fields; 

examination of the data using the Kolmogorov-Smirnov test, suggested that there were 

main effect comparisons with similar mean soil Ni concentration but quite different 

maxima and minima.   For comparisons within year, this likely contributed to variance 

associated with the mean yield for each „treatment‟, reducing the precision of statistical 

testing.  As well, as crops were rotated among different sets of plots each year, the range 

in concentration of soil Ni to which they were exposed also varied, complicating 

comparisons among years.  Regression of Ni accumulation in tissue, as well as yield, 

against soil [Ni] for each treatment was calculated separately for the 2006 and 2007 

soybean data, as well as the 2007 oat data.  The parameters soil pH, CEC and OM for 

each plot were sequentially added to the regression model to determine if they would 

improve model fit (i.e. “forward regression”).  Finally, the soil [Ni] was expressed as 

either “pseudo-total” or CaCl2 extractable. Soil Mn concentration was ignored in this 

analysis as there was no main effect of Mn on yield.   

As the mean and range of total soil Ni concentrations associated with the simple 

effects of lime and Mn amendment varied within and among years, a bioavailability 

index, or plant uptake factor (PUF, Eqn. 1) (Efroymson et al., 2001) was calculated to 

normalize the relationship between Ni concentration in foliage and soil, allowing 

comparison of plant response data within and among years: 
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        Eqn. 1 

 Pearson correlation matrices were calculated to evaluate the relationship among 

variables to be used in PROC GLM in the models.  These matrices were used to 

determine which variables were autocorrelated and thus be somewhat redundant to 

include in the regression model.  Soil pH as well as total soil Ni concentration was 

included in all models.   
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RESULTS 

Soil Conditions 

  Total soil concentrations for As, Co, Cu and Ni were higher in the experimental 

fields than in the reference field, and among the experimental fields, were highest in the 

10 t/ha of lime plots (Table 1).  Soil pH increased with rate of limestone application, and 

the pH with no limestone amendment (SN), was similar to that of the reference (unlimed, 

uncontaminated) field (Table 2a).  The differences among fields in soil organic matter 

content or cation exchange capacity (i.e. the reference field is lower than the 

experimental in both parameters) were not related to application of lime (Table 2b).  The 

higher organic matter content in soil measured in the experimental fields may be 

attributed to the fields being left fallow for many years prior to being cultivated for the 

current experiment.  The average concentration of soil Ni in the HE plots, which received 

10 t/ha of lime, was the highest of the three fields (Table 1).  CaCl2 extractable soil-Ni in 

the 10 t/ha of lime plots did not differ from that of the HW plots, receiving lime at 50 

t/ha; however, both 10 t/ha of lime plots and the 50 t/ha of lime plots contained less 

extractable soil-Ni than SN plots, which received no lime (0 t/ha) (Table 1).  Soils in the 

10 t/ha of lime plots had the highest average concentrations of copper, cobalt, arsenic and 

iron (Table 2).  The 50 t/ha of lime plots had the lowest average concentration of total 

iron (Table 1). 

For some of the trace elements, the average of the plot concentrations within a 

field represented a substantial range in values.  The spatial distribution of the individual 

plot concentrations of soil Ni for each of the fields reflected the location of the point 
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source (approximately southwest of the fields as shown on Figure 1), as well as the 

prevailing winds and roughness in the field surface.  As expected, higher concentrations 

of total soil Ni were located in the southern portions of the fields (Figure 4).  The highest 

concentrations of Ni were found in the 10 t/ha of lime plots suggesting that this was 

where the stack plume typically touched down.  Spatial distribution of CaCl2-extractable 

soil Ni concentrations were not at all similar to those for total soil Ni (Figure 5).  The 

highest CaCl2-extractable soil Ni concentrations were found in the SN field, the field with 

the lowest soil pH. 

Manganese Amended versus Non-manganese Amended Plots 

A series of unpaired t-tests were completed to determine if Mn amended plots 

within experimental fields produced lower plant uptake factors for Ni and higher yields.  

There was no difference (p>0.05) between plots amended with Mn and plots that were 

not amended with Mn within fields, for either of these endpoints.  A t-test was carried out 

for each experimental field, crop and year.  Since Mn amendment had no effect on plant 

uptake factors or yield, Mn treatments were not included as a factor in subsequent 

statistical analyses and is not discussed further.  This outcome suggests that manganese 

deficiency was not a confounding factor in this study as has been suggested by others as a 

possibility (Siebielec and Chaney, 2006).  

2005 Field Season- Oat Only 

There was no difference in average total soil Ni concentration between the 50 t/ha 

and the 0 t/ha lime field.  There was also no difference between the 10 t/ha and the 0 t/ha 

lime field.   The mean value ranged between 2420 and 2860 mg Ni/kg soil (Table 3).  The 
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greatest oat yield was observed in the unlimed (0 t/ha) plots, with an average yield 75.4 

kg/plot (Table 3). This yield scales up to approximately 1.7 t/ha, which is marginally 

higher (8%) than the 1.6 t/ha oat yield for Niagara County in 2005 (Table 4) (McGee, 

2009).   Oat yield in the two lime treatments were statistically similar, but with greater 

precision, yield would likely have been lower in the plots limed to 50 t/ha (HW) (Table 

3).   

Most notably, oat yield in the unlimed reference Point Abino plots was lower than 

the unlimed (0 t/ha lime) Ni-contaminated plots, and the same as the 50 t/ha limed Ni-

contaminated plots (Table 3).  Optimum soil pH for oat growth is 5.0 to 6.5, but it can 

tolerate soil pH as low as 4.5 (Verhallen et al., 2003).   As the average soil pH for the 

reference Point Abino plots and the 0 t/ha lime plots was similar (i.e. 5.2 vs 5.39) (Table 

3), and total Ni concentration in soil was the same between the 0 t/ha and 50 t/ha lime 

plots, it is possible that oat yield in the 0 t/ha lime plots was responding negatively to soil 

pH and was unaffected by total Ni concentration in soil 10x greater than the Ontario 

guideline. 

2006 Field Season- Soybean Only 

Total soil Ni concentration was higher in the 10 t/ha lime plots (3187 mg Ni/kg 

soil) than in the 50 t/ha lime (2598 mg Ni/kg soil) and SN plots (2345) (Table 5).  The 

maximum accumulation of Ni in foliage was observed in the 0 t/ha lime plots, 46.19 

µg/g, a higher concentration than in either of the 50 t/ha lime plots, or the 10 t/ha lime 

plots (Table 5).  The 0 t/ha lime plots had the lowest concentration of total soil Ni, and 
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the highest concentration in foliage, suggesting maximum availability as would be 

expected from unlimed soils.  

The greatest bioavailability indices, or plant uptake factor (PUF), was seen in the 

0 t/ha plots (1.89%) (Table 5).  The PUF from the reference field, in which both soil and 

plants had low concentrations of Ni, was greater than the PUF of both the 50 t/ha and 10 

t/ha fields (Table 5).  When scaled up, the average yield (t/ha) for all of the treatments 

was lower than the 3.0 t/ha average for soybean in Niagara County in 2006, with percent 

differences ranging from -60% in the 10 t/ha lime plots to -137% in the 0 t/ha lime plots 

(Table 6).  However, the average yield in the Point Abino reference field was also below 

the Niagara County average in 2006 with a percent difference of -46%.  

 The yields of the limed plots were similar to that of the reference field, although 

the yield of the 10 t/ha lime plots were more similar arithmetically to the yield from the 

reference field, than were the 50 t/ha lime plots.   Two yield values for the 0 t/ha lime 

field were calculated, one value incorporating all plots and one excluding the eight centre 

plots (Table 5).  The eight centre plots were excluded as these plots did not produce a 

viable crop for either soybean or oat, and the lack of growth may not have been as a 

result of the lack of lime treatment.  The plots were also excluded as the mean of the 0 

t/ha lime plots would be composed of two groups of data, zeros and positive values, 

which would not have been statistically robust.  The eight centre plots of the 0 t/ha lime 

field had a soil type more similar to the 10 t/ha and 50 t/ha lime plots, whereas the eight 

outer plots of 0 t/ha lime field were darker in colour and appeared to have a more organic 

material texture than the other plots.  The average percent organic matter of the eight 

outer plots and the eight centre plots were 18.8% and 12.9%, respectively, which are not 
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statistically different.  However, the cation exchange capacity of the outer and centre 

plots were different with values of 41.2 and 26.4 cmol
+
/kg, respectively, suggesting that 

soil type influenced bioavailability of Ni to plants.  When the eight centre plots are 

removed from the yield calculation there was no longer any difference among lime 

treatments.  This observation is supported by the recently developed „PNEC calculator‟, 

derived from studies which determined that eCEC was one of the two soil chemistry 

parameters that predicted toxicity of soil Ni to organisms (Smolders et al., 2009). 

2007 Field Season- Soybean 

Mean total soil Ni concentration was higher in the 10 t/ha lime field compared to 

the 0 t/ha lime field planted with soybean in 2007 (Table 7).  Soil pH increased with 

liming rate (Table 7).  Calcium chloride extractable Ni ranged from 5.59 mg/kg in the 50 

t/ha lime plots to 29.84 mg/kg in 0 t/ha lime plots and decreased with increasing lime 

treatments; however, there was no difference in calcium chloride extractable Ni between 

lime treated fields (Figure 7).  Concentration of Ni in soybean seed was lowest in the 50 

t/ha limed field.  Ni accumulation in foliage increased as rate of soil liming decreased.   

Plant uptake factors for beans and foliage were lower in the lime treated fields (Table 8).  

There was no effect on soybean yield, as all plot means from the contaminated soils, 

regardless of lime treatment, were similar to that of the reference, uncontaminated field 

(Table 8).  The average yield of soybean in the three experimental fields was greater than 

the 2007 Niagara County average of 1.3 t/ha (Table 6).  Experimental soybean yields in 

2007 were greater overall than in 2006 and may be attributed to the use of a combine for 



 

25 

 

harvesting, allowing for a better yield estimate than the arithmetic scaling used in the 

hand harvest 2006.  The reference field had the greatest yield. 

2007 Field Season - Oat 

Total soil-nickel concentrations were highest in the 50 t/ha lime fields and lowest 

in the 0 t/ha lime fields planted with oat in 2007 (Table 9).  Soil pH increased with lime 

application and was different among the three fields (Table 9).  Calcium chloride 

extractable soil Ni concentrations ranged from 10.97 mg/kg in the 50 t/ha lime plots to 

48.61 mg/kg in the 0 t/ha lime plots and decreased with increasing lime treatments (Table 

9, Figure 5).  Calcium chloride extractable soil Ni concentrations did not differ between 

the 50 t/ha and 10 t/ha lime plots, but extractable soil Ni concentration in the untreated 0 

t/ha lime field was higher than the treated fields (Table 9).  

The 0 t/ha lime plots did not support growth of oat past the first month of the 

season; these were the same plots that did not yield soybean in 2006.  As was discussed 

earlier, by visual inspection the eight centre plots of the 0 t/ha field were classified as a 

loam, similar to the 50 t/ha and 10 t/ha lime plots.  The eight outer plots of the 0 t/ha lime 

field consisted of a darker organic material than the other plots in the 0 t/ha lime field, 

although measured percent organic matter was not different.  Unlike percent organic 

matter, measured cation exchange capacity in the outer and centre plots were different, 

suggesting that soil type, rather than soil contaminants, may have reduced crop growth in 

the centre plots.  Therefore, no data were obtained from the 0 t/ha lime plots for oat in 

2007.  Mean yields in the 10 t/ha lime plots were greater than the 50 t/ha lime plots 

(Table 10).  When scaled up, yield from the reference field (2.86 t/ha) exceeded the 1.5 
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t/ha average yield for oat in Niagara County, in 2007 by 62%; scaled-up yield from the 

50 t/ha and 10 t/ha lime fields averaged 1.69 and 2.07 t/ha, also above the Niagara 

County average for 2007. The 2007 oat yields in the experimental fields were greater 

than realized in 2005 (p<0.05).  Prior to 2005, the experimental fields were not actively 

used for agriculture production and were fallow.  The commencement of agronomic 

practices in 2005 may have created improving growing conditions for the crop unrelated 

to the lime treatments applied to the fields. 

The PUF for Ni in oat seed was greater at 50 t/ha lime than at 10 t/ha lime (Table 

10); PUF for Ni in oat foliage showed the same trend, (Table 10). 

Paired Soil and Plant Analysis along Gradient in Plant Health 

Plant health was ranked on a scale from 1 to 5, with 1 being the unhealthiest plant 

and 5 being the healthiest (Figures 6 and 7).  Healthier plants were from soils with higher 

pH and lower extractable Ni compared to unhealthy plants, which were typical of soils 

with lower pH and high CaCl2 extractable Ni (Table 11 and 12).  In order to separate the 

effect of soil pH, alone, on plant health from its effect on plant health through increasing 

the proportion of total soil Ni that is plant-available, the variation in plant health 

attributed to soil pH was determined in combination with either total soil Ni (Figure 8) or 

extractable soil Ni (Figure 9) (Tables 13a and 13b). To compare the influence of soil pH 

and soil Ni concentration independent of their individual measurement scales, 

standardized regression coefficients were calculated by subtracting the mean from each 

datum, the residual of which is divided by the standard deviation.  Neither regression 

model explained a large proportion of the total variability in the data (R
2
 of 0.45 vs. 0.38, 
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total soil Ni vs. extractable soil Ni, respectively), suggesting that factors additional to 

these two might have been important determinants of plant health.  For neither model was 

there a statistical interaction between soil pH and soil Ni, and only for „total soil Ni and 

pH‟ were the regression coefficients different from zero, with negative and positive signs, 

respectively.  Neither coefficient in the „CaCl2 soil Ni and pH‟ regression was different 

from zero, although the F value for the overall model was significant (Tables 13a and 

13b).  The standardized regression coefficients for total soil Ni and soil pH were similar 

in size, suggesting that they have roughly equal effect on plant health.  This is consistent 

with the stoichiometry of a suggested mechanism of effect, i.e. that protons displace Ni 

from soil, increasing its availability to roots.  At face value, these two regression 

relationships suggest that the effect of soil pH on plant health is only through its effect on 

availability of soil Ni, something that is corroborated by the increase in concentration of 

Ni in plant tissue as plant health decreases and concentration of extractable soil Ni 

increases (Table 12).  However, the loss in fit between the two models suggests that 

something else is affecting plant health besides bioavailable Ni: perhaps pH affected 

plant health, for example impeding nutrition, in addition to its effect on Ni speciation in 

soil.  

The unhealthy plants from the perimeter of SN were from soils with a lower pH 

(p<0.05) and higher extractable Ni (p<0.05) than the healthy plants, which had a higher 

pH and lower extractable Ni in soil (Table 14, Figure 10).  The healthy plants had the 

same concentration of total nickel in soil as the unhealthy plants (Table 15, Figure 11).  

There was a strong negative correlation between pH and extractable Ni, while there was 
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no correlation between total nickel and pH nor between total Ni and extractable Ni (Table 

16).  This suggests that bioavailable Ni is controlled by soil pH.   

Statistical Analysis – Sequential Linear Regressions and Pearson Correlations 

A challenge associated with this field study was the heterogeneity of total soil 

[Ni] as well as other soil parameters within the liming „treatments‟, not to mention among 

the liming treatments.  Regression of Ni accumulation in tissue, as well as yield, against 

soil [Ni] for each treatment was calculated separately for the 2006 and 2007 soybean 

data, as well as the 2007 oat data (Figures 12 to 19; Tables 17 to 19).  The parameters soil 

pH, CEC and OM for each plot were sequentially added to the regression model to 

determine if they would improve model fit (i.e. “forward regression”).  Finally, the soil 

[Ni] was expressed as either “pseudo-total” or CaCl2 extractable. 

There was a strong positive correlation between OM and CEC in all three data 

sets.  For soybean in 2006, there was a positive correlation between CEC and total soil 

[Ni], OM and pH, OM and total soil [Ni], OM and extractable soil [Ni], pH and 

extractable soil [Ni].  There was a negative correlation between CEC and extractable soil 

[Ni], pH and total soil [Ni], and total soil [Ni] and extractable soil [Ni] (Table 20).  These 

same trends were not seen in the 2007 soybean results, with positive correlations between 

OM and pH, OM and extractable soil [Ni] and pH and extractable soil [Ni] (Table 21). 

There were a similar number of correlations between pairs of variables in the 

2007 oat data as there were in the 2006 soybean data, although the correlations were not 

between the same variables (Table 22).  There was a positive correlation between CEC 

and total soil [Ni], OM and total soil [Ni] and pH and extractable soil [Ni].  There was a 
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negative correlation between CEC and pH, CEC and extractable soil [Ni], as well as total 

soil [Ni] and extractable soil [Ni] (Table 22).  Extractable soil [Ni] and total soil [Ni] 

were redundant, as were CED and OM, so either one or the other of each pair was used in 

the regression equations. Percent organic matter was used in the regression equations 

rather than CEC because on average OM% resulted in regressions with higher r
2
 than 

those using CEC instead. 

Extractable soil [Ni] was better at explaining yield and tissue [Ni] than was total 

soil [Ni] when a simple linear regression was applied to the 2006 soybean data, r
2
 = 

0.4134 vs r
2
=0.2744 and r

2
 = 0.6365 vs r

2
=0.5204, respectively (Table 17).   Extractable 

soil [Ni], unlike total soil [Ni], was negatively correlated to yield, and extractable soil 

[Ni] was positively and more closely related to tissue accumulation than total soil [Ni].  

The relationship of total soil [Ni] with yields and tissue [Ni] is unexpected in that the 

regressions suggest that yield increases with increasing soil [Ni] and tissue [Ni] increases 

with decreasing soil Ni. 

For soybean in 2007, extractable soil [Ni] was better at explaining tissue [Ni] than 

total soil [Ni], r
2
 = 0.7747 vs r

2
=0.5641.  However, total soil [Ni] was better than 

extractable soil [Ni] in explaining yield, r
2
 = 0.3387 vs. r

2
=0.2865, respectively (Table 

18), suggesting that other factors in addition to soil [Ni] are influencing yield.  The r
2
 

values in the yield models were fairly similar for both total and extractable soil [Ni] and 

are both negatively correlated, suggesting that a decrease in soil [Ni], total or extractable, 

results in higher yield.  When tissue [Ni] was the dependent variable, extractable soil [Ni] 

explained more variation than total soil [Ni], and both were positively correlated with 

tissue Ni concentrations suggesting that an increase in Ni in the soil increases the Ni 
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concentration in soybean tissue.  The effects of soybean tissue Ni on yield was also 

evaluated (Figure 20).  A decrease in yield was observed as soybean tissue Ni increased. 

Unlike soybean, total soil [Ni] was better at explaining yield and tissue [Ni] than 

was extractable soil [Ni] for oat harvested in 2007, r
2
 = 0.6053 vs r

2
=0.101 and r

2
 = 0.423 

vs r
2
=0.3986, respectively (Table 19).  Although total soil [Ni] explained more variation 

in oat yield than extractable soil [Ni], it had a positive coefficient.  As with soybean 

tissue Ni accumulation in the 2006 soybean data, this was unexpected with an increasing 

soil Ni concentration.  The predicted oat tissue Ni concentration was also inversely 

related to both total and extractable soil Ni.  Similar to the soybean results, a decrease in 

yield was observed as oat tissue Ni increased (Figure 21). 

 These relationships demonstrate that “bioavailability” should be taken into 

account at this site when calculating risk to agronomic crops.  For oat, total soil [Ni] 

better explained variability in yield than did extractable soil [Ni]; for tissue accumulation 

of Ni, either explained the same proportion of total variability (Table 19);  addition of soil 

pH and CEC reduced the amount of unexplained variation in both yield and tissue 

accumulation of Ni (Table 19).  For soybean, accumulation of Ni in tissue was more 

attributable to soil parameters than was yield; for oat, the reverse was true. 

The multiple linear regressions generated with the 2006 soybean data (Table 17) 

were used to predict both yield and tissue accumulation of Ni in the 2007 soybean.  Since 

the regressions that incorporated soil [Ni] (both total and extractable), pH and CEC 

generally generated best r
2
 values, the following four equations were tested:  

[Ni] in Shoots = 24.63 + 0.001Ni + 2513324 H
+
 + 0.001CEC  Eqn. 2 

[Ni] in Shoots = 20.17 - 0.79extractable Ni + 1047687 H
+
 - 0.066CEC  Eqn. 3 
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Yield = 6.616 - 0.002Ni - 2589833 H
+
 + 1.48CEC  Eqn. 4 

Yield = 13.65 - 0.90extractable Ni - 869144 H
+
 + 1.46CEC  Eqn. 5 

Total soil [Ni] consistently over predicted the tissue [Ni] of the 2007 soybean 

(p<0.005) (Table 23).  Percent differences ranged from 4.83 % to 129.42 %.  The higher 

percent differences were generally associated with lower soil pH.  Although extractable 

soil [Ni] generally under predicted the tissue [Ni] of the 2007 soybean (Table 24), the 

means of the measured and predicted values were not different from zero (p>0.05).  

Percent differences ranged from -129.25 % to 65.49 %.   When positive and negative 

percent differences with similar absolute values (e.g. 65.49 versus -65.62) were 

compared, extractable soil [Ni] was consistently lower and soil pH was higher in the 

under predicted values.    

Total soil [Ni] under predicted the yield of the 2007 soybean (p<0.005) (Table 

25).  Negative yields, which imply no plant growth, were predicted for soils with a pH < 

5.  The lowest predicted 2007 soybean yield was generated for the plot with the lowest 

total soil [Ni] and lowest soil pH.  Extractable soil [Ni] also generally under predicted the 

yield of the 2007 soybean (p<0.005) (Table 26).  However, negative yields were only 

predicted for soils with a pH < 4.3 and the percent difference was much tighter ranging 

from -220.75 % to -8.66 %.  This further demonstrates that that “bioavailability” should 

be taken into account at this site when calculating risk to agronomic crops in the context 

of nickel accumulation but not for crop yield. 
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DISCUSSION 

The data from the present study can be compared to existing knowledge of plant-

soil relationships for Ni, most of which comparisons offer an opportunity to validate (or 

not) models or relationships determined largely in controlled settings, with field data 

from aged, weathered refinery emissions.  Plant-response data from these settings are 

quite rare, so the present study offers very valuable opportunities to develop better 

uncertainty estimates, for example, that typically accompany Hazard Assessment when 

field data are not available.  There are three existing frameworks for plant-soil 

relationships that are relevant for comparison with the present data: 1) the Terrestrial 

Biotic Ligand Model (TBLM) which predicts toxicity as modified by the bioavailability 

of trace elements in soil, controlled by soil chemistry; 2) soil chemistry combined with 

source-sink models for distribution of trace elements among tissue compartments of 

plants; and 3) empirically-derived toxicity models that are used for regulatory purposes.   

1) Terrestrial Biotic Ligand Model for Predicting Toxicity 

The results of the present study suggested that for soybean, neither total nor 

extractable soil Ni, alone, was good predictor of toxicity, however the addition of soil 

chemistry factors known to influence bioavailability improved these relationships for 

both expressions of soil Ni.  For oat, total soil Ni, alone, was a good predictor of toxicity, 

and not improved by the addition of soil chemistry factors; for oat, extractable soil Ni 

was never a good predictor of yield.  A TBLM for Ni toxicity to barley (Hordeum 

vulgare) in hydroponic culture was developed by Lock et al. (2007), using root 

elongation as the endpoint; their data indicated that Ca
2+

, Na
2+

, K
+
 and H

+
 did not 

influence Ni
2+

 toxicity to the plants, while increased {Mg
2+

} increased EC50Ni
2+

.  The 
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authors suggested that of the potential Ni
2+

 competitors, Mg
2+

 had the most similar ionic 

radius, thus it could both compete mathematically for uptake, and, cause a „down 

regulation‟ of Mg transporters which would reduce Ni uptake.  The authors also noted 

that the tissue [Ni] associated with a 50% reduction in root growth was higher for plants 

co-exposed to elevated Mg, suggesting that Mg may have also competed with Ni 

internally for the site of toxicity.  As there was no solid phase in the study by Lock et al. 

(2007), their results isolate the effect of the modifying factors on plant physiology, alone.  

From their study, it can be inferred that the effect of pH on yield (and to a lesser extent, 

tissue Ni concentration) noted in the present study is via the Ni
2+

 equilibrium between 

soil solids and solution, rather than between soil solution and plant solids.  However, as 

CEC (or OM) was also a modifier in these relationships, perhaps the correct conclusion is 

that while „extractable soil Ni‟ is a better predictor of yield and tissue Ni than is total soil 

Ni (using a 2 M HNO3 extraction), it doesn‟t obviate the need to consider soil chemistry.  

 2) Soil Chemistry With or Without Source-Sink Models for Predicting Tissue 

Accumulation 

When looking for relationships between soil chemistry and metal uptake or 

accumulation by plants, research including the current project has focused on the 

bioaccessible or extractable metal in soil and the concentration of metal accumulated in 

plant tissues (McLauglin et al., 2000).  However, this approach does not take into account 

that metal movement into shoots is also physiologically controlled (Kalis et al. 2006) and 

that there are other chemical factors, such as metal speciation, soil pH and organic matter 

content, that may influence metal uptake by, and distribution within, plants, beyond their 

effect on the bioaccessibility of soil metals (Weng et al. 2003).  Kalis et al. (2007) 
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proposed evaluating metal uptake by plants as a four step approach: the metal 

concentration in soil solution is related to the total metal concentration in soil; the metal 

adsorption to the root surface is related to the metal concentration in soil solution; the 

metal concentration in the roots is related to the metal adsorption of metal ions to the root 

surface; and the metal content in the shoots is related to the metal content in the roots. 

As in the current experiment, Kalis et al. (2007) measured total metal in soil using 

a 2 M HNO3 extraction.  This extraction is considered to estimate the reactive pool of 

metals in soil that may control the metal concentration in the soil solution (Weng et al. 

2001).  As in the current experiment, Kalis et al. (2007) estimated the bioavailable soil 

metal concentration using a 0.01 M CaCl2 extraction solution.  The metal liberated by 

CaCl2 solution is considered to be a good estimation of the metal concentration in the soil 

solution, which in turn may be available for uptake by the plant (Weng et al. 2004).   

Kalis et al. (2007) examined the uptake of five metals, including Ni, by Lolium 

perenne from field soils in a greenhouse pot experiment.  Similar to the soybean data 

from the present study, they did not observe a relationship between [Ni] concentration in 

shoots and total soil [Ni].  As well, they too observed a negative relationship between 

[Ni] in shoots and total soil [Ni] similar to that in the 2006 soybean and 2007 oat data 

(Tables 17 and 19).  Kalis et al. (2007) attribute this observation to the lower [Ni] of the 

soil at a lower pH, as a result of leaching, whereas the Ni uptake increases at lower pH 

because of higher availability.  However, the r
2
 of the relationship observed by Kalis et 

al. (2007) was only 0.27, suggesting that interpreting these data too deeply might not be 

appropriate. 
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As in the current experiment, Kalis et al. (2007) discovered a relationship 

between [Ni] in shoots and CaCl2 extractable [Ni] in soil.  However, they observed a 

threshold effect, that is to say, above a specific CaCl2 extractable soil [Ni], shoot [Ni] did 

not increase.  The maximum measured CaCl2 extractable soil [Ni] in the Kalis et al. 

(2007) experiment (between 0 and 1M) was three to four orders of magnitude smaller 

than that measured in the current experiment.  If Kalis et al. (2007) expanded the range of 

CaCl2 extractable soil Ni concentrations to a range similar that measured in the current 

experiment (1000 M) increasing shoot [Ni] may have been observed, although there 

would presumably be an upper limit on tissue accumulation imposed by limitations to 

physiological processes posed by toxicity. 

Kalis et al. (2007) developed plant metal transfer equation for each of their four 

hypothesised uptake steps.  The table below summarises steps 2 to 4, as the metal 

concentration in soil solution related to the total metal concentration in soil can be 

omitted with a known NiCaCl2 concentration: 

Parameter Uptake Equation 

[Ni Shoots] = 0.89 x [Ni Roots]
0.81

 x [H
+
]
0.18 

[Ni Roots] = 13.77 x [Ni adsorbed to root] 

[Ni adsorbed to root] = 0.90 x [Ni CaCl2]
0.6

 x [H
+
]

-0.12 

 

These three equations can be combined to develop a single equation to predict 

accumulation in shoots from soil chemistry (Equation 6). 

Ni shoots = 0.89 x (13.77 x (0.9 x (CaCl2 Ni)
0.6

 x (H
+
)
-0.12

)
0.81

 x  (H
+
)
0.18

  Eqn. 6 
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Application of this accumulation equation to the soil data from the present study 

consistently over predicted the tissue nickel concentration for both soybean and oat when 

compared to the field plant data from the present study (Tables 27 and 28).  On average, 

the model over-predicted soybean tissue Ni concentrations by 131% and oat tissue Ni 

concentrations by 154%.   

Regression models based on field data developed by Efroymson et al. (2001), 

were used to predict plant tissue Ni concentrations from the field soil data.  A significant 

model fit was obtained when a single variable regression of the natural log of nickel 

concentrations in plants versus the natural log of nickel concentrations in soil were 

applied (Equation 7).  The addition of soil pH did not reduce the unexplained variation in 

the regression: 

ln(concentration in above-ground plant) = -2.12 + 0.74 x ln(concentration in soil) Eqn. 7 

The Efroymson et al. (2001) regression did a much better job of predicting tissue 

Ni (Tables 29 and 30) than that derived from Kalis et al. (2007).  This may be attributed 

to the fact that the Efroymson et al. (2001) database excluded soils that had been spiked 

with metal salt solutions, which were used by Kalis et al. (2007).  On average, the model 

over-predicted soybean tissue Ni concentrations by only 32% and oat tissue Ni 

concentrations by only 80%.    

The field data can also be compared to previously published greenhouse pot 

studies using Port Colborne soils.  A study by Siebielec and Chaney (2007) evaluated the 

relationship among soil pH, soil Ni and phytotoxicity.  Ten field soils (six mineral and 

four organic) from arable land surrounding the refinery in Port Colborne were collected 

from the upper 15 cm.  The soil Ni concentration ranged from 203 mg/kg to 11,160 
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mg/kg, and the soils were amended with lime (CaCO3/MgCO3) to raise soil pH or HNO3 

to lower soil pH.  Four pH ranges were tested in the experiment; below 6.0; 6.0 – 6.5; 6.5 

– 7.0; and pH > 7.5, which corresponded to a liming application rate of 50 tonne 

CaCO3/ha (the same application rate as the highest rate used in the present field study). 

Oat grown on soils with a native pH (i.e. soils that were not treated with lime or 

acid) of 5.49 exhibited irregular white chlorosis of leaves.  This same chlorosis was 

observed in the field for oat grown on the SN plots that had a similar pH and were not 

amended with lime.  One large difference in the results of the Siebielec and Chaney 

(2007) greenhouse pot study and the present field study was the concentration of tissue 

Ni in oat.  In the Siebielec and Chaney (2007) study, oat grown in soils with total Ni 

concentrations of 2270 mg/kg and a pH 5.25 had tissue Ni concentrations of 648 mg/kg.  

Similar soils in the field (pH 5.5 and soil Ni concentration of 2220 mg/kg) had tissue 

concentrations of 11.18 mg/kg, almost 60 times lower than those observed in the pot 

experiments.  Weathering of the field soils cannot account for this difference in uptake as 

the soils used in the Siebielec and Chaney (2007) pot study were collected from the field.   

However, uptake in pot studies can be as much as 2-fold higher in studies conducted in 

containers because plant roots cannot avoid the contaminated soil as they do under field 

conditions.  Plant roots will avoid contaminated soil (Menon et al., 2007; Moradi et al., 

2009; Lukkari and Haimi, 2005; Sousa et al., 2008) so actual exposure and uptake is 

likely much lower than the Ni concentration in the top 15cm of field soils.  Toxicity also 

tends to be greater in plants grown in containers because the plants are typically grown 

under ideal conditions.  The hardiness of plants in the natural environment is not reflected 

in these tests (Menon et al., 2007; Lukkari and Haimi, 2005; Sousa et al., 2008).  This 
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difference in metal uptake in plants grown in the field versus plants grown in pots under 

greenhouse conditions contributes to the difficulty of detecting effects in the field.  

Adding to this complexity is the variation, and co-variation, in soil chemistry factors that 

influence bioavailability in field soils. 

3a)  European Predicted No-Effect Concentration Model 

A model has been developed in Europe that can calculate site specific ecological 

risks of metals (Cu, Ni, Zn, Pb and Cd) using soils-based data and methods outlined in 

the EU Risk Assessment Reports (ER RAR, under Directive 793/93/EEC).  ARCHE, a 

consulting company based out of Gent, Belgum, provides a copy of the model on their 

company website (ARCHE Metal PNEC Soil Calculator V2.).  The model calculates site 

specific ecological risk of metals in soils, based on their Predicted No-Effect 

Concentration (PNEC) to soil organisms.  The model also calculates a Risk 

Characterisation Ratio (RCR) by dividing the metal concentration in soil by the PNEC; a 

value greater than 1 indicates risk of adverse effect.  The model can also calculate the 

Potentially Affected Fraction (PAF) of terrestrial organisms based on the metal 

concentration in soil.  The input parameters required to run the model are soil type, metal 

concentration and background metal concentration.  The model allows input of additional 

soil parameters such as effective cation exchange capacity, soil pH, %OM and %Clay for 

Ni, Cu and Zn as there are considerable data and understanding of their fate and transport 

in soils.  However, for Ni, the model ultimately uses CEC to adjust for bioavailability of 

the metal as the pH, %OM and % clay are used to calculate a CEC value.  The use of the 

site specific soil properties allows for a more robust assessment of ecological risk based 
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on corrections for leaching/ageing and for variation in physio-chemical soil properties 

(ARCHE, 2010). 

A coarse loamy soil was chosen from the model‟s list of soils and used for the 

model run.  The highest total soil Ni concentrations, 4250 mg/kg, and its associated 

effective CEC, 49.6 mEq/100g, were used as input parameters.  For comparison, the total 

soil [Ni], 50 mg/kg, and effective CEC, 21.7 mEq/100g, of the Point Abino reference 

field were inputs to another run of the model.  In both model runs the MOE (1996) 

background Ni concentration of 43 mg/kg was used. 

The model run for total soil [Ni] of 4250 mg/kg calculated a PNEC of 139.2 

mg/kg and an RCR of 30.53.  It also calculated a PAF of 99.3%, essentially suggesting 

that all species on the site would be adversely affected.  The Point Abino reference field 

model run calculated a PNEC of 55.2 mg/kg and RCR of 0.91.  The calculated PAF was 

3.9%, much less than the experimental field.  If a risk assessor had used this model 

without having visited the contaminated site, they may assume that site would not be 

favourable for terrestrial life and would suggest an immediate investigation.  However, 

results from the field studies show that the agricultural crops grown on this specific Ni 

impacted site did not greatly underperform crops grown at other sites across Ontario 

(Table 4 and 6).  The model over predicted the effects of Ni on the terrestrial species 

present.  

The metal PNEC soil calculator is an example of how a simple model that 

compares a total metal soil concentration, adjusted by a selected handful of soil 

characteristics, to toxicity thresholds may not accurately predict or reflect the conditions 

at the site.  The model uses CEC to adjust for bioavailability, which was demonstrated in 
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the current study to be an important modifier of „Yield‟ response to both total and 

extractable Ni, although relationships including percent organic matter had higher r
2
 

values than those containing CEC. 

3b)  Ontario Ministry of the Environment Soil Guidelines 

Prior to July 1, 2011, the agricultural land use soil Ni standards in Ontario were 

150 mg/kg for coarse soils and 200 mg/kg for fine soils (MOE, 1996), slightly above the 

139.2 mg/kg PNEC calculated by the ARCHE system.  Those standards were the soil 

clean-up criteria recommended by the Phytotoxicology Section, Standards Development 

Branch, Ministry of the Environment and are based on phytotoxicity (MOE, 1996).  The 

standard was based on the review of 8 documents ranging in dates from 1973 to 1989 and 

presenting phytotoxicity or soil criteria values ranging from 11 to 500 ppm Ni. 

As the previous Ontario soil guidelines were based on literature that was well 

over thirty years old, the MOE developed new Site Conditions Standards effective as of 

July 1, 2011.  The new agricultural land use soil Ni standards in Ontario have decreased 

and are 100 mg/kg for coarse soils and 130 mg/kg for fine soils, more similar to the 

PNEC calculated above (MOE, 2009). 

The MOE identified a total of 49 studies, consisting of 15 soil invertebrate studies 

and 34 vegetation studies that related to Ni toxicity.  However, of the 49 studies 

originally identified, only 6 soil invertebrate and 10 vegetation studies were deemed to 

meet the criteria set for standard development (MOE, 2009).  A Weight of Evidence 

Method was used to develop the direct contact value for plants and soil organisms for Ni.  

This approach uses the distribution of effect/no-effects data to develop the standard.  The 
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25
th

 percentile rank, the derived direct soil contact value for Ni for Agricultural/Other and 

Residential/Parkland/Institutional land, is 100 mg/kg and the 50
th

 percentile rank, the 

derived direct soil contact value for Ni for Industrial/Commercial/Community land use, is 

270 mg/kg. 

Eleven different species make up the 25
th

 percentile, on which the Ontario 

Agricultural Ni Soil Standard is based.  Ten of the 11 species are plants (barly, red 

clover, onion, ryegrass, fenugreek, corn, American-Egyptian cotton, cotton, bean and 

northern red oak), of which six may be grown as field crops or used for grazing cattle in 

Ontario. The Ontario Ministry of Agriculture Food and Rural Affairs (OMAFRA) keeps 

harvest metrics on 4 of the potential field crops listed above.  Fall rye, barley, beans and 

corn, both fodder and grain quality, made up approximately 28% of crops harvested in 

Ontario in 2009 (McGee, 2009).  Soybean, which had effect thresholds above the 80
th

 

percentile of studies evaluated, make up the same percentage of crops harvested in 

Ontario in 2009.  This suggests that the species used to develop the Ontario standards 

may not be representative of crops grown in Ontario.  By using species that are more 

sensitive than species that may be of economic importance to Ontario, the Ontario 

generic site condition standards may be too stringent and over protective of real world 

scenarios. 

The MOE provides NOEC and LOEC data for Soybean and Oat.  A study by Roth 

et al. (1971) showed no biomass reduction for soybean exposed to 1099 mg/kg nickel and 

a 44% reduction in soybean biomass exposed to 1356 µg/g nickel.  These are similar to 

the concentrations of total nickel that were found in the experimental HW, HE and SN 

fields in Port Colborne.  Similar decreases were seen in the 2007 soybean yield when 
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compared to Ontario averages (Table 10).  Roth et al. (1971) showed that oat is more 

tolerant to nickel than soybean, with 2% biomass reduction at 3840 mg/kg nickel and 

75% biomass reduction at 7269 mg/kg nickel.  These reported concentrations are in the 

upper portion or well above the range in concentrations found in the experimental fields.  

However, reduction in oat yield in the 2007 harvest were in the same order of magnitude 

ranging from 12 to 36% yield losses for concentrations ranging from 2400 to 3800 mg/kg 

nickel. 
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CONCLUSIONS 

The objective of the above work was to field test the usefulness of rendering 

metal-contaminated soils alkaline with dolomitic lime, in the context of extremely high 

Ni concentration, to improve crop performance, as well as to examine the potential of 

CaCl2 soil extraction as an indicator of bioavailability of Ni to soybean and oat.  The field 

trials of the application of dolomitic limestone to reduce nickel toxicity in soybean and 

oat demonstrated that it is a possible remediation option.  Although there was no 

difference in yield among the three fields, a decrease in Ni uptake in leaves was observed  

when comparing the limed fields to the unlimed fields.    Unlike the results of studies 

conducted in greenhouse pot experiments, severe manganese deficiency was not seen in 

the field and plants supplemented with manganese did not out-perform those that were.    

Regression models were developed to estimate nickel accumulation in soybean 

and oat.  Unfortunately, the regressions that were developed for oat could not be 

validated due to the lack of successive years of tissue [Ni] data.  Multiple linear 

regressions that were constructed using extractable soil [Ni] did a better job of predicting 

soybean tissue [Ni] than regressions that used total soil [Ni].  However, regressions using 

either extractable soil [Ni] or total soil [Ni] were improved when other soil parameters 

such as soil pH and CEC were added to the model.  This may be attributed complex 

nature of soil as a growing media and the less than ideal conditions of field trials.  

Therefore, if the bioavailability of nickel in soil is to be considered in a risk assessment, 

multiple soil parameters, not just total or extractable [Ni], should be considered when 

trying to estimate risk to agronomic crops.     
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Table 1 - Soil chemical properties of the three experimental fields and the reference field 

Field 

Ni 

(mg/kg) 

Cu 

(mg/kg) 

Co 

(mg/kg) 

As 

(mg/kg) 

Fe  

(mg/kg) 

CaCl2 

Extractable Ni 

(mg/kg) 

CaCl2 

Extraction 

pH 

                

50 t/ha 

lime 

2598.39 

(233.52)
a
 

286.88 

(53.26)
a
 

36.94 

(5.65)
a
 

12.29 

(2.52)
a
 

16897.50 

(1012.34)
a
 8.28 (3.32)

a
 

6.08 

(0.55)
a
 

                

10 t/ha 

lime 

3186.96 

(591.56)
b
 

358.75 

(102.43)
b
 

48.50 

(12.73)
b
 

16.56 

(5.03)
b
 

19880.19 

(1464.62)
b
 16.13 (6.57)

a
 

5.05 

(0.64)
b
 

                

0 t/ha lime 

2344.86 

(253.66)
a
 

307.50 

(47.12)
ab

 

40.06 

(5.05) 

17.06 

(3.02)
b
 

18987.81 

(925.23)
b
 39.22 (15.57)

b
 

4.35 

(0.28)
c
 

                

Reference 

59.00 

(5.66) 

18.50 

(0.71) 

11.50 

(0.71) 

3.15 

(0.07)
c
 

27044.5 

(1482.80) 
- - 

 

Values for the three research fields are the average of 16 replicates with the standard 

deviation in brackets 

Values for the reference field are the average of 2 replicates with the standards deviation 

in brackets 

In each column, means followed by the same letter are not significantly different (p<0.05 

level) according to the Tukey HSD Test 
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Table 2a – Soil properties of the three experimental fields and the reference field 

Field 
Dolomitic Limestone 

Application Rate 

Soil Characteristics 

Water 

Method pH 

CEC  

(meq/100 g) 

OM  

(%) 

HW 50 t/ha 7.33 (0.22)
a 

36.04 (3.69)
ab 

9.44 (1.23)
a 

 

       

HE 10 t/ha 6.76 (0.37)
b 

43.71 (14.76)
a 

14.66 (6.19)
b 

 

       

SN 0 t/ha 5.49 (0.33)
c 

33.81 (9.05)
b 

15.84 (4.65)
b 

 

       

Reference 0 t/ha 5.2 (0)
 

21.7 (0.28)
 

4.6 (0)
 

 

Values for the three research fields are the average of 16 replicates with the standard 

deviation in brackets 

Values for the reference field are the average of 2 replicates with the standards deviation 

in brackets 

In each column, means followed by the same letter are not significantly different (p<0.05 

level) according to the Tukey HSD Test 

 

 

 

Table 2b – Minimum and maximum soil property values of the three experimental fields 

and the reference field 

 
HW HE SN Reference 

 

Max Min Max Min Max Min Max Min 

CEC 

(meq/100 g) 
44.7 31.1 77.1 29.7 53.9 23.1 21.9 21.5 

O.M  

(%) 
11.4 7.4 28.8 7.7 24.6 9.6 4.6 4.6 

pH 7.6 7 7.3 6.1 6.1 4.6 5.2 5.2 

Ni  

(mg/kg) 
3021 2209 4249 2228 2802 1935 63 55 
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Table 3 – Soil chemistry and yield for oat (2005) 

Field Soil Ni (mg/kg) 
Soil 

pH 
Yield (kg/plot) 

50 t/ha lime 2420 (144)
a
 

7.14 

(0.13)
a
 30.1 (12.12)

a
 

10 t/ha lime 2860 (429)
b
 

6.53 

(0.36)
b
 43.7 (18.12)

a
 

0 t/ha lime 2490 (239)
ab

 

5.39 

(0.44)
c
 75.4 (31.88)

b
 

Reference 50 5.2 35 

 

Values for the three research fields are the average of 8 replicates with the standard 

deviation in brackets  

Values for the control field are the average of 2 replicates 

In each column, means followed by the same letter are not significantly different (p<0.05 

level) according to the Tukey HSD Test 
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Table 4 – Oat Yields Compared to Ontario Values 

  2005 Oat Data 2007 Oat Data 

Field 

Yield 

(t/ha) 

2005 

Niagara 

County 

Yield 

(t/ha) 

Percent 

Difference 

Yield 

(t/ha) 

2007 

Niagara 

County 

Yield 

(t/ha) 

Percent 

Difference 

50 t/ha lime 0.69 

1.6 

-80% 1.69 

1.5 

12% 

10 t/ha lime 1.00 -46% 2.07 32% 

0 t/ha lime 1.74 8% 0.00 -200% 

Reference 0.80 -66% 2.86 62% 
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Table 5 –Soil chemistry, yield and tissue Ni accumulation for Soybean (2006) 

Field 
Soil 

pH 

Soil Ni 

(mg/kg) 

Foliar [Ni] 

(µg/g DW) 

Plant Uptake 

Factor (%) 

Yield 

(kg/plot) 

50 t/ha 

lime 

7.33 

(0.22)
a
 

2598 

(234)
a
 

24.58 

(9.69)
a
 

0.94 (0.34)
a
 48.72 (16.44)

ab
 

10 t/ha 

lime 

6.79 

(0.37)
b
 

3187 

(592)
b
 

31.40 

(12.33)
a
 

1.03 (0.48)
a
 70.11 (27.97)

b
 

0 t/ha lime 
5.49 

(0.33)
c
 

2345 

(254)
a
 

46.19 

(20.71)
b
 

1.89 (0.99)
b
 

24.33 

(35.39)
a
 

43.23 

(37.82)* 

Reference 5.2 50 0.87 1.41 82 

*These are the yield values if the plots with no plant growth are removed from the average (no longer any 

differences among treatments) 

Values for the three research fields are the average of 16 replicates with the standard 

deviation in brackets 

Values for the reference field are the average of 2 replicates 

In each column, means followed by the same letter are not significantly different (p<0.05 

level) according to the Tukey HSD Test 
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Table 6 - Soybean Yields Compared to Ontario Values 

  2006 Soybean Data 2007 Soybean Data 

Field 

Yield 

(t/ha) 

2006 

Niagara 

County 

(t/ha) 

Percent 

Difference 

Yield 

(t/ha) 

2007 

Niagara 

County 

(t/ha) 

Percent 

Difference 

50 t/ha lime 1.12 

3.0 

-91% 2.09 

1.3 

46% 

10 t/ha lime 1.61 -60% 1.83 34% 

0 t/ha lime 0.56 -137% 1.97 41% 

Reference 1.89 -46% 2.17 50% 
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Table 7– Soil chemistry of soybean plots (2007) 

Field 
Soil 

pH 

Soil Ni 

(mg/kg) 

CaCl2 

Extractable 

Ni (mg/kg) 

CaCl2 Extractable 

Ni  (% Total) 

50 t/ha 

lime 7.14 (0.13)
a
 2420 (144)

ab
 5.59 (1.11)

a
 0.31 (0.15)

a
 

10 t/ha 

lime 6.53 (0.36)
b
 2860 (429)

a
 13.02 (4.39)

a
 0.60 (0.22)

a
 

0 t/ha 

lime 5.39 (0.44)
c
 2490 (239)

b
 29.84 (12.24)

b
 1.53 (0.67)

b
 

Reference 5.2 50 na na 

Values for the three research fields are the average of 8 replicates with the standard 

deviation in brackets  

In each column, means followed by the same letter are not significantly different 

(p<0.05 level) according to the Tukey HSD Test  

na – not analysed 
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Table 8 – Yield and tissue Ni accumulation results for Soybean (2007) 

Field 

Seed 

[Ni] 

(µg/g 

DW) 

Plant Uptake 

Factor - Seed 

(%) 

Foliar 

[Ni] 

(µg/g 

DW) 

Plant Uptake 

Factor - 

Foliar (%) 

Yield 

(kg/plot) 

50 t/ha lime 53.03 

(2.70)
a
 2.20 (0.22)

a
 

19.98 

(2.20)
a
 0.83 (0.08)

a
 

90.72 

(6.41)
a
 

10 t/ha lime 59.83 

(4.24)
b
 2.13 (0.34)a 

29.77 

(2.40)
b
 1.07 (0.21)

a
 

79.38 

(11.88)
a
 

0 t/ha lime 63.81 

(3.84)
b
 2.59 (0.31)

b
 

36.68 

(7.90)
c
 1.47 (0.27)

b
 

85.53 

(28.38)
a
 

Reference 8.44 16.88 2.52 5.05 94.35 

Values for the three research fields are the average of 8 replicates with the standard 

deviation in brackets  

In each column, means followed by the same letter are not significantly different 

(p<0.05 level) according to the Tukey HSD Test  
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Table 9 – Soil chemistry of oat plots (2007) 

Field 
Soil 

pH 

Soil Ni 

(mg/kg) 

CaCl2 Extractable 

Ni (mg/kg) 

CaCl2 Extractable 

Ni  (% Total) 

50 t/ha 

lime 7.53 (0.05)
a
 2777 (152)

a
 10.97 (2.40)

a
 0.47 (0.16)

a
 

10 t/ha 

lime 6.99 (0.21)
b
 3514 (567)

b
 19.24 (7.16)

a
 0.54 (0.23)

a
 

0 t/ha 

lime 5.60 (0.15)
c
 2200 (180)

c
 48.61 (12.97)

b
 2.24 (0.66)

b
 

Reference 5.2 50 na na 

Values for the three research fields are the average of 8 replicates with the standard 

deviation in brackets  

In each column, means followed by the same letter are not significantly different 

(p<0.05 level) according to the Tukey HSD Test 

na – not analysed  
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Table 10 – Yield and tissue Ni accumulation results for oat (2007) 

Field 
Seed [Ni] 

(µg/g DW) 

Plant Uptake 

Factor - Seed 

(%) 

Foliar [Ni] 

(µg/g DW) 

Plant Uptake 

Factor - Foliar 

(%) 

Yield 

(kg/plot) 

50 t/ha lime 

58.20 (3.38)
a
 2.10 (0.20)

a
 

25.99 

(10.79)
a
 0.95 (0.41)

a
 

73.71 

(8.31)
a
 

10 t/ha lime 

45.37 (7.14)
b
 1.35 (0.41)

b
 

14.96 

(4.81)b 0.45 (0.19)
b
 

90.72 

(16.26)
b
 

0 t/ha lime 

- - - - 0
c
 

Reference 4.91 9.82 0.97 1.95 124.28 

Values for the three research fields are the average of 8 replicates with the standard 

deviation in brackets   

In each column, means followed by the same letter are not significantly different 

(p<0.05 level) according to the Tukey HSD Test 

Seed [Ni], PUF – Seed, Foliar [Ni], PUF – Foliar could not be analysed due to lack 

of oat growth  
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Table 11 – Paired Plant and Soil Results from 8 Centre Plots of SN 

Replicate 
Plant 

Health 

Soil [Ni] 

(total) 

(mg/kg) 

Soil [Ni] 

(CaCl2) 

(mg/kg) 

 

Soil pH 

1 

5 2017.936 24.806 4.71 

4 1618.105 25.991 4.45 

3 2320.383 34.439 4.57 

2 1752.395 32.815 4.42 

2 

5 2374.111 27.495 4.55 

4 2034.226 25.419 4.38 

3 2177.022 33.758 4.42 

2 2141.947 26.927 4.58 

1 2325.148 32.019 4.42 

3 

5 2613.713 7.984 5.00 

4 2358.186 8.075 4.84 

3 2588.095 21.083 4.63 

2 2752.629 37.171 4.36 

1 3065.500 27.537 4.66 

4 

5 2432.008 10.365 4.79 

4 1995.269 15.042 4.63 

3 3014.193 14.057 4.66 

2 2375.741 24.755 4.60 

1 2898.400 32.452 4.50 

5 

5 1701.900 21.513 4.60 

4 2536.144 20.128 4.66 

3 1278.827 24.748 4.43 

2 2298.852 28.604 4.54 

1 1790.724 31.410 4.42 

Note: 1 represents an unhealthy plant and 5 represents a healthy plant (Figures 8 and 9) 
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Table 12 – Mean soil parameters and tissue [Ni] relative to plant health 

Soil Parameter Plant Health 

1 2 3 4 5 

Total [Ni] 

(mg/kg) 

2520 (580) 2264 (363) 2276 (642) 2108 (355) 2228 (365) 

Extractable 

[Ni] (mg/kg) 

31 (2.25) 30 (4.96) 26 (8.65) 19 (7.52) 18 (8.75) 

pH 4.50 (0.11) 4.50 (0.10) 4.54 (0.11) 4.59 (0.18) 4.73 (0.18) 

Tissue [Ni] 

(μg/g) 

199 (57) 159 (74) 114 (57) 76 (19) 99 (47) 

Values in each cell are the average of 5 samples with the standard deviation in brackets 

1 represents an unhealthy plant and 5 represents a healthy plant 
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Table 13a –Plant Health Regression vs. Total Soil [Ni] 
The REG Procedure 

                             Dependent Variable: Plant_Health 
 
                             Number of Observations Read          24 
                             Number of Observations Used          24 

 
Analysis of Variance 

 
                                             Sum of           Mean 
         Source                   DF        Squares         Square    F Value    Pr > F 
 
         Model                     2       20.68365       10.34183       8.64    0.0018 
         Error                    21       25.14968        1.19760 
         Corrected Total          23       45.83333 
 
                      Root MSE              1.09435    R-Square     0.4513 
                      Dependent Mean        3.08333    Adj R-Sq     0.3990 
                      Coeff Var            35.49246 
 
                                       Parameter Estimates 
                        Parameter       Standard                           Standardized 
Variable        DF       Estimate          Error    t Value    Pr > |t|        Estimate 
 
Intercept        1      -21.56726        6.78104      -3.18      0.0045               0 
Soil_total       1       -0.00148     0.00054711      -2.70      0.0134        -0.46850 
pH               1        6.11935        1.55835       3.93      0.0008         0.68169 

 

Table 13b –Plant Health Regression and Extractable Soil [Ni] 
The REG Procedure 

                              Dependent Variable: Plant_Health 
 
                             Number of Observations Read          24 
                             Number of Observations Used          24 
 
                                      Analysis of Variance 
 
                                             Sum of           Mean 
         Source                   DF        Squares         Square    F Value    Pr > F 
 
         Model                     2       17.39699        8.69850       6.42    0.0067 
         Error                    21       28.43634        1.35411 
         Corrected Total          23       45.83333 
 
                      Root MSE              1.16366    R-Square     0.3796 
                      Dependent Mean        3.08333    Adj R-Sq     0.3205 
                      Coeff Var            37.74042 
 
                                       Parameter Estimates 
                        Parameter       Standard                           Standardized 
Variable        DF       Estimate          Error    t Value    Pr > |t|        Estimate 
 
Intercept        1        5.69799       13.73446       0.41      0.6824               0 
Soil_CaCl2       1       -0.10426        0.05204      -2.00      0.0582        -0.61726 
pH               1       -0.01261        2.76557      -0.00      0.9964        -0.00140 
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Table 14 – Paired Plant and Soil Results from the Perimeter of the SN Field 

Replicate 
Plant 

Health 

Soil [Ni[ 

(total) 

(mg/kg) 

Soil [Ni] 

(CaCl2) 

(mg/kg) 

pH 

1 

0 1381.62 24.06 4.48 

1 2746.97 8.18 4.78 

2 

0 1057.96 24.93 4.48 

1 2791.75 10.16 4.89 

3 

0 2506.41 28.03 4.62 

1 3486.79 9.23 5.19 

4 

0 2634.14 20.87 4.63 

1 2663.05 8.42 5.00 

5 

0 2233.94 39.42 4.48 

1 1963.17 9.34 4.78 

6 

0 1960.51 39.79 4.43 

1 2564.71 8.74 5.00 

Note: 0 represents an unhealthy plant and 1 represents a healthy plant (Figure 10 and 11) 

 

Table 15 – Mean soil parameters based on plant health of plants found on SN boarder 

Soil Parameter Plant Health 

Unhealthy Healthy 

Total [Ni] (mg/kg) 1962 (629)* 2702 (488)* 

Extractable [Ni] (mg/kg) 30 (8.14) 9 (0.72) 

pH 4.52 (0.08)* 4.94 (0.16)* 

Values in each cell are the average of 6 replicates with the standard deviation in brackets 

In each row, means followed by * are significantly different (p<0.05 level) according to 

the Paired Two Sample t-test  

Table 16 – Pearson Correlations between soil chemistry parameters for paired soil and 

plant analysis along gradient in plant health 

Parameter [Ni] pH CaCl2 [Ni] 

[Ni] 1 
0.7707 

(0.0033) 

-0.4806 

(0.1137) 

pH 
0.7707 

(0.0033) 
1 

-0.8402 

(0.0006) 

CaCl2 [Ni] 
-0.4806 

(0.1137) 

-0.8402 

(0.0006) 
1 

Statistical significance in brackets 
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Table 17 – Single and Multiple Linear Regression Equations for 2006 Soybean Yield and 

Tissue Accumulation of Ni 

   r
2
 

Yield = 73.38 - 1.07extractable Ni 0.1754 

Yield = 70.21 - 0.77extractable Ni - 1181780 H
+
 0.1912 

Yield = 13.65 - 0.90extractable Ni - 869144 H
+
 + 1.46CEC 0.4750 

Yield = 44.13 - 1.53extractable Ni - 1327246 H
+
 + 2.89OM 0.4134 

  

Yield = - 5.00 + 0.02Ni 0.1535 

Yield = 9.419 + 0.016Ni - 2055255 H
+
 0.2367 

Yield = 6.616 - 0.002Ni - 2589833 H
+
 + 1.48CEC 0.4088 

Yield = 14.65 + 0.01Ni - 2989911 H
+
 + 1.31OM 0.2744 

  

    

Tissue = 14.40 - 1.08extractable Ni 0.5907 

Tissue = 17.739 - 0.77extractable Ni - 1081881 H
+
 0.6351 

Tissue = 20.17 - 0.79extractable Ni + 1047687 H
+
 - 0.066CEC 0.6372 

Tissue = 18.12 + 0.81extractable Ni + 1070169 H
+
 - 0.12OM 0.6365 

  

Tissue = 43.81 - 0.004Ni 0.0225 

Tissue = 24.64 + 0.001Ni + 2513673 H
+
 0.4959 

Tissue = 24.63 + 0.001Ni + 2513324 H
+
 + 0.001CEC 0.4959 

Tissue = 27.84 - 0.002Ni + 2109407 H
+
 + 0.55OM 0.5204 

 

Relationships in bold type are best-fit as denoted by r
2
 value; relationships in italicized 

type are best fit with expectation about the relationship between soil [Ni] and measured 

endpoint. 
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Table 18 – Single and Multiple Linear Regression Equations for 2007 Soybean Yield 

and Tissue Accumulation of Ni 

 

  r
2
 

Yield = 73.4 – 1.1extractable Ni 0.1754 

Yield = 92.81 - 0.38extractable Ni - 623593 H
+
 0.2089 

Yield = 52.59 - 0.6252extractable Ni - 393070 H
+
 + 1.19CEC 0.3454 

Yield = 80.98 - 1.02extractable Ni - 479544 H
+
 + 1.77OM 0.2865 

  

Yield = 118 - 0.0127Ni 0.0664 

Yield = 135.82 - 0.018Ni - 1625356 H
+
 0.3076 

Yield = 101.61 - 0.019Ni - 1831039 H
+
 + 1.02CEC 0.4163 

Yield = 133.69 - 0.021Ni - 2153225 H
+
 + 0.82OM 0.3387 

  

    

Tissue = 14.4 + 1.08extractable Ni 0.5907 

Tissue = 17.47 + 0.84extractable Ni - 928634 H
+
 0.7431 

Tissue = 16.64 + 0.83extractable Ni – 924511 H
+
 + 0.1708CEC 0.7434 

Tissue = 14.34 + 0.68extractable Ni - 904672 H
+
 +0.44OM 0.7747 

  

Tissue = 16.51 + 0.005Ni 0.0377 

Tissue = 8.20 + 0.007Ni + 767154 H
+
 0.2564 

Tissue = - 0.93 + 0.007Ni + 703015 H
+
 + 0.28CEC 0.2927 

Tissue = 6.17 + 0.003Ni + 4284 H
+
 + 1.12OM 0.5641 

 

Relationships in bold type are best-fit as denoted by r
2
 value; relationships in italicized 

type are best fit with expectation about the relationship between soil [Ni] and measured 

endpoint.  
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Table 19 – Single and Multiple Linear Regression Equations for 2007 Oat Yield and 

Tissue Accumulation of Ni 

  r
2
 

Yield = 80.67 + 0.10extractable Ni 0.0020 

Yield = 83.66 - 0.45extractable Ni + 73880070 H
+
 0.0294 

Yield = 64.93 - 0.19extractable Ni + 37465916 H
+
 + 0.39CEC 0.1483 

Yield = 73.09 - 0.24extractable Ni + 25631732 H
+
 + 0.75OM 0.101 

  

Yield = 19.43 + 0.02Ni 0.5227 

Yield = 19.392 + 0.02Ni + 2339447 H
+
 0.5228 

Yield = 13.87 + 0.027Ni + 3974495 H
+
 - 0.397CEC 0.5814 

Yield = 8.86 + 0.03Ni + 32888156 H
+
 - 1.10OM 0.6053 

  

    

Tissue = 23.22 - 0.21extractable Ni 0.0993 

Tissue = 22.05 - 0.12extractable Ni - 1290702 H
+
 0.1031 

Tissue = 38.11 - 0.11extractable Ni - 3839277 H
+
 - 0.36CEC 0.3360 

Tissue = 33.49 + 0.05extractable Ni - 3810836 H
+
 - 0.963OM 0.3986 

  

Tissue = 24.63 - 0.002Ni 0.0211 

Tissue = 44.95 - 0.008Ni - 5542201 H
+
 0.2863 

Tissue = 41.53 - 0.003Ni - 5589565 H
+
 - 0.27CEC 0.3421 

Tissue = 37.77 - 0.002Ni - 3793725 H
+
 - 0.836OM 0.4023 

 

Relationships in bold type are best-fit as denoted by r
2
 value; relationships in italicized 

type are best fit with expectation about the relationship between soil [Ni] and measured 

endpoint.  
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Table 20 –Pearson Correlations between Soil Chemistry Parameters for Soybean (2006) 

Parameter CEC OM pH [Ni] CaCl2 [Ni] 

CEC 1 
0.7112 

(<0.0001) 

-0.0736 

(0.62) 

0.6940 

(<0.0001) 

-0.3057 

(0.035) 

OM 
0.7112 

(<0.0001) 
1 

0.3772 

(0.0082) 

0.4025 

(0.0046) 

0.3096 

(0.032) 

pH 
-0.0736 

(0.62) 

0.3772 

(0.0082) 
1 

-0.2696 

(0.064) 

0.5267 

(0.0001) 

[Ni] 
0.6940 

(<0.0001) 

0.4025 

(0.0046) 

-0.2696 

(0.064) 
1 

-0.3170 

(0.028) 

CaCl2 [Ni] 
-0.3057 

(0.035) 

0.3096 

(0.032) 

0.5267 

(0.0001) 

-0.3170 

(0.028) 
1 

Statistical significance in brackets 

Table 21 – Pearson Correlations between Soil Chemistry Parameters for Soybean (2007) 

Parameter CEC OM pH [Ni] CaCl2 [Ni] 

CEC 1 
0.7108 

(<0.001) 
0.1878 (0.38) 

0.0392 

(0.86) 

0.3056 

(0.15) 

OM 
0.7108 

(<0.001) 
1 

0.6067 

(0.0017) 

0.0862 

(0.69) 

0.7857 

(<0.0001) 

pH 
0.1878 

(0.38) 

0.6067 

(0.0017) 
1 

-0.2150 

(0.31) 

0.7964 

(<0.0001) 

[Ni] 
0.0392 

(0.86) 
0.0862 (0.69) 

-0.2150 

(0.31) 
1 

0.0742 

(0.73) 

CaCl2 [Ni] 
0.3056 

(0.15) 

0.7857 

(<0.0001) 

0.7964 

(<0.0001) 

0.0742 

(0.73) 
1 

Statistical significance in brackets 

Table 22 –Pearson Correlations between Soil Chemistry Parameters for Oat (2007) 

Parameter CEC OM pH Ni CaCl2 [Ni] 

CEC 1 
0.8128 

(<0.0001) 

-0.5804 

(0.0029) 

0.8474 

(<0.0001) 

-0.5388 

(0.0066) 

OM 
0.8128 

(<0.0001) 
1 

-0.1377 

(0.52) 

0.5976 

(0.002) 

-0.0643 

(0.77) 

pH 
-0.5804 

(0.0029) 

-0.1377 

(0.52) 
1 

-0.6482 

(0.77) 

0.9315 

(<0.0001) 

Ni 
0.8474 

(<0.0001) 

0.5976 

(0.002) 

-0.6482 

(0.77) 
1 

-0.6043 

(0.0018) 

CaCl2 [Ni] 
-0.5388 

(0.0066) 

-0.0643 

(0.77) 

0.9315 

(<0.0001) 

-0.6043 

(0.0018) 
1 

Statistical significance in brackets 
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Table 23 - Predicted Tissue [Ni] in Soybean (using 2006 Soybean Soil [Ni] Linear 

Regression Equations for) versus Measured Concentrations from 2007 Field 

Experiment 

CEC Soil pH [H
+
] 

Soil [Ni] 

(mg/kg) 

[Ni] in Shoots 

(mg/kg) 

Predicted [Ni] 

in Shoots 

(mg/kg)
1 

Percent 

Difference 

(%) 

31.6 5.71 1.96E-06 2451 18.71 32.04 52.52 

32.9 6.76 1.73E-07 2407 21.31 27.51 25.38 

33.3 6.01 9.81E-07 2364 17.26 29.49 52.35 

38.5 5.96 1.08E-06 2209 19.06 29.60 43.31 

37.5 6.48 3.34E-07 2444 18.55 27.95 40.44 

44.7 7.03 9.39E-08 2394 23.74 27.31 13.97 

31.1 5.64 2.31E-06 2365 18.98 32.83 53.44 

37.1 5.85 1.42E-06 2724 22.20 30.97 32.99 

32 5.36 4.40E-06 2228 29.84 37.95 23.91 

29.7 5.55 2.85E-06 2533 32.15 34.35 6.60 

36.1 6.34 4.62E-07 3031 27.50 28.86 4.83 

32.5 6.45 3.55E-07 3236 25.71 28.79 11.30 

34.1 4.51 3.11E-05 2337 30.60 105.27 109.92 

33.2 4.66 2.20E-05 3298 29.04 83.37 96.66 

31.6 4.42 3.80E-05 2998 30.07 123.21 121.52 

44.6 5.09 8.10E-06 3220 33.20 48.25 36.94 

53.9 5.05 9.00E-06 2569 24.51 49.88 68.21 

38.8 4.19 6.39E-05 2094 33.97 187.30 138.60 

33.2 5.00 9.98E-06 2414 27.78 52.17 61.03 

39.7 4.26 5.52E-05 2225 35.49 165.65 129.42 

37.6 4.21 6.12E-05 2653 44.92 181.11 120.50 

36.8 4.33 4.68E-05 2478 38.74 144.70 115.53 

43.7 4.29 5.19E-05 2802 47.23 157.87 107.89 

46 4.33 4.69E-05 2684 40.80 145.19 112.25 
1
 [Ni] in Shoots = 24.63 + 0.001Ni + 2513324 H

+
 + 0.001CEC 
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Table 24 - Predicted Tissue [Ni] in Soybean (using 2006 Soybean Extractable Soil [Ni] 

Linear Regression Equations) versus Measured Concentrations from 2007 

Field Experiment 

CEC Soil pH [H
+
] 

Extractable Soil 

[Ni] (CaCl2) 

(mg/kg) 

[Ni] in 

Shoots 

(mg/kg) 

Predicted [Ni] 

in Shoots 

(mg/kg)
1 

Percent 

Difference 

(%) 

31.6 5.71 1.96E-06 7.36 18.71 14.32 -26.56 

32.9 6.76 1.73E-07 6.30 21.31 13.20 -46.99 

33.3 6.01 9.81E-07 4.06 17.26 15.79 -8.86 

38.5 5.96 1.08E-06 5.71 19.06 14.26 -28.86 

37.5 6.48 3.34E-07 6.45 18.55 12.95 -35.55 

44.7 7.03 9.39E-08 4.40 23.74 13.84 -52.68 

31.1 5.64 2.31E-06 4.95 18.98 16.62 -13.26 

37.1 5.85 1.42E-06 5.45 22.20 14.91 -39.31 

32 5.36 4.40E-06 6.06 29.84 17.88 -50.13 

29.7 5.55 2.85E-06 7.71 32.15 15.10 -72.17 

36.1 6.34 4.62E-07 15.65 27.50 5.91 -129.25 

32.5 6.45 3.55E-07 14.28 25.71 7.12 -113.29 

34.1 4.51 3.11E-05 10.40 30.60 42.33 32.18 

33.2 4.66 2.20E-05 15.51 29.04 28.82 -0.75 

31.6 4.42 3.80E-05 17.38 30.07 44.18 38.00 

44.6 5.09 8.10E-06 17.19 33.20 12.13 -92.96 

53.9 5.05 9.00E-06 17.27 24.51 12.40 -65.62 

38.8 4.19 6.39E-05 22.14 33.97 67.04 65.49 

33.2 5.00 9.98E-06 19.50 27.78 13.03 -72.26 

39.7 4.26 5.52E-05 51.37 35.49 34.81 -1.95 

37.6 4.21 6.12E-05 38.59 44.92 51.30 13.26 

36.8 4.33 4.68E-05 32.67 38.74 40.93 5.51 

43.7 4.29 5.19E-05 37.87 47.23 41.72 -12.38 

46 4.33 4.69E-05 19.26 40.80 51.04 22.29 
1
 [Ni] in Shoots = 20.17 - 0.79extractable Ni + 1047687 H

+
 - 0.066CEC  
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Table 25 - Predicted Soybean Yield (using 2006 Soybean Soil [Ni] Linear Regression 

Equations for) versus Measured Concentrations from 2007 Field Experiment 

CEC Soil pH [H
+
] Soil [Ni] Yield 

Predicted Yield 

(mg/kg)
1 

Percent 

Difference 

(%) 

31.6 5.71 1.96E-06 2451 99.79 43.41 -78.75 

32.9 6.76 1.73E-07 2407 90.72 50.05 -57.79 

33.3 6.01 9.81E-07 2364 90.72 48.63 -60.40 

38.5 5.96 1.08E-06 2209 99.79 56.37 -55.61 

37.5 6.48 3.34E-07 2444 90.72 56.36 -46.72 

44.7 7.03 9.39E-08 2394 81.65 67.74 -18.62 

31.1 5.64 2.31E-06 2365 86.18 41.94 -69.07 

37.1 5.85 1.42E-06 2724 86.18 52.39 -48.78 

32 5.36 4.40E-06 2228 81.65 38.13 -72.67 

29.7 5.55 2.85E-06 2533 63.50 38.13 -49.92 

36.1 6.34 4.62E-07 3031 68.04 52.78 -25.25 

32.5 6.45 3.55E-07 3236 90.72 47.32 -62.87 

34.1 4.51 3.11E-05 2337 99.79 -28.24 -357.88 

33.2 4.66 2.20E-05 3298 81.65 -7.94 -243.09 

31.6 4.42 3.80E-05 2998 77.11 -51.07 -984.67 

44.6 5.09 8.10E-06 3220 72.57 45.21 -46.46 

53.9 5.05 9.00E-06 2569 131.54 57.94 -77.69 

38.8 4.19 6.39E-05 2094 104.33 -105.58 -33607.93 

33.2 5.00 9.98E-06 2414 90.72 25.07 -113.41 

39.7 4.26 5.52E-05 2225 49.90 -82.06 -820.56 

37.6 4.21 6.12E-05 2653 63.50 -101.51 -868.34 

36.8 4.33 4.68E-05 2478 95.25 -65.01 -1059.86 

43.7 4.29 5.19E-05 2802 63.50 -68.67 -5113.65 
1
 Yield = 6.616 - 0.002Ni - 2589833 H

+
 + 1.48CEC 
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Table 26 - Predicted Soybean Yield (using 2006 Soybean Extractable Soil [Ni] Linear 

Regression Equations) versus Measured Concentrations from 2007 Field 

Experiment 

CEC Soil pH [H
+
] 

Extractable Soil 

[Ni] (CaCl2) 

(mg/kg) 

Yield 
Predicted Yield 

(mg/kg)
1 

Percent 

Difference 

(%) 

31.6 5.71 1.96E-06 7.36 99.79 51.46 -63.91 

32.9 6.76 1.73E-07 6.30 90.72 55.86 -47.56 

33.3 6.01 9.81E-07 4.06 90.72 57.76 -44.40 

38.5 5.96 1.08E-06 5.71 99.79 63.78 -44.03 

37.5 6.48 3.34E-07 6.45 90.72 62.30 -37.14 

44.7 7.03 9.39E-08 4.40 81.65 74.87 -8.66 

31.1 5.64 2.31E-06 4.95 86.18 52.59 -48.41 

37.1 5.85 1.42E-06 5.45 86.18 61.67 -33.15 

32 5.36 4.40E-06 6.06 81.65 51.10 -46.03 

29.7 5.55 2.85E-06 7.71 63.50 47.60 -28.63 

36.1 6.34 4.62E-07 15.65 68.04 51.87 -26.97 

32.5 6.45 3.55E-07 14.28 90.72 47.94 -61.70 

34.1 4.51 3.11E-05 10.40 99.79 27.01 -114.80 

33.2 4.66 2.20E-05 15.51 81.65 29.00 -95.15 

31.6 4.42 3.80E-05 17.38 77.11 11.10 -149.67 

44.6 5.09 8.10E-06 17.19 72.57 56.26 -25.33 

53.9 5.05 9.00E-06 17.27 131.54 68.98 -62.40 

38.8 4.19 6.39E-05 22.14 104.33 -5.14 -220.75 

33.2 5.00 9.98E-06 19.50 90.72 35.89 -86.61 

39.7 4.26 5.52E-05 51.37 49.90 -22.61 -531.36 

37.6 4.21 6.12E-05 38.59 63.50 -19.37 -375.56 

36.8 4.33 4.68E-05 32.67 95.25 -2.68 -211.59 

43.7 4.29 5.19E-05 37.87 63.50 -1.72 -211.15 
1
 Yield = 13.65 - 0.90extractable Ni - 869144 H

+
 + 1.46CEC 
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Table 27 –Predicted Tissue [Ni] in Soybean (using transfer functions from Kalis et al. 

(2007)) versus Measured Concentrations from Field Experiment 

Data Soil pH 

Extractable Soil 

[Ni] (CaCl2) 

(mg/kg) 

[Ni] in 

Shoots 

(mg/kg) 

Predicted [Ni] 

in Shoots 

(mg/kg) 

Percent Difference 

(%) 
2

0
0

6
 S

o
y

b
ea

n
 

7.3 7.36 21 94 127 

7.1 6.30 17 91 136 

7.3 4.06 20 70 110 

7 5.71 18 88 133 

7.2 6.45 18 90 134 

7 4.40 24 78 105 

7 4.95 25 82 106 

7.2 5.45 58 83 35 

7.6 8.03 27 93 110 

7.6 11.87 25 112 128 

7.5 8.49 20 97 132 

7.5 12.62 29 118 120 

7.5 10.09 18 106 143 

7.5 9.63 24 103 123 

7.5 11.70 24 114 131 

7.5 15.33 25 129 136 

6.6 6.06 26 98 115 

6.6 7.71 29 110 117 

7.3 15.65 25 136 137 

6.5 14.28 22 151 150 

6.4 10.40 27 132 132 

6.5 15.51 37 157 125 

6.1 17.38 29 180 144 

6.2 17.19 25 175 149 

6.9 31.67 62 206 108 

7.3 15.96 18 137 153 

7.2 11.32 19 118 145 

7 14.96 26 141 138 

6.6 29.09 56 210 116 

7 16.84 30 149 133 

6.9 17.12 28 153 139 

7 17.00 44 150 109 

5.7 17.27 26 193 152 

5.4 19.50 29 217 152 

4.6 51.37 88 405 129 
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Data Soil pH 

Extractable Soil 

[Ni] (CaCl2) 

(mg/kg) 

[Ni] in 

Shoots 

(mg/kg) 

Predicted [Ni] 

in Shoots 

(mg/kg) 

Percent Difference 

(%) 

5.3 38.59 52 308 142 

5.1 32.67 49 295 143 

5.5 37.87 36 294 156 

5.4 19.26 43 216 134 

2
0

0
7

 S
o
y

b
ea

n
 

7.3 7.36 19 94 134 

7.1 6.30 21 91 124 

7.3 4.06 17 70 121 

7 5.71 19 88 129 

7.2 6.45 19 90 132 

7 4.40 24 78 106 

7 4.95 19 82 125 

7.2 5.45 22 83 116 

6.6 6.06 30 98 107 

6.6 7.71 32 110 110 

7.3 15.65 27 136 133 

6.5 14.28 26 151 142 

6.4 10.40 31 132 125 

6.5 15.51 29 157 138 

6.1 17.38 30 180 143 

6.2 17.19 33 175 136 

5.7 17.27 25 193 155 

6.1 22.14 34 202 142 

5.4 19.50 28 217 155 

4.6 51.37 35 405 168 

5.3 38.59 45 308 149 

5.1 32.67 39 295 154 

5.5 37.87 47 294 145 

5.4 19.26 41 216 136 

Average 7 16 30 156 131 

Note: 
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Table 28– Predicted Tissue [Ni] in Oat (using transfer functions from Kalis et al. (2007)) 

versus Measured Concentrations from Field Experiment 

Data Soil pH 

Extractable Soil 

[Ni] (CaCl2) 

(mg/kg) 

[Ni] in 

Shoots 

(mg/kg) 

Predicted [Ni] 

in Shoots 

(mg/kg) 

Percent Difference 

(%) 
2

0
0

7
 O

at
 

7.6 8.03 16 93 140 

7.6 11.87 14 112 155 

7.5 8.49 31 97 104 

7.5 12.62 33 118 112 

7.5 10.09 24 106 125 

7.5 9.63 21 103 132 

7.5 11.70 21 114 138 

7.5 15.33 47 129 93 

6.9 31.67 19 206 167 

7.3 15.96 18 137 154 

7.2 11.32 12 118 164 

7 14.96 9 141 175 

6.6 29.09 23 210 161 

7 16.84 14 149 166 

6.9 17.12 16 153 161 

7 17.00 9 150 176 

5.6 48.90 11 327 188 

5.8 29.49 11 246 183 

5.7 41.81 11 297 185 

5.5 46.58 15 325 183 

5.5 49.02 18 333 180 

Average 7 22 19 174 154 

Note: 
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Table 29– Predicted Tissue Ni Concentrations in Soybean (using regressions from 

Efroymson et al. (2001)) versus Measured Concentrations from Field 

Experiment 

Data 
Total Soil 

[Ni] 

[Ni] in Shoots 

(mg/kg) 

Predicted [Ni] in 

Shoots (mg/kg) 

Percent 

Difference (%) 

2
0

0
6

 S
o
y

b
ea

n
 

2450.65 21 39 60 

2407.24 17 38 75 

2363.81 20 38 59 

2209.1 18 36 68 

2443.6 18 39 74 

2394.47 24 38 44 

2364.93 25 38 39 

2724.16 58 42 -33 

3020.98 27 45 51 

2864.03 25 43 54 

2672.26 20 41 70 

2512.71 29 39 30 

2694.38 18 41 80 

2800.53 24 43 54 

2855.68 24 43 59 

2795.74 25 43 53 

2228 26 36 31 

2532.83 29 40 32 

3030.9 25 45 56 

3236.11 22 48 75 

2336.99 27 37 32 

3297.67 37 48 27 

2997.95 29 45 42 

3219.93 25 47 60 

2755.41 62 42 -37 

4249.31 18 58 104 

3999.96 19 56 99 

4200.77 26 58 77 

2973.19 56 45 -22 

3287.21 30 48 47 

3262.09 28 48 53 

3383.02 44 49 11 

2569.33 26 40 41 

2413.95 29 38 26 
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Data 
Total Soil 

[Ni] 

[Ni] in Shoots 

(mg/kg) 

Predicted [Ni] in 

Shoots (mg/kg) 

Percent 

Difference (%) 

2224.97 88 36 -84 

2653.16 52 41 -24 

2477.97 49 39 -23 

2801.95 36 43 17 

2683.74 43 41 -3 

2
0

0
7

 S
o
y

b
ea

n
 

2450.65 19 39 70 

2407.24 21 38 57 

2363.81 17 38 74 

2209.1 19 36 61 

2443.6 19 39 70 

2394.47 24 38 46 

2364.93 19 38 66 

2724.16 22 42 61 

2228 30 36 19 

2532.83 32 40 21 

3030.9 27 45 49 

3236.11 26 48 60 

2336.99 31 37 20 

3297.67 29 48 50 

2997.95 30 45 40 

3219.93 33 47 35 

2569.33 25 40 48 

2094.43 34 34 1 

2413.95 28 38 32 

2224.97 35 36 1 

2653.16 45 41 -9 

2477.97 39 39 1 

2801.95 47 43 -10 

2683.74 41 41 1 

Average 2738.87 30 42 32 

Note: 
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Table 30– Predicted Tissue Ni Concentrations in Oat (using regressions from Efroymson 

et al. (2001)) versus Measured Concentrations from Field Experiment 

Data 
Total Soil 

[Ni] 

[Ni] in 

Shoots 

(mg/kg) 

Predicted 

[Ni] in 

Shoots 

(mg/kg) 

Percent 

Difference 

(%) 

2
0

0
7

 O
at

 

3020.98 16 45 94 

2864.03 14 43 102 

2672.26 31 41 29 

2512.71 33 39 17 

2694.38 24 41 52 

2800.53 21 43 68 

2855.68 21 43 70 

2795.74 47 43 -10 

2755.41 19 42 78 

4249.31 18 58 106 

3999.96 12 56 131 

4200.77 9 58 144 

2973.19 23 45 64 

3287.21 14 48 111 

3262.09 16 48 98 

3383.02 9 49 136 

1935.205 11 32 102 

1965.445 11 33 101 

2221.02 11 36 105 

2302.155 15 37 87 

2220.37 18 36 67 

Average 2903.40 19 44 80 

Note: 
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Figure 1 - Location of the research fields and reference field with respect to the source of 

the nickel emissions, Vale Inco 
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Figure 2 – 2005 plot layout of Mn applied (1) and no Mn applied (0) treated plots for 

HW and HE fields (both soil and foliar applications) 
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Figure 3 – 2005 plot layout of Mn applied (1) and no Mn applied (0) treated plots for the 

SN Field (both soil and foliar applications). 
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Figure 4 – Distribution of total soil[Ni] (mg/kg) for individual plots in HW (bottom), HE 

(middle) and SN (top) 

  



 

82 

 

 Figure 5 – CaCl2 extractable [Ni] (mg/kg) for individual plots in HW (bottom), HE 

(middle) and SN (top) 
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Figure 6 – Soybean plant ranked as “1 – healthy” in paired soil and plant analysis of 8 

centre plots of SN 
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Figure 7 – Soybean plant ranked as “5 – unhealthy” in paired soil and plant analysis of 8 

centre plots of SN 
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Figure 8 – Total Ni in soil determined by hot HNO3 digestions compared to plant health 

determined by visual inspection; within each major group, sites are ranked in descending 

order of plant health, from “healthy” on the left to “unhealthy” on the right.   pH of soil 

determined by CaCl2 extraction 
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Figure 9 – Bioavailable Ni in soil determined by CaCl2 extractions compared to plant 

health determined by visual inspection; within each major group, sites are ranked in 

descending order of plant health, from “healthy” on the left to “unhealthy” on the right.  

pH of soil determined by CaCl2 extraction 
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Figure 10 – Bioavailable Ni in soil surrounding healthy (G) and unhealthy (B) pairs of plants growing at the perimeter of the field 

determined by CaCl2 extractions.  pH of soil determined by CaCl2 extraction. 
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Figure 11 - Total Ni in soil surrounding healthy (1) and unhealthy (0) pairs of plants growing at the perimeter of the field, determined 

by hot HNO3 digestions.  pH of soil determined by CaCl2 extraction 
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Figure 12 – 2006 and 2007 soybean tissue [Ni] versus CaCl2 extractable soil [Ni] 
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Figure 13 - 2006 and 2007 soybean tissue [Ni] versus total soil [Ni] 

  

y = 0.0048x + 16.5 
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Figure 14 - 2006 and 2007 soybean yield versus CaCl2 extractable soil [Ni] 
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Figure 15 - 2006 and 2007 soybean yield versus total soil [Ni]   

y = -0.0127x + 118.05 
R² = 0.0664 y = 0.0218x - 5.0207 

R² = 0.1536 

0.00 

20.00 

40.00 

60.00 

80.00 

100.00 

120.00 

140.00 

2000 2500 3000 3500 4000 4500 

Y
ie

ld
 (

kg
/p

lo
t)

 

Total Ni (mg/kg) 

2007 Yield 2006 Yield 



 

93 

 

 

 
 

Figure 16 - 2007 oat tissue Ni versus CaCl2 extractable soil [Ni]  

y = -0.208x + 23.225 
R² = 0.0993 
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Figure 17 - 2007 oat tissue [Ni] versus total soil [Ni] 

  

y = -0.002x + 24.639 
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Figure 18 - 2007 oat yield versus CaCl2 extractable soil [Ni] 
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Figure 19 - 2007 oat yield versus total soil [Ni] 
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Figure 20 - 2006 and 2007 soybean yield versus soybean tissue [Ni] 
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Figure 21 - 2007 oat yield versus tissue [Ni] 
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