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 Protection of the quality and integrity of food supplies is of global concern. 

Crops can accumulate non-nutritive and sometimes toxic metals and metalloids. 

Accumulated metals/metalloids can come in part, from fertilizers, which may contain 

variable levels of non-nutritive metals or metalloids such as arsenic (As), cadmium 

(Cd), lead (Pb), nickel (Ni), and mercury (Hg). Metal bioavailability measurements 

can estimate crop metal accumulation and potential offsite movement.  

 Diffusive Gradients in Thin Films (DGT) are used to measure labile, 

considered to be bioavailable, metal in soil solution. The DGT technique was applied 

in diverse agricultural soils receiving various applications of phosphate fertilizers. 

DGT was found to be marginally predictive of Cd accumulated in the edible portion of 

wheat (Triticum aestivum L.) and potato crops (Solanum tuberosum). A distinct 

approach was developed to estimate short and long-term changes to total and labile 

metal concentrations using a uniquely calculated distribution coefficient (Kd-BIO). Kd-

BIO values for Cd and Ni did not decrease over the study period, indicating that soils 

may serve as a long-term contaminant sink. For As and Pb, there was a tendency for 

the Kd (As) and Kd-BIO (Pb) values to decrease with treatment and with yearly 

applications.  If these tendencies were to continue, they may have long term 

implication for human health risk assessment. 

In general, total recoverable As, Pb, and Hg did not increase with fertilizer 

treatment level or over time in agricultural soils. Labile As and Pb dose response with 

fertilizer treatment was site specific. As and Pb were not detected in either crop 



 
throughout the study. Cd, Ni, and Hg were measured in wheat and potato. Kd-BIO was 

found to be a strong indicator of Ni and Cd accumulation in crops. Transfer 

coefficients (Tc) for Hg were calculated and determined to increase with time.  

 Finally, the use of chemical profiling techniques to identify the geographic 

growing region of three fruits strawberry (Fragaria x ananassa), blueberry 

(Vaccinium caesariense/ corymbosum, and pear (Pyrus communis) was considered. 

The data were modeled with successful regional, sub-regional, and varietal 

classification ranging from 70 to 100% depending on commodity and model.  
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LONG-TERM FERTILIZER INPUT INFLUENCES TOTAL AND 
BIOAVAILABLE METAL IN AGRICULTURAL SOILS AND CROPS 

 

CHAPTER 1. INTRODUCTION 
 
 Many commercially available phosphate and mineral fertilizers contain 

variable levels of non-nutritive metals or metalloids such as arsenic (As), cadmium 

(Cd), lead (Pb), nickel (Ni), and mercury (Hg), arising from multiple sources including 

parent rock, or the use of waste products as fertilizer (McLaughlin, 1996; Raven, 

1997). Recycling of waste is encouraged by the EPA, to minimize output of toxins, 

including metals into the environment. Tailings can contain valuable plant nutrients 

such as zinc (Zn), phosphorus (P), and potassium (K) that can be packaged and sold as 

agricultural fertilizer. Consequently, metals can be present in concentrations greater 

than part per million levels and may pose a potential human health risk.  The market 

share of waste derived fertilizer is unknown and has proven difficult to track. The 

United States ranks in the top five globally for fertilizer importation and an estimated 

53 million tons were used in the U.S. in 2001-02 (Terry, 2004). In February 2000, a 

zinc fertilizer distributor in Washington, upon inspection, discovered 200,000 mg/kg 

cadmium in raw zinc sulfate material from China. Consequently, the company was 

forced to recall fertilizer from the market and closed for several months for facility 

clean up. Worker exposure was a major concern and the possibility remains that the 

Zn sulfate was deliberately contaminated (Kuntz, 2000). Investigations into the long 

term effect of applying fertilizers rich in non-nutritive and potentially toxic metals to 

soils have resulted in mixed and conflicting conclusions (Jones, 2002) making human 

health risk parameterization from consumption of metal contaminates difficult.   

 Metal sorption by soil may be enhanced with the addition of phosphatic 

fertilizers, which have been found to decrease positive charge, but increase the cation 

exchange capacity (CEC) of soil (Sawhney, 1974). Soil pH can decline with the 

addition of fertilizer high in ammonium (NH4
+) (Lorenz, 1994). Notable differences 

between field and greenhouse or container studies continue to exacerbate the difficult 

task for regulatory agencies to set maximum tolerable limits for non-nutritive 
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metals/metalloids in soils. Previous studies have employed a one time use of highly 

contaminated soils to measure total recoverable metal. This leaves unanswered 

questions about metal bioavailability in agricultural settings where metal 

concentrations are assumed to be considerably lower. Many studies spiked with 

soluble metal salts into soils, which have been shown to have consistently higher 

transfer rates to plants (Chaudri, 2006; Huang, 2004). In addition, physical and 

chemical properties may differ significantly in agricultural soils subjected to repetitive 

tilling and irrigation (Bergkvist et al., 2004), potentially affecting metal bioavailability 

over time. Potential risks from metals in fertilizers have been outlined (USEPA, 1999) 

and in development are soil screening guidelines (USEPA, 2003) to estimate risk of 

soil metal contamination to biota. Although maximum allowable concentrations for 

metals in contaminated soils exist, limits in non-contaminated, agricultural soils have 

not been defined (USEPA, 2003). European nations observe critical limits for metals 

in both contaminated and non-contaminated soils (De Vries, 1998). Potential risks to 

consumers of crops from repeated input of non-nutritive or toxic constituents from 

fertilizer include the potential accumulation and increased bioavailability of metals in 

agricultural soils over time. Metals also leave agricultural systems via surficial waters 

and leaching and may negatively impact adjacent water systems, posing a potential 

risk to aquatic life and to drinking water quality. 

 Bioavailability of metals is the accessibility for biological assimilation and 

possible toxicity. An increase in the bioavailability of metals may lead to enhanced 

plant assimilation including the potential for transport of metals into the edible portion 

of crops. Arsenic is toxic and carcinogenic to humans if ingested, while ingesting Hg, 

Pb, and Cd can lead to adverse effects in a multitude of physiological processes 

including neurological impairments, vascular damage, nephro- and hepato- toxicity, 

and skeletal deformities. Pregnant women, infants and children are especially sensitive 

to all of these metals. Tolerable intake values of many toxic metals from foods have 

been recommended (ATSDR, 1989; ATSDR, 1999b; ATSDR, 1999c; ATSDR, 2000; 

ATSDR, 2003). Ni is generally accepted as safe as a direct human food ingredient by 

the Food and Drug Administration (FDA, 2003), despite recent findings that suggest 

otherwise. At chronic Ni exposure levels (<1.3 mg /kg/d, researchers observed chronic 
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inflammation as well as increased rat pup mortality and decrease sperm count and 

motility in rats (Ambrose, 1976; Kakela, 1999; Smith, 1993).   

 The majority of metal speciation studies assessing the bioavailability of metals 

in soil utilize one-step extraction methods, or modeling programs such as the free ion 

activity model (FIAM) (Morel, 1983). Few studies have analyzed for the bioavailable 

fraction of metals in agricultural soils. One approach to capture the bioavailable 

fraction is the use of Diffusive Gradients in Thin Films (DGT). Recent DGT research 

has demonstrated insight into the kinetics of supply of metals from soil solids to 

solution and the potential for DGT use as physical surrogates for plant/organism 

uptake. 

 DGT is a passive sampling device developed and used for quantitative 

determination of labile metals in situ (Davison, 1994). Labile metal fractions are 

considered to be bioavailable from soil solution to biota. The focus of DGT is on the 

availability of metals in soil systems rather than on their mere presence as measured 

using a total recoverable metal analysis. Prior studies have applied the use of DGT to 

measure labile metal in soils (Degryse, 2003; Nowack, 2004; Tye, 2004), and DGT 

measured labile metal has been shown to more accurately reflect metal availability to 

plants than measurement of ion activities alone (Davison, 2000).   

 The principles of DGT are based on diffusion, wherein subsequent to 

deployment of a DGT device into the soil slurry, a steady state linear concentration 

gradient is established between metal in the soil solution and metal in the resin gel. 

The chelex 100 resin layer used in the DGT device adsorbs mostly divalent and some 

monovalent cations (Nobel, 2000). Binding affinities to the resin are metal specific 

and are dependent on the pH, ionic strength, and presence of other complex-forming 

species. Chelex 100 will not readily bind oxy-anions such as As2O3 and AsO4
3- (Pai, 

1990). Arsenite and arsenate (As3+, As5+) have only moderate affinity for the chelex 

100 resin. In soils, As3+ and As5+ are rapidly bound (< 1h) and are largely immobile 

(Smith, 1999). Another option would employ the use of an iron oxide resin layer, 

recently used with DGT to investigate potential As phytoremediation stategies in 

contaminated soils (Fitz, 2003). The chelex 100 may measure neutral compounds such 

as HgCl2 if it is labile in soil solution. Although chelex 100 has a high affinity for 
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mercuric (Hg2+) mercury in the presence of nitrate ions, other competing ions, such as 

chloride, lower its affinity to undetectable levels. Indeed, Hg2+ in aerobic soils 

typically exists as a complex with chloride or hydroxide ions (Schuster, 1991), 

rendering its detection in non-contaminated soils using DGT, negligible. Labile 

complexes may be positioned near, but not be fully bound to the resin. Therefore, 

these labile, unbound complexes may be displaced by other tightly binding 

constituents.  

 The amount of metal accumulated on the resin gel per unit area was calculated 

as: 

  

M = Celuent (VHNO3 + Vgel)/fe    (1-1) 
 

Where Celuent is the eluent concentration in µg/L, VHNO3 is the volume of 1N nitric acid 

used to extract metal from the resin, Vgel is the volume of the gel, fe is the elution 

factor.  To calculate the time integrated metal concentration in the DGT device (CDGT), 

the following equation is used: 

CDGT=M∆g/(DtA)   (1-2) 

 

Where M is the mass of metal accumulated on the resin layer; ∆g is 0.093 cm, or the 

thickness of the diffusive gel layer (~0.8mm) plus the filter (~0.13mm); D is the 

diffusion coefficient for each metal at 22 °C from "Practical Guide to using DGT for 

Metal" (Zhang, 2003); t is the deployment time, and A is the exposure area of the 

chelex resin (3.14 cm2).  An overview of the DGT methodology for this study is 

shown in Figure 1.1. 

 Benefits of DGT for use in field studies include: ease of use; relatively 

inexpensive, particularly if solvent costs are taken into account; preconcentration of 

multiple metals simultaneously on the resin alleviates detection limit challenges often 

faced with soil solution measurements. This is especially important in systems with 

low metal levels, not considered to be contaminated. The diffusion reduces potentially 

interfering matrix constituents via size exclusion; and finally speciation measurements 

can be deduced from DGT deployments.  
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 Three primary hypotheses were defined for this study. The first is that 

metals/metalloids accumulate in agricultural soils after long-term fertilizer input. To 

address this hypothesis, several objectives were identified: secure field locations to 

conduct a four-year field trial study (Figure 1.2), construct an appropriate field design 

and sampling plan (Figure 1.3), determine the background concentrations of metals in 

distinct agricultural systems in Oregon (Table 1-1), and apply commercially available 

phosphate fertilizers to soils (Table 1-2) for the study duration. 

 The second hypothesis is that DGT measured metal is an effective indicator of 

the fraction of metal available for translocation to the edible portion of wheat and 

potato crops. The objectives were to measure for potential increases in labile metal 

with increasing fertilizer applications providing evidence that DGT captured the dose-

dependent, fertilizer cadmium, nickel, and lead contribution in distinct agricultural 

systems. Secondly, we determined whether or not a concentration response existed 

between metal accumulated in the edible plant tissue and increasing fertilizer 

application rates. Finally, we estimated the correlation between DGT measured labile 

metal and metal concentration in the edible portion of wheat and potato crop. 

 The final hypothesis of the metal in fertilizer study was that the bioavailability 

of metals/metalloids increased in agricultural soils over time, after yearly applications 

of phosphate fertilizers. To test this hypothesis, we calculated a site-specific, novel 

function of the distribution coefficient. Traditionally distribution coefficients are 

defined as the ratio between metal/metalloid concentrations measured in the soil solid 

phase divided by the concentration in the soil solution phase. We utilized the recently 

developed DGT tool to define Kd-BIO as the distribution between the soil solid phase 

divided by DGT measured, or bioavailable, metal fraction. In this way, we could track 

changes in metal bioavailability over time with increasing fertilizer applications. We 

also compared Kd-BIO values to plant metal concentrations to explore their use in 

determining the bioaccumulation potential from fertilizer input. The final objective of 

the last hypothesis was to utilize the Kd-BIO values to model the potential risk to 

humans from consumption of crops contaminated with non-nutritive metals.   
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Figure 1.1. Diffusive Gradients Thin film (DGT) processing from field to laboratory 
analysis. 
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Figure 1.2. Map of Oregon experimental agricultural field sites. 
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Figure 1.3. Randomized grid design for sampling at Oregon experimental agricultural 
plots. 

 Surface soil, DGT soil, deep soil and soil fertility were collected from each replicate. 
Surface and DGT soil samples were comprised of a composite of three sub-samples 

each, as shown below the grid. Soil fertility and deep soil samples were collected once 
per year.  
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Table 1-1. Soil background concentrations for five metals/metalloid in Oregon soils. 
Soils values (Boerngen, 1981; Holmgren, 1993) and Oregon Department of 

Environmental Quality (ODEQ) bird/mammal screening levels soil concentrations 
(mg metal / dry kg of soil) (1998). Adapted from Curtis and Smith (2002) 

Field data from 
this study1

Holmgren et 
al. 19932

Boerngen and 
Shackette, 19813 ODEQ4

Arsenic 3.8 N/A 6.4 10/29
(1.6-6.5) (4.3-10.3)

Cadmium 0.18 0.294 N/A 6/125
(0.10-0.23)

Lead 13.4 8.6 16 16/4000
(4.8-20.3) (10-20)

Nickel 13.6 27.4 16 320/625
(10-18.4) (7-30)

Mercury 0.013 N/A 0.11 1.5/73
(0.005-0.034) (0.04-0.26)

N/A = not available.
1.  Values are arithmetic means (range) for 16 background samples collected from fallow 
    field sites at Oregon State University agricultural research stations Klamath, 
    Hermiston,  Columbia, and Hyslop.
2.  The values are geometric means for 88 samples collected from  northwestern, 
     southcentral and southeastern Oregon.
3.  The values are arithmetic means and (ranges) for samples from Benton  (1 site), 
     Columbia (1 site), Lincoln (1 site), Marion (2 sites), Multnomah (1 site), and 
     Tillamook (2 sites) counties.
4.  ODEQ soil screening levels from risk assessments with rats 
     (representative mammal) and robins (representative bird).  
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Table 1-2. Selected metal and metalloid concentrations measured in ammonium 
sulfate* and ammonium phosphate* fertilizers 2004-2006. 

 

N=5 Control Treat Control Treat Control Treat

As 0.2 0.8 <0.014 7.7 0.7 6.3
Cd 0.1 20 <.00012 49 0.3 52
Pb 3.0 0.6 0.1 1.5 0.9 2.3
Ni 4.5 131 23 112 16 118

Hg (µg/kg) 110 3.9 1.4 2.5 40.4 5.1
*Control fertilizer=21-0-0-24 ammonium sulfate; Treat fertilizer = 16-20-0 ammonium 
phosphate.

2004 2005 2006

(mg/kg)
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 The final portion of this dissertation addresses the protection of the quality of 

the global food supplies. The use of chemical profiling techniques to differentiate 

geographic growing origin of agricultural products has recently been recognized as a 

critical emerging agricultural issue by the United States Department of Agriculture 

(USDA) for several reasons: Public health security and bio-terrorism preparedness 

includes protecting a nation’s food supply. Establishing and maintaining knowledge 

about the origin of food is an important component of securing the food supply. 

Authenticating food specimens to specific lots (shipments) or geographic regions 

would be part of assuring a safe food supply and an important tool for forensic 

investigations or detention of foods that may pose a risk to public health. Furthermore, 

improvements to supply management can assist in facilitating trace-back and 

accountability for food safety and quality, and can differentiate market foods with 

subtle or undetectable quality attributes (Golan, 2004). Chemical trace element 

compositional analysis of foods provides a scientific foundation to geo-locate food 

commodities on the basis of their chemical composition. 

Knowledge of geographic growing region is not only paramount in upholding 

accountability in the food production industries, but also is important to consumers. 

February 2001, the Consumer Right-to-Know Act (S. 280) was passed, requiring 

country of origin labels on perishable agricultural commodities in addition to meats. 

Concerns surrounding disparate agricultural practices, such as a lack of quality control 

standards, and protection of the market share have urged commerce officials to 

prioritize the development of methods to determine geographic origin of commodities. 

 An efficient and cost effective approach to help determine the geographic 

growing region of a commodity is to use trace element chemical profiling to create a 

finger print, or unique signature for a specific agricultural area. Chemical profiling 

techniques are an invaluable global tool to extract information about a growing region 

and ultimately may increase accountability in global food trade.  

 Trace metal profiling is based on several environmental and geologic factors 

such as soil type, average rainfall, and temperature of a growing region, and provides a 

scientific underpinning to determine the geographic origin of a commodity based on 

its trace element chemical profile. Soils contain variable concentrations of major, 
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minor and trace elements, whose availability for plant uptake is dependent on the soil 

system. Plant nutrients become available for uptake in soil solution by several 

processes including soil mineral weathering, decomposition of organic matter, ion 

exchange processes, application of soil amendments and deposition (Cresser, 1993). 

Plant nutrient sequestration is dependent on chemical form in soil solution; however, 

plants have evolved several mechanisms for adequate uptake. Soil acidification by 

release of hydrogen ion at the rhizosphere, anion uptake, modification of soil moisture 

content, organic compound exudation from roots and root respiration (Cresser, 1993).  

 The hypothesis of this study is that strawberry, blueberry, and pear can be 

geographically classified using multielement chemical profiling and bulk stable 

isotope ratio techniques. The first objective of this study was to classify between two 

geographical growing regions Oregon vs. Mexico, Chile, and Argentina for 

strawberry, blueberry, and pear, respectively. The second objective was to determine 

the classification effects of Oregon blueberry and strawberry varieties, some of which 

were grown on the same field only a few feet apart. The effects of subregional 

differences within Oregon were also evaluated.  
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ABSTRACT 

 

 Cadmium (Cd) is a common impurity in phosphatic fertilizers and may 

contribute to soil Cd accumulation. Changes in total and bioavailable Cd burdens to 

agricultural soils and the potential for plant Cd accumulation resulting from fertilizer 

input were investigated. Three year field studies were conducted using three dose 

levels of Cd-rich, commercial, phosphate fertilizers applied at four agricultural sites. 

Labile Cd concentrations, measured using the passive sampling device diffusive 

gradients in thin films (CdDGT), increased with increasing fertilizer application rates. 

Cd also accumulated in the edible portion of wheat and potato crops grown at the sites, 

and showed strong positive dose response with fertilizer treatment. Regression models 

were calculated for each site, year, and for individual crops. Model comparisons 

indicated that soil physical and chemical parameters in addition to soil Cd fractions, 

were important determinants of CdDGT. Significant factors contributing to CdDGT 

concentrations were Cd from fertilizer input (Cdfertilizer), pH, cation exchange capacity 

(CEC), and total recoverable Cd (Cdtotal). Important factors used to determine Cd 

concentrations in wheat grain (Cdwheat) and in potato (Cdpotato) were as follows: Cdwheat: 

Cdfertilizer, and CdDGT; Cdpotato: Cdfertilizer, CdDGT, % O.M.  The effective concentration, 

CE, calculated from DGT did not correlate well with Cdwheat nor with Cdpotato. Direct 

measurements of CdDGT correlated better with Cd found in edible plant tissue. The 

modeling approach presented in this study helps to estimate Cd accumulation in plant 

tissue over multiple years and in distinct agricultural soil systems. 
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INTRODUCTION 

 

 Many commercially available fertilizers and soil amendments contain variable 

levels of non-nutritive metals, such as Cd, arising from multiple sources including 

parent rock and the use of waste product as fertilizer (McLaughlin, 1996; Raven, 

1997).  Studies of the long-term effect of applying Cd-rich fertilizers to soils have 

resulted in mixed and conflicting conclusions, making it difficult to establish risk 

parameters for non-nutritive metals in fertilizer (USEPA, 1999).  Previous studies 

have employed a one-time use of soil highly contaminated with Cd, leaving 

unanswered questions about Cd bioavailability in agricultural settings, where Cd 

concentrations are considerably lower.  Cd spiked soils show much higher transfer 

rates to plants, than in soils in which the metals have aged (Chaudri, 2007; Huang, 

2004) and are not realistic in agricultural field studies. In addition, physical and 

chemical properties may differ significantly in agricultural soils subjected to repetitive 

tilling and irrigation, which influences Cd availability to crops (Mench, 1998). 

 The primary route for Cd exposure in humans aside from smoking, is through 

ingestion of foods (Norvell, 2000). Although levels of tolerable intake of many toxic 

metals from foods have been established (Van Urk, 1989), no maximum allowable 

concentrations for toxic metals in non-contaminated, agricultural soils have been 

defined. One reason for the lack of a standard is that the relationship between soil-

metal concentration and the amount of metal found in the edible portion of crops is not 

well defined. Individual crops acquire nutrients at variable rates and translocation of 

non-nutritive constituents is not necessarily uniform across species. Furthermore, 

edible plant tissues consumed may receive nutrients via different routes (e.g. xylem vs. 

phloem). These nuances complicate plant metal uptake efforts and the total soil metal 

concentration is often an unreliable indicator of plant metal concentration. Another 

reason for a lack of a standard is the need for an accurate and universal technique to 

mimic or model plant metal accumulation. 

 Researchers have found some success relating soil metal fractions to Cd plant 

concentrations utilizing soil extraction methods and measurements of free ion 

activities (Chaudri, 2007; Morel, 1983; Sukkariyah, 2005), though the impact of metal 
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uptake by plants followed by metal resupply from soil solid phase to soil solution has 

been largely ignored (Zhang, 2001). In this study we attempt to link soil-metal 

bioaccesibility, defined as the metal fraction in the rhizosphere potentially available 

for plant acquisition, with soil-metal bioavailability, defined as the extent to which 

bioaccessible metals absorb onto, or into, and across biological membranes of 

organisms (USEPA, 2007). Labile Cd species have been shown to be bioaccessible to 

plants (Degryse, 2006; Zhao, 2002).  Increases in labile Cd from continuous fertilizer 

application may lead to changes in plant Cd accumulation. As plants assimilate 

nutrients via organic and inorganic acquisition, the Cd fraction in the rhizosphere 

becomes depleted, initiating a release of Cd from surrounding soil surficial sites, and 

creating the potential for increased plant Cd uptake (Evans, 1989). 

 One way to measure the solid phase resupply of the labile Cd fraction is with 

Diffusive Gradient Thin Films (DGT).  DGT is a diffusion driven passive sampling 

device developed and used for quantitative determination of labile metals in situ 

(Davison, 1994).  The focus of sampling by DGT is on the speciation and ultimately 

the bioaccesibility of metals rather than the traditional method of determining their 

mere presence as measured by a total recoverable concentration. Labile metal species 

measured with DGT also more accurately reflect metal bioaccesibility and 

bioavailability to plants than measurement of ion activities alone (Davison, 2000; 

Nolan, 2005; Zhang, 2004; Zhang, 2001). 

 It is therefore of great importance to define the bioavailable fraction of metals 

in agricultural soils (USEPA, 2007). Previous bioavailability studies have focused on 

application of biosolids, or reclaimed irrigation waters (USEPA, 1999), while few 

looked at phosphate fertilizers as a source of continuous metal input into agricultural 

systems. The majority of studies measured Cd fractions found in bulk solution to 

delineate correlations with plants (Chaudri et al., 2001; Degryse, 2006). We 

hypothesize that the labile Cd fraction captured by DGT increases with dose-

dependent phosphate fertilizer applications and is a good predictor of Cd uptake into 

wheat grain and potato. 
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EXPERIMENTAL SECTION 

 

Study area. Soils were collected from four agricultural field locations in the state of 

Oregon, USA.  Sampling locations represent distinct agricultural systems defined by 

distinct climates, soil classifications, crop rotations, and agronomy practices.  Selected 

characteristics of the sites are presented in Table 1.  At each sampling location, an area 

of 1012 m2 was allocated and divided into a 4x4 randomized grid consisting of four 

treatment levels (dose), each with four replicates. 

Soil treatment.  Commercially available fertilizers were used for field dosing. Dosing 

consisted of a control and three Cd-rich treatment levels. The control (C) was a 1x 

application rate with a non metal-rich ammonium sulfate commercial fertilizer (21-0-

0-24, N-P-K-S). Treatment level 1x (T1x) was a 1x application rate of a commercially 

available, Cd-rich, phosphatic fertilizer (16-21-0 N-P-K), followed by T2x, and T3x. 

Application rates are based on typical agronomic application levels for the nitrogen 

needs for the soil type, irrigation practices, and crops to be grown at each site. (Hart, 

2000; Hemphil, 2006). Each year T1x-T3x Cd soil loads from fertilizer input may be 

very different at each site based on the aforementioned agronomic factors.  Average 

concentrations of Cd in the control fertilizers were 0.007 (±0.003), < 0.00012, and 

0.27 (±0.2) mg/kg 2004-2006 respectively. Average concentrations in treatment 

fertilizers were 20 (±1.5), 49 (±1.1), and 52 (±3.5) mg/kg 2004-2006 respectively. 

Sample collection. Soils were collected at harvest approximately 5-10 months post 

fertilizer application. Surface and DGT soils were collected within the field grid from 

each of the treatment replicate plots. If crops were present, soils were collected from 

spaces in between individual plants.  Overall, 16 total surface soil, DGT soil and plant 

samples, four samples per treatment level, from each of the four field treatment 

replicates were collected from each site for a total N= 64 of each type of sample 

collected from the four different field sites. 

Surface soils.  Surface soils were collected as an intact core from the O and A 

horizons (0-22 cm) using stainless steel soil probes (AMS inc., American Falls, ID, 

USA).  By sampling in these horizons, we aimed to access the soil that would most 

likely be in contact with plant roots. Each treatment replicate represents a composite 
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of three sub-sample cores collected from distinct spots within the replicate plot area 

and composited into one sample to capture field heterogeneity within each treatment 

plot and replicate. 

Diffusive Gradient in Thin Film soils.  Surface soils (0-22 cm) were collected for 

DGT deployment using a stainless steel trowel.  A composite of three sub-samples 

were taken from each treatment replicate to account for soil heterogeneity. To preserve 

the natural biota of the soil, samples were neither dried nor ground. DGT soils were 

placed in clean plastic bags, and stored at < -20 °C until analysis.  Side-by-side 

aliquots were removed from the sample to simultaneously test for DGT measured and 

soil solution metal concentrations. 

Plant.  Wheat (Triticum aestivum L.) and potatoes (Solanum tuberosum) were grown 

following typical agronomic practices. Sixteen plant samples, representing four 

replicates of each of the four treatment groups, were harvested once a year from each 

site for analysis. Wheat grain was harvested using a mini-combine, allowing 

individual replicates from each treatment to be sampled.  Similarly, twelve potatoes 

were randomly sampled and composited from each replicate using a small potato 

harvesting machine for a total of 192 potatoes from one field site per season (12*16). 

Although wheat species and cultivar differences in Cd accumulation have been 

identified (McLaughlin, 1996), comparisons were not incorporated into the analysis 

for this study. The wheat varieties grown were known to be the most common and 

widely used for each specific field site for each year based on communication with the 

agricultural research station directors. No statistically significant change in crop yield 

was seen at Klamath, Hermiston, or Columbia for the study duration. No change in 

yield was measured at Willamette, except in 2006, where T3x yield was significantly 

greater than the control (P<0.05, N=16). 

Methods.  Total recoverable metal concentrations of surface soils and the edible 

portion of plant samples were determined using an acid digestion as adapted from 

EPA methods 3050B and 7020 (USEPA, 1996).  Potatoes were washed and lightly 

scoured under ultra pure water. Wheat kernels and potatoes with skin were dried and 

ground prior to homogenization and acid digestion. Samples were analyzed by 

inductively coupled plasma mass spectrometry (ICP-MS) (PQ ExCell, Thermo 
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Elemental, Waltham, MA, USA).  Soil sub-samples were sent to the University of 

Idaho Analytical Sciences Laboratory (Moscow, ID, USA) and analyzed for general 

fertility including pH, P, K, percent organic matter (% O.M.), nitrate (NO3-N), 

ammonium (NH4-N), CEC (Table 2-1), and particle density (not shown). 

DGT deployment and sample analysis.  DGT soils were brought to room temperature 

(21 °C) prior to use.  Room temperature soils (~50 g) were mixed in duplicate with 18 

MΩ cm water to achieve a 115% moisture level based on the water holding capacity. 

After a 24 h equilibration, DGT units (DGT Research Ltd., Lancaster, Lancashire, 

UK) were deployed according to Zhang and Davison for 72 h and the time integrated 

metal concentration accumulated in the DGT device was calculated according to 

Zhang and Davison (Zhang, 1995). 

Calculation of CE. The effective concentration (CE) takes into account not only the 

concentration of metal accumulated on the resin in the DGT, but also the amount of 

metal that is resupplied to the soil solution from solid phase metal pools (Zhang, 

2001). CE is determined by using the DIFS model (DGT Induced Fluxes in Sediments) 

as previously described (Harper, 2000; Sochaczewski, 2007).  The input variables 

required to calculate CE were distribution coefficient (Kd), soil solution concentration, 

soil density, soil porosity, and diffusion coefficients of Cd in pure water (D).  Kd was 

defined as the distribution between the total recoverable, acid digested Cd fraction in 

soil and the soil solution Cd fraction as described above. With the exception of D, 

each of these parameters was measured directly for each site and applied to the model 

for more precise, site specific, calculation of CE. 

Quality Control.  Field and laboratory quality control (QC) samples comprised at 

least 15% of each analytical run. Trip, field, and rinsate blanks were below limits of 

quantification. Certified reference materials (CRMs) were purchased from the 

National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA). Soil 

CRMs included 2710 Montana Highly elevated soil, 2711 Montana Moderately 

elevated soil, and 2709 San Joaquin soil.  For DGT and soil solution analysis, CRM 

1640 Natural Waters was used.  Plant CRMs included 1515 Apple Leaf, and 1573a 

Tomato Leaf.  Blank samples (N=104) and rinsate blanks (N=4) were below detection 

limits.  The average percent recovery for all check standards was 97% (N= 63).  
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Average spike recoveries were ≥90% (N= 10).  The average percent recovery for all 

CRMs was 99% (N= 40; CRMs: 2711, 99%; 2709, 97%; 1573a, 100%; 1640, 100%).  

The average concentration of Cd in the in-house reference soil was 0.12 ± 0.02 mg/kg.  

Irrigation waters were sampled each year from Klamath and Hermiston (N= 22/site). 

Data Analysis.  For graphical representations, SigmaPlot 2003 for Windows, Version 

8.0 (SPSS Inc., Chicago IL, USA) was used.  Sigma Stat for Windows, Version 3.1 

(Systat Software, Inc., San Jose, CA, USA) was used to determine one-way analysis of 

variance (ANOVA, Holm-Sidak method), the Pearson product moment correlation 

parametric test, and multiple linear regressions (MLR). The ANOVA determined 

treatment and yearly effects. The MLR was used for multivariate modeling to detect 

variables that are correlated with cadmium concentration in the DGT device and in 

plant. Significance levels for all statistical analyses were set at P < 0.05. 

 

RESULTS AND DISCUSSION 

 

Bioaccessible Cd measured by DGT.  Cd soil additions through fertilizer 

applications were small compared with other studies, and dose steps were low to more 

closely simulate typical agricultural practices. Despite this challenge, increasing 

CdDGT concentration with fertilizer treatment was seen at three out of four sites. At the 

Klamath and Hermiston (irrigated) sites, T3x samples contained 64 and 46% greater 

CdDGT than the control groups (P < 0.001), while T3x samples at Columbia and 

Willamette (dry) sites measured 62 and 47% more CdDGT than the controls over the 

four year study period (P = 0.01). An increasing trend in CdDGT was seen at Klamath 

2004-2006, but was not statistically significant.  These increases in CdDGT, albeit 

slight, provide evidence that DGT measures increases in labile metal with dose 

increases at non-contaminated field sites. Using ANOVA, all-pairwise multiple 

comparison procedures (Holm-Sidak method), yearly treatment effects were measured 

at Hermiston, Columbia, and Willamette as shown in Figure 2.1. 
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Figure 2.1. DGT measured Cd response with fertilizer treatment 2003-2006.  

Significant treatment effect in CdDGT per year is noted by an asterisk. Dose step 
significance levels are indicated with lower case letters, P<0.05, N=4. 

 

 For all sites, CdDGT concentrations were linearly correlated with Cd soil loads 

from fertilizer input (Cdfertilizer) (average R2 = 0.69; P <0.05). However, at the highest 

loads at all sites in 2006, CdDGT did not reflect the Cdfertilizer increase. In 2003-04, 

averages of CdDGT were 16 and 27% those measured in 2005 respectively. Yet in 

2006, CdDGT levels dropped to 51% those observed in 2005. In addition, CdDGT 

concentrations were similar across soil types, in spite of nearly double the Cdfertilizer at 

Hermiston and Willamette in 2005-06, suggesting significant influence from soil 

physical and chemical factors. 

 



 

Table 2-1.   Site name, soil classification, ranges of selected soil properties, and crop rotation schedule 2003-2006.  
Ranges include all treatment levels: control, 1x typical application rate for the specific soil type and crop grown using a non-Cd rich 
ammonium sulfate fertilizer; T1x, T2x, T3x, 1x-3x typical application rate for the specific soil type and crop grown using a Cd-rich 

phosphatic fertilizer.  
 

Location

Soil 
classification

a pHb

% 
Organic 
Matterc

CECd 

(cmol/kg)
Pe   

µg/g
Kf      

µg/g
NH4-N

g 

µg/g
NO3-N

h 

µg/g
Total Cdi  

mg/kg
Irrigation 
practices

Crop(s) 
grown

Range Cdfertilizer
j     

(g Cd/ha/y)

Klamath Poe fine 
sandy loam 4.7-5.9 0.78-1.1 11-14 9-33 48-91 3.1-56 5.7-53 0.09-0.29 irrigated

summer 
wheat/ 
potato

control: 0.0001-0.11   
treat: 17-82     

Hermiston Adkins fine 
sandy loam 4.7-7.1 1.1 9.1-12 7.2-42 240-510 2.2-72 2.2-81 0.13-0.33 irrigated

winter 
wheat/ 
potato

control: 0.0002-0.17   
treat: 17-132     

Columbia Walla Walla 
silt loam 4.3-5.1 2.4-3.3 15-20 7.4-35 540-720 3.1-75 8.5-70 0.16-0.27 dry land winter 

wheat
control: 0.03-0.09       
treat: 9-71     

Willamette Woodburn 
silt loam 4.9-5.8 2.0-3.0 16-20 8-44 170-290 2.7-15 1.1-54 0.13-0.40 dry land winter 

wheat
control: 0.0002-0.23   
treat: 23-175     

a Soil classification according to the NRCS.
b Measured using a saturated paste; electrode method (ASA 12-2.6).
c Dichromate/H2SO4 colorimetric method.
d CEC=cation exchange capacity, measured using ammonium acetate EPA method 9081.
e available P Colorimetric, ASA 24-3.4, Na acetate extraction
f available K AA, Na acetate extraction
g Nitrogen-Ammonia: Colorimetric, ASA 33-7.3KCl Extractable, ASA 33-3.2
h Nitrate-N + Nitrite-N Colorimetric, ASA 33-8.3, KCl extractable, ASA 33-3.2
i total recoverable Cd, NO3, HCl acid digestion
j Soil Cd addition from fertilizer; based on 30.5 cm till depth.  
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 It is well known that soil properties can alter Cd mobility (Chaudri et al., 2001; 

Sauvé, 2000). To evaluate the combined effect of other variables on CdDGT, multiple 

linear regression (MLR) models were derived for each year, at each site, and for 

individual plant species. Included in the model were the following parameters: total 

recoverable Cd (Cdtotal), pH, % O.M., CEC, Cu and Zn in soil solution (Cusoln, Znsoln), 

Cu and Zn in irrigation waters (Cuirr, Znirr), and Cdfertilizer. CdDGT is well correlated 

with Cd concentration in soil solution (Cdsoln) (R2=0.70, P<0.0001, N=180). To avoid 

issues of collinearity, Cdsoln was not included in the CdDGT regression models. Organic 

matter, pH, and CEC have been defined as key critical factors that influence Cd 

mobility in soils (Lee, 1996). Interactions between Cu and Zn fractions and Cd in 

agricultural soil systems are not well understood. Conflicting results show both 

antagonistic (Tsang, 2006; Welch, 1999) and enhanced accumulation of Cd in crops 

(Papoyan, 2007) in the presence of Cu and Zn. Inclusion of these metals in MLR 

models assists in characterizing the soils and promotes a better mechanistic 

understanding of how the presence of Cu and Zn soil fractions lead to decreased or 

enhanced uptake of Cd in crops. Common soil characterization factors found to be 

significantly correlated with CdDGT across all sites were % O.M., CEC, pH, Cdtotal, and 

Cusoln. The site specific regression equations for significantly correlative factors of 

CdDGT are shown in Table 2-2. 

 



 

Table 2-2 A-D. Site specific multiple linear regression equations used to describe log CdDGT and log Cdplant concentrations 2004-2006.  
Tables 2A, 2C show significant influences of soil physical and chemical properties that are correlative with log CdDGT and log Cdplant. 

Tables 2B, 2D show regression models that include the effect of Cd input from phosphatic fertilizer application. 
 

2A) log CdDGT (µg/L) N=16 2B) log CdDGT (µg/L) including (Cdfertilizer) N=16 

Site Year MLR Equation MLR statistics MLR Equation MLR statistics
Klamath 2004 = 1.9 - (2.5 log Cusoln) - (0.28 pH) R2 = 0.53; P = 0.03 no change (Cdfertilizer not significant) -

2005 = 2.1 - (1.4 log Cusoln) - (0.10 CEC) R2 = 0.61; P = 0.002 = 0.56 - (0.102 CEC) + (0.057 Cdfertilizer) R2 = 0.33; P = 0.07
2006 = 1.8 - (0.53 pH)  R2 = 0.28; P = 0.04 = -0.26 - (0.19 pH) + (0.029 Cdfertilizer)  R2 = 0.47; P = 0.02

Hermiston 2004 = 1.2 - (1.7 log Cusoln) R2 = 0.31; P = 0.06 no change (Cdfertilizer not significant) -
2005* = 8.2 + (1.2 log Cdtotal) - (0.79 pH) - (0.64 CEC) R2 = 0.75; P < 0.001 = 8.4 + (1.1 log Cdtotal) - (0.67 pH) - (0.68 CEC) + (0.013 Cdfertilizer) R2 = 0.76; P = 0.002
2006* = -5.7 + (1.9 log Cdtotal) R2 = 0.46; P = 0.004 = -1.4 + (1.6 log Cdtotal) + (0.0168 Cdfertilizer) R2 = 0.73; P < 0.001

Columbia 2004 = 6.2 - (1.5 pH) R2 = 0.25; P = 0.1 no change (Cdfertilizer not significant) R2 = 0.44; P = 0.08
2005 fallow fallow -

2006* = 2.0 - (0.66 pH) R2 = 0.53; P = 0.002 = -0.56 - (0.13 pH) + (0.024 Cdfertilizer) R2 = 0.57; P = 0.004

Willamette 2004 = -3.3 - (1.2 % O.M.) + (0.26 CEC) R2 = 0.69; P = 0.02 no change (Cdfertilizer not significant) -
2005* = 6.5 - (0.38 CEC)  R2 = 0.26; P = 0.04 no change (Cdfertilizer not significant) -
2006* = 3.8 - (0.71 %O.M.) - (0.20 CEC) R2 = 0.64; P = 0.001 = 19.9 - (1.5 CEC) + (0.027 Cdfertilizer) R2 = 0.58; P = 0.01

2C) log Cdplant  (µg/kg) N=16 2D) log Cdplant  (µg/kg) including (Cdfertilizer) N=16

Klamath potato* = 1.9 + (0.49 %O.M.) + (0.030 CdDGT) R2 = 0.56; P = 0.03 = 2.2 + (0.049 % O.M.) + (0.022 Cdfertilizer) + (0.013 log CdDGT) R2 = 0.71; P = 0.02
wheat* = -0.31 + (2.4 %O.M.) + (0.11 log CdDGT) - (0.01 Znirr) R2 = 0.80; P < 0.001 = 2.0 + (0.087 log CdDGT) + (0.0066 Cdfertilizer) - (0.0062 Znirr) R2 = 0.79; P < 0.001
wheat* = 0.62 + (1.4 % O.M.) R2 = 0.56; P < 0.001 = 0.78 + (1.2 % O.M.) + (0.0018 Cdfertilizer) R2 = 0.56; P = 0.005

Hermiston wheat = 0.58 + (0.55 log Cdtotal) R2 = 0.41; P = 0.008 no change (Cdfertilizer not significant) -
potato* = 2.5 - (0.10 pH) R2 = 0.25; P = 0.05 = 0.43 - (0.25 pH) + (0.024 Cdfertilizer) R2 = 0.80; P < 0.001
wheat* = 3.0 + (0.16 CdDGT)  - (0.15 pH) R2 = 0.57; P = 0.004 = 1.8 + (0.014 Cdfertilizer) R2 = 0.64; P < 0.001

Columbia wheat no significant variables no significant variables -
fallow fallow -

wheat no significant variables no significant variables -

Willamette wheat* = 1.8 + (0.52 log Cdtotal) - (0.069 CEC) R2 = 0.51; P = 0.01 = 2.4 - (0.047 CEC) + (0.014 Cdfertilizer) R2 = 0.65; P = 0.001
wheat* = 4.9 - (0.65 pH) R2 = 0.54; P = 0.001 = 3.8 - (0.42 pH) + (0.0039 Cdfertilizer) R2 = 0.58; P = 0.003
wheat = 1.8 + (0.19 log Cdsoln) R2 = 0.39; P = 0.009 no change (Cdfertilizer not significant) -

*statistically significant treatment effect observed.  
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Dry sites. Increased soil binding sites, via the presence of organic matter for example, 

may have increased Cd sorption to soil particulates (Evans, 1989). Increased sorption 

may have masked the CdDGT treatment effect at the Columbia and Willamette sites in 

2004. A slight reduction in pH with Cdfertilizer input was observed at Columbia between 

the control and T3x (P<0.05), while no significant pH decrease was measured at 

Willamette with fertilizer treatment. All years, CdDGT levels at Columbia were similar 

to the other field sites, despite Cdfertilizer values that were half those of all other sites. 

While low pH measurements may have increased CdDGT, no treatment effect was 

observed. The lowest observed pH values of the study were measured at Columbia in 

2006, and pH was identified as a significantly correlative factor with CdDGT that year. 

Silt loam soils at the Willamette field are rich in clay minerals and have moderate 

organic matter content. Significant correlative factors of CdDGT at Willamette were 

CEC, and % O.M. As per typical agronomical practices at Willamette, the 

experimental field plot was amended with lime post harvest in 2005 due to low pH 

values.  Cd concentrations in lime samples were below our method detection limit. 

However, the addition of lime has been shown to decrease labile Cd via increased pH 

and likely decreased the magnitude of treatment effect observed in CdDGT at 

Willamette in 2006 (Christensen, 1984).  This claim is further substantiated by 

observed increases in Cdtotal each year across all treatments at Willamette (data not 

shown). 

Irrigated sites. Values of pH decreased with increased fertilizer treatment level, 

however, reductions were not incremental. Significant pH decreases were only seen at 

the T3x application level (P<0.05) with all years averaged.  pH is recognized as a 

principle factor affecting metal solubility (Sauvé, 2000) and fertilizer amendments to 

soils can lead to decreases in pH (Lorenz, 1994). Indeed, pH and CEC were important 

variables which explained CdDGT concentrations at Klamath and Hermiston. Cdtotal was 

a significant factor in explaining the CdDGT observed at Hermiston in 2005-2006. This 

is reasonable due to the lack of binding sites via low % O.M., CEC, and clay mineral 

content, typical of Adkins fine sandy loam soil found at the Hermiston field site. For 

the interpretation of the relationship between CdDGT and Cusoln at Klamath and 

Hermiston we proceeded with caution, since no significant CdDGT treatment effect was 
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observed at these sites for the specified years. Klamath and Hermiston soils contained 

on average double the Cusoln compared to the dry sites and significant correlations with 

CdDGT were measured at these sites. Correlations are likely explained by common 

influences of soil properties that affect each metal in a similar way. Copper is not 

thought to directly compete with Cd for root binding sites, since essential Cu uptake 

channels already exist (Colangelo, 2006). However, Cu may bind tightly to soil 

surficial sites that would otherwise have been occupied by Cd (Tsang, 2006). These 

nuances of varied soil physical and chemical parameters and their potential to 

influence CdDGT, support the need for a comprehensive approach to estimate metal risk 

in soil systems. 

 In addition to the use of soil characterization parameters to procure information 

about the fate of soil Cd, another factor of vital importance is Cd loads to agricultural 

soils from fertilizer application (Cdfertilizer). It has been shown that application of 

phosphatic fertilizers is a major contributor of Cd to agricultural systems 

(McLaughlin, 1996) and little off-site movement, via leaching occurs (Hamon, 1998).  

The fertilizers used in this study were within state regulatory statutes for maximum 

allowable Cd content. Although regulation of Cd content in phosphatic fertilizers is a 

positive step, the question remains of whether agronomically relevant applications of 

legally acceptable Cd-containing fertilizers result in Cd accumulation in the edible 

portion of crops. To determine the contribution of Cdfertilizer to bioaccessible soil Cd 

fractions, as measured by DGT, Cdfertilizer was also included in the MLR models. In 

2004, Cdfertilizer was not significantly correlated with background corrected CdDGT 

concentrations at any of the field sites. However, Cdfertilizer showed strong significant 

correlations at both irrigated sites in 2005-06 and at Willamette in 2006, suggesting 

that labile Cd increase in soils occurred at a slow rate. This is not surprising 

considering the limited metal addition via agronomically relevant fertilizer 

applications. The regression equations for significantly correlative factors of CdDGT 

including Cdfertilizer are shown in Table 2-2. 

Cd measured in edible plant tissue.  At non-contaminated sites, with agronomically 

relevant phosphatic fertilizer applications, Cd was found to be present in the edible 

portion of wheat and potato crops (Figure 2.2).  Wheat grain has been shown to 
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accumulate significant amounts of Cd, while even higher levels are found in leafy 

vegetables and potatoes (Taylor, 1998). The total recoverable Cd concentration in 

plant (Cdplant), µg/kg dry weight, ranged from 22-161 in wheat, and 63-283 in potato.  

Dose dependent relationships between Cdplant and fertilizer treatment levels were 

found at Willamette, Klamath and Hermiston. At the Columbia site, a crop rotation 

schedule of wheat-fallow-wheat was followed.  No treatment effect was observed at 

Columbia for the 2004 or 2006 winter wheat analysis. 
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Figure 2.2. Plant cadmium concentrations (µg/kg, dry weight) by treatment level from 
four agricultural field sites.  

Significant treatment effect is noted with an asterisk and dose step significance levels 
are indicated with lower case letters. 
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Irrigated sites. Klamath potatoes T3x resulted in an average of 33% greater Cd 

concentration than the control group (P = 0.001), while T3x for wheat 2005 and 06, 

contained 23 and 30% more Cd than the control, respectively (P = 0.01). At the 

Hermiston sampling site, a wheat-potato-wheat rotation was followed.  At Hermiston 

in 2004, no significant treatment effect was measured for wheat and reflected the 

lowest Cdfertilizer input for all years. In 2005-06, T3x potatoes contained 38 and 50% 

greater Cd than the control respectively (P = 0.01). These results are in contrast to 

other studies that found no increases in grain Cd with fertilizer addition to soils (Jones, 

1989; Mortvedt, 1987). The authors attributed the lack of grain Cd accumulation to 

either no treatment effect, or the lack of due to dilution from increasing yield with 

increased P application. In the current study, no significant difference in yield between 

treatment levels was observed at all sites for all years, except in 2006 at Willamette, 

where a slight increase in grain yield was measured between T3x and the control. 

Dry sites. At Willamette 2004-05 wheat T3x measured 39 and 36% greater Cd than 

the control groups. No treatment effect was observed at Willamette in 2006, despite 

having the largest Cdfertilizer input that year for all sites. The decreased in Cdplant is 

likely an artifact of increased pH at Willamette from lime application in the fall of 

2005. Increasing Cd input generally resulted in increasing Cdplant at three out of four 

sites. However, similar to CdDGT, plant Cd uptake has been shown to vary widely with 

slight changes in soil physical and chemical parameters (Bergkvist et al., 2004; Wang, 

2006). 

 MLR models were used to determine factors important in estimating Cdplant. 

Factors included in the models were: Cdtotal, Cdsoln, CdDGT, pH, % O.M., CEC, CuDGT, 

Cusoln, Cuirr, ZnDGT, Znsoln, and Znirr. Regression equations for significantly correlative 

factors of Cdplant are shown in Table 2-2. Common soil characterization factors found 

to describe Cdplant reasonably well were % O.M., CEC, pH, CdDGT, Cdtotal, Cdsoln, and 

Znirr. Soil pH is the most notable of the parameters affecting Cd availability to crops 

(Lofts, 2004). Indeed, pH was a significant factor in 44% of the regression models 

generated with our data. As expected, decreases in soil pH correlated with increases in 

Cdplant. Soil % O.M. surprisingly showed positive correlations with Cdplant at Klamath 

all years. Metals bound to organic complexes in solution are readily taken up by 
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durum wheat (Krishnamurti, 2000). Wang et al. found that O.M. was positively 

correlated with Cd increases in Chinese cabbage, spinach, and cole (Wang, 2004). 

Pinto et al. found that while the presence of O.M. decreased Cd in solution, the Cd 

concentration in sorghum shoot increased (Pinto, 2004). Znirr was a significant factor 

and was negatively correlated with wheat at Klamath in 2005. One hypothesis is that 

Zn and Cd are bioaccessible to plants via a similar transport mechanism (Hart, 2002), 

thereby creating a competitive environment for the two metals in the rhizosphere. Cd 

fractions were also significantly correlated with Cdplant, including Cdtotal, Cdsoln, and 

CdDGT. By design, DGT is intended to mimic metal uptake via diffusion at the root 

level, thereby offering a partial mechanistic comparison for DGT/plant metal uptake. 

CdDGT was found to be an important variable, especially for the estimation of Cd in 

irrigated crops. 

 MLR model results including the addition of Cdfertilizer are shown in Table 2D. 

Correlation coefficients tended to improve with the inclusion of Cdfertilizer, providing 

further supporting evidence of phosphatic fertilizer as a major source of Cd in wheat 

grain and potato at typical agricultural sites with low soil Cd concentrations. After 

taking into account the other Cd fractions in the Cdplant model, CdDGT was the only 

significant factor after the addition of Cdfertilizer. 

Plant Cd accumulation as a function of the effective concentration CE.  Previous 

studies have utilized DGT and the DIFS model to calculate CE. CE has been used to 

predict metal uptake into spinach, ryegrass, barley root, tomato shoot, and pepperwort 

(Almas, 2006; Nowack, 2004; Zhang, 2001; Zhao, 2006).  Plant active processes for 

nutrient assimilation, such as exudation of organic acids, are not considered in the 

DIFS model. In spite of this, root and shoot concentrations are often well correlated 

with CE (Vandenhove, 2007; Zhang, 2001; Zhao, 2006). Little is known about how CE 

will correlate with wheat grain and potato.  Calculated CE values were nearly two 

times larger for irrigated sites than non irrigated sites (0.78 (±0.83), 0.45 (±0.37) µg/L 

respectively). Cd concentrations in irrigated wheat correlated better with CE (R = 0.45, 

P < 0.001, N = 60) than Cd in dry wheat (R = 0.22, P = 0.09, N = 80). CE was also not 

well correlated with Cd in potato (R = 0.36, P = 0.06, N = 32). The use of DGT and CE 

to estimate Cd accumulation in crops appears to be species specific, with notable 
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differences between wheat and potato Cd estimations. Almas et al. also found 

differences in agreement with Cd uptake and CE between spinach and ryegrass, with 

ryegrass showing stronger correlation (Almas, 2006). 

 Composite regression models estimate Cdplant accumulation.  MLR models 

were created to determine variables that correlate best with Cdwheat over all years at all 

sites. That is, included in the model for wheat were variables from all of the sites for 

each year that wheat was grown.  The MLR model included the same variables used to 

predict Cdwheat with the addition of CE. The regression equations for the most 

significantly correlative factors of Cd found in irrigated and non-irrigated (dry) wheat 

are shown in equations 2-1 and 2-2. 

 

log Cdirrigated wheat = 2.0 + (0.26 log CdDGT) + (0.0091 Cdfertilizer)   (2-1) 
 

log Cddry wheat = 1.6 + (0.0075 Cdfertilizer)    (2-2) 

 

For Cdirrigated wheat, (eq. 2-1) these two factors explain 69% of the Cd found in the 

grain (N= 60; R2 = 0.48; P < 0.001). Cddry wheat (eq. 2-2) MLR analysis resulted in 

only Cdfertilizer as a significant factor, yet accounted for 50% of Cd in non-irrigated 

grain (N= 80; R2 = 0.25; P < 0.001). Regression models for Cdpotato were not combined 

into one equation due to large differences in Cd concentration between potatoes grown 

at the Klamath and Hermiston sites.  Despite having fertilizer loads nearly double 

those applied at Klamath, Hermiston potatoes contained less than 50% of the Cd 

concentration compared with Klamath potatoes. 

 Overall, the calculated CE was not a significant factor in the estimation of 

Cdwheat at irrigated or dry sites, nor with Cdpotato. Previous studies showed that wheat 

stover, including roots and stalk, contained more Cd than wheat grain, indicating that 

translocation capabilities of plants to edible portions play an important role for 

potential human Cd exposure through food intake (WSDA, 2001). Both wheat grain 

and tubers receive the bulk of their organic and inorganic content via phloem transport 

along source-sink gradients (Wardlaw, 1990). For soil Cd, this involves initial root 

uptake, transfer to the xylem in the root stele and a further transfer from xylem to 
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phloem along the pathway from root to grain or root to tuber (Herren, 1997; Van der 

Vliet, 2007). The Cd content of both these edible tissues is thus subject to additional 

constraints on transport, when compared to a leafy crop such as lettuce. 

Appraisal of long-term soil Cd concentrations and plant Cd accumulation. Low-

level fertilizer-based Cd applications distinguish this study, resulting in agronomically 

and environmentally relevant soil Cd levels at non-contaminated, agricultural field 

sites. The results from this study may be used to determine allowable concentrations 

of Cd in commercial fertilizers as well as to determine Cd accumulation in two 

globally important crops at realistic application levels. Projections to define ‘critical 

limits’ of soil metal burdens based on long-term metal addition to soils was recently 

identified as a goal of the utmost importance (Lofts, 2007) and real-system field data 

are needed to aggrandize and ameliorate current projection models. While considering 

plant uptake of metals and potential human health risk, results from current models 

often vary considerably due to site specific and crop differences, particularly plant 

species in which translocation at a distance to the edible portion occurs. In this case, 

DGT was utilized as an effective tool to measure the kinetically labile soil metal pools, 

but was only marginally predictive of Cd found in the edible portion of wheat and 

potato crops. Conversely, DGT metal correlation with crops with little translocation 

distance have been successful, leading to questions about whether additional 

correction factor terms could be included in the DIFS model to incorporate a larger 

range of plant species. We agree that future research incorporating the bio-distribution 

coefficients of metals in surface soils, DGT, and plant is warranted to better define the 

potential for human Cd consumption risk. 
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ABSTRACT  

 

Three-year field trials in four distinct agricultural soils were conducted to examine 

changes to total recoverable and labile Cd and Ni. Wheat and potato were grown on 

field plots that had received increasing levels of Cd and Ni input from phosphate 

fertilizer applications. Total recoverable Cd and Ni accumulated in soils over time. 

Labile Cd and Ni were measured using diffusive gradients in thin films (DGT), a 

passive sampling device reported to estimate the plant bioavailable metal fraction. 

DGT Ni levels were not significantly changed with treatment or over time. DGT Cd 

levels increased with application rate and over time from 2003-2005, then decreased in 

2006.  Wheat grain Cd concentrations and Cd and Ni levels in tubers increased 

significantly with fertilizer treatment level. Wheat and tuber Cd values exceeded the 

minimal risk levels (MRL) for chronic oral exposure. At agronomical P-fertilizer 

application rates, 25% of plant samples were in deviation of the Cd MRL. We report 

the use of Kd-BIO, defined as the ratio of total recoverable metal to DGT measured 

metal, as a significant indicator of crop metal accumulation. Kd-BIO values were highly 

correlated to both wheat and potato concentrations over multiple growing seasons. 

Results from long-term field trials emphasize Kd-BIO as a dynamic term that provides 

risk characterization information about the fate of Cd and Ni in agricultural soils and 

crops.    
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INTRODUCTION 

 

Phosphatic fertilizers are responsible for significant metal contributions to global 

agricultural soils each year (McLaughlin, 1996). There is a lack of a consistent 

relationship between metal accumulation in crop and soil metal fractions, yet 

understanding this relationship is critical to the protection of food supplies. Concerted 

efforts have strived to produce consistent and reliable methods and models to estimate 

crop uptake of metals from soil. Challenges include the lack of field studies, 

particularly those estimating bioavailable metal fractions (Lofts, 2007; USEPA, 2007).  

 The mobility of metals in soils is directly related to the partitioning between 

soil solid phase and solution phase (Evans, 1989), also defined as the distribution 

coefficient (Kd). Kd values in agricultural soils, where metal levels are considered to 

be low, are not well characterized. This is, in part, due to discrepancies in sampling 

technique and analysis and large subsequent variability of available data (USEPA, 

2005). Field trial data are needed following Kd values over time to capture changes in 

transient system conditions (e.g. wetting and drying cycles, tilling, cropping). 

Fixation, or aging, processes remove metal fractions from available soil pools and can 

be quantified by measuring decreases in labile metal over time (Hamon, 1998). 

Diffusive gradients in thin films (DGT), measure the labile metal fraction in soils 

(Zhang, 1998). There is also increasing evidence supporting the use of DGT as a plant 

mimic of metal acquisition in the rhizosphere (Degryse, 2006; Nolan, 2005; Zhang, 

2001; Zhao, 2006). However, plants also access non-available pools (Echevarria, 

2006; Hutchinson, 2000; Nowack, 2004) via active processes (e.g. organic acids, 

exudates).   

 We report the calculation of Kd-BIO values as the distribution between the total 

recoverable and DGT measured Cd and Ni concentrations. In multi-year, multi-site 

field trials, soils were treated with increasing applications of commercial phosphate 

fertilizers, beginning with typical agronomy rates. We tested whether changes in Kd-

BIO with fertilizer treatment and over time were a good indicator of metal accumulation 

in wheat (Triticum aestivum L.) and potato (Solanum tuberosum) crops.  
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EXPERIMENTAL SECTION 

 

Study area. Four agricultural research stations in Oregon, USA were utilized for soil 

sampling and crop production. Differing climates, soil classifications, crop rotations, 

and agronomy practices distinguish each site. Selected characteristics of the soils used 

in the study are presented in Table 3-1. An area of 1012 m2 was allocated at each 

research station and divided into a 4x4 randomized grid consisting of four treatment 

levels, each with four replicates.  

Soil treatment.  Commercially available fertilizers were screened for Cd and Ni 

content. Values for the ammonium sulfate, control fertilizer, and ammonium 

phosphate, treatment fertilizer are shown in Table 3-2. Control plots received a dose of 

the ammonium sulfate fertilizer based on typical agronomy application levels for the 

nitrogen needs for the soil type, irrigation practices, and crops to be grown at each site. 

(Hart, 2000; Hemphil, 2006). Treatment plots received either a T1x (typical agronomy 

rate), T2x, or T3x application of the ammonium phosphate fertilizer. At sites 

employing crop rotation, annual Cd soil inputs from fertilizer differed based on 

agronomic requirements. We believe this nuance adds a level of realism to this 

investigation that is rarely seen in field studies.  

Soil Sampling.  Soils were collected 5-10 months post fertilizer application either as 

an intact core from the O and A horizons (0-22 cm) using stainless steel soil probes 

(AMS inc., American Falls, ID, USA), or for larger collection volume, using a 

stainless steel trowel. Sixteen core surface soil samples and 16 large-volume samples, 

each a composite of 3 sub-samples, were collected at each field site. Large-volume 

samples, used for metal analysis with DGT, were neither dried nor ground and stored 

at < -20 °C until analysis. 

Plant.  Wheat (Triticum aestivum L.) and potatoes (Solanum tuberosum) were grown 

following typical agronomical practices. Specific crops grown at each of the four field 

sites are listed in Table 3-1. Each year, sixteen plant samples were harvested from 

each site. In 2005, D-1 was fallow and no plant samples were collected. Wheat grain 

was collected using a mini-combine, allowing individual replicates from each 
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treatment to be sampled. Twelve potatoes randomly sampled from each replicate (total 

N per site = 192) were composited using a small potato harvesting machine and stored 

in mesh bags for transport to the laboratory. Composite samples were used to account 

for plant-to-plant variability and field heterogeneity. The wheat species and cultivars 

grown differed at some sites and inter-species comparisons were not analyzed for in 

this study. We acknowledge that such nuances are an inherent feature of agricultural 

systems. Crop species were selected based on communications with agricultural field 

research station directors based on annual crop productivity, availability, and weather 

and pest management forecasts.  

Methods. Total recoverable metal concentrations of surface soils and the edible 

portion of plant samples were determined using an acid digestion as previously 

described (Perez, 2008). Surface soils were dried and ground prior to digestion. 

Samples were analyzed by inductively coupled plasma mass spectrometry (ICP-MS) 

(PQ ExCell, Thermo Elemental, Waltham, MA, USA).   Moisture content and general 

fertility including pH, percent organic matter (% O.M.), and CEC were determined at 

the University of Idaho Analytical Sciences Laboratory (Moscow, ID, USA). 
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Table 3-1. Site specific, soil classifications, ranges of selected soil properties, and crop 
rotation schedules for field sites 2004-2006. 

 

Site
Soil 

classificationa
Irrigation 
practices

% 
O.M.b year pHc

CECd 

(cmol/kg)
Crop(s) 
grown

2004 5.3 14 potato
2005 5.2 13 wheat
2006 5.5 12 wheat
2004 6.0 11 wheat
2005 5.4 12 potato
2006 6.0 9.8 wheat
2004 4.9 20 wheat
2005 5.0 19 fallow
2006 4.5 18 wheat
2004 5.5 18 wheat
2005 4.8 19 wheat
2006 5.3 17 wheat

a Soil classification according to the NRCS.
b =percent organic matter; Dichromate/H2SO4 colorimetric method.
c Measured using a saturated paste; electrode method (ASA 12-2.6).
d =cation exchange capacity; ammonium acetate EPA method 9081.

0.9

1.1

2.6

2.4

Irr-1 Poe fine sandy 
loam irrigated

Irr-2 Adkins fine 
sandy loam irrigated

Dry-1 Walla Walla 
silt loam dry

Dry-2 Woodburn silt 
loam dry

 

 

Table 3-2. Fertilizer metal concentrations and metal additions to agricultural soils 
from fertilizer applications. 

year control treatment control T1x T2x T3x
Cd 2004 0.1 (0.04) 20 (2) 0.005-0.01 1.5-3.6 2.9-7.2 4.4-11

2005 <.0012 49 (0.1) BDL 4.2-8.9 8.3-18 13-27
2006 0.3 (0.2) 52 (4) 0.01-0.05 3.8-9.4 7.6-19 11-28

Ni 2004 4.5 (0.1) 131 (30) 0.3-0.8 9.5-23 19-47 29-71
2005 23 (0.74) 112 (21) 2-4.2 9.4-20 19-40 28-61
2006 16 (3) 118 (33) 1.2-2.9 8.6-21 17-43 26-64

a=Cd, Ni concentrations in 21-0-0-24 (NPKS) control and 16-21-0 (NPK) treatment pellet fertilizers. 
Mean (standard deviation), N=4.
b=Range based on differing annual fertilizer applications for soil type, crop, and irrigation practice 

range of fertilizer metal additions to 
soilsb (g/ha)

fertilizer metal 
concentrationsa 

(mg/kg)
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DGT.  To 50 g aliquots of each soil, 18 MΩ cm water was added to achieve a 115% 

moisture level and equilibrated for 24 h. DGT units (DGT Research Ltd.) were 

deployed at room temperature for 72 h.  The chelex resin was extracted with ultra pure 

1 M HNO3 and analyzed by ICP-MS.  

Quality Control.  Replicates, trip, field and rinsate blanks were taken in the field. 

Laboratory QC consisted of HNO3 blanks, check standards, spikes, and certified 

reference materials (CRMs) 2711, 2710, 1640, 1515, 1573a from the National Institute 

of Standards and Technology (NIST) (Gaithersburg, MD, USA). Blank samples 

(N=104) and rinsate blanks (N=4) were below detection limits.  The average percent 

recovery for all check standards was 97% (N= 63).  Average spike recoveries were 

≥90% (N= 10).  The average percent recovery for Cd in all certified reference 

materials was 99% (N= 40; CRMs: 2711, 99%; 2709, 97%; 1573a, 100%; 1640, 

100%). For Ni, average recoveries were 98% (N=40; CRMs: 2711, 101%; 2709, 96%; 

1573a, 107%; 1640, 96%). In addition, an in-house reference soil was utilized in each 

analytical run and irrigation waters were collected and analyzed each year from the 

irrigated sites.  

Data Analysis.  SigmaPlot 2003 for Windows, Version 8.0 (SPSS Inc., Chicago IL, 

USA) was used for graphical representations. For statistical analyses, Sigma Stat for 

Windows, Version 3.1 (Systat Software, Inc., San Jose, CA, USA) was used to 

determine treatment, and yearly effects.  Minimum significance levels were P < 0.05.  

 

RESULTS AND DISCUSSION 

 

Kd-BIO parameters.  All distribution coefficients were calculated using equation 1: 

 

Kd-BIO = [metal] total recoverable / [metal] DGT     (3-1) 

 

The total recoverable fraction is the acid digested concentration in surface soil 

(Cdtotal, Nitotal). CdDGT or NiDGT is the time integrated metal concentration measured 

using DGT. Values for each parameter, including Kd-BIO are shown in Table 3-3. 

Across all sites, significant increases in Cdtotal with increasing fertilizer treatment were 
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observed (Dunn’s all pairwise multiple comparison analysis (MCA), P<0.001). These 

results contradict those of Jones et al. (Jones, 2002) who sampled soils from fields 

fertilized for 20 y under typical agronomy. The authors reported that 50 y projection 

models of fertilizer applications would increase total recoverable Cd by a maximum of 

11.2% with the continuation of current practices. However, after 3 y at the T1x 

(typical agronomy) application rate, our results indicated a yearly averaged 43% 

increase from the baseline (2003) Cdtotal levels across all sites. McBride and Spiers  

(2001) reported that Cd accumulation in agricultural soils would take decades to occur 

with applications of a (6-24-24) phosphatic fertilizer. However, in agricultural soils 

that have higher nitrogen requirements, such as those used in this study, Cd soil 

loading may occur at an accelerated rate. Across all field sites for the T1x application 

rate, Cd soil loads ranged from 1-9 (mean 5) g/ha/y, significantly greater than the Cd 

load reported by McBride and Spiers of 1 g/ha/y. These site-by-site variances in soil 

nutrient needs may lead to increased Cd accumulation in agricultural soils, despite 

appropriate P fertilizer applications. Indeed, yearly averages of Cdtotal increased 

significantly, indicating that Cd did accumulate in soils over time. At the T1x 

application rates, Cdtotal increased an average of 22% each year following the 

commencement of fertilizer applications in 2004. T3x increased by 35% each year 

following initial applications, which corresponded to a 71% Cdtotal increase from 

baseline measurements across all sites.  

 Differences between fertilizer treatments were not significant for Nitotal. 

However, the addition of excess Ni through fertilizer input was seen via significant 

accumulation of Nitotal in soils over the three year study (Dunn’s MCA, P<0.001). 

Initially, a small increase was measured in Nitotal of 4 and 5% between T1x and T3x 

from 2003-04 respectively. The average yearly increase across all sites of Nitotal after 

initial fertilizer application was 10% for T1x and 11% for T3x indicating little 

difference between treatment levels, but that Ni did accumulate in soils over time.  

 At Irr-2, Dry-1, and Dry-2, significant increases in CdDGT with fertilizer 

treatment were measured over the four year study (Holm-Sidak MCA, P<0.001), and 

increasing trends were observed at Irr-1 2004-06. Compared with the CdDGT baseline 

results, T1x and T3x across all years contained 297 and 826% more Cd. This large 
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increase in labile Cd may be in part, attributed to Cd input from P fertilizer 

applications, as evidenced by significant correlations with Cd loads from fertilizer in 

regression analyses previously described (Perez, 2008). Soil perturbation through 

tilling (Mench, 1998), may also have influenced labile Cd levels, considering all fields 

had been fallow for at least 1 year when baseline measurements were taken. While 

CdDGT concentrations increased with fertilizer treatment level, yearly averages did not 

increase. Contrary to other claims, increased metal input from fertilizer application did 

not increase the labile fraction over time (Huang, 2004; Yuan, 2003). In 2005, the 

average CdDGT across all sites and treatments was significantly greater than all other 

years (P < 0.001). The increase in labile Cd in 2005 coincides with the lowest pH 

values observed at all sites, although typical agronomical field conditions were 

maintained. Soil pH has been shown to be an important factor in metal lability (Sauvé, 

2000).  Soil-metal buffering and metal fixation under circumneutral, agricultural 

conditions also play a major role in determination of metal lability (Sastre, 2006), 

which can be captured to some extent using DGT.  

 Significant, increasing treatment effects in NiDGT at both irrigated sites (Dunn’s 

MCA, P<0.05) were measured and increasing trends at the dry sites were observed. 

Although statistically significant, the actual differences between treatment groups 

were small. These results are consistent with Ni solubility in soils, where rapid 

sorption occurs, followed by very slow dissolution due to aging effects (Eick, 2001). 

The NiDGT measurements for T1x and T3x were 21 and 152% greater than baseline 

levels respectively.  No significant yearly change in NiDGT concentrations were 

measured across all sites.  

 Across all years and treatment levels, CdDGT at irrigated sites was double that 

of the dry sites, while NiDGT at irrigated sites was over three times that of dry sites. 

Under field conditions, the DGT metal concentration was either impacted by physical 

and chemical properties specific to the two irrigated sites, or by changes resulting 

from irrigation. Hence, the irrigated sites were analyzed separately from the dry sites 

to evaluate changes in Kd-BIO.  
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Table 3-3. Total recoverable (Cdtotal, Nitotal) dry weight, DGT measured (CdDGT, 
NiDGT) wet weight, and Cd and Ni log(10) Kd-BIO values at four agricultural field sites 

2003-2006.  
At each site, baseline (2003) measurements, and four increasing fertilizer treatment 
levels are listed. Column values represent mean (N=4) and standard deviation (σ). 
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site year treatment (µg/kg) σ (µg/L) σ (L/kg) σ (mg/kg) σ (µg/L) σ (L/kg) σ
Irr-1 2003 Baseline 84 4 0.04 0.02 3.2 0.3 17.0 0.01 4.4 2.0 3.6 0.3

2004 control 103 2 0.15 0.1 2.8 0.2 15.8 0.4 6.2 2.3 3.4 0.1
T1x 111 5 0.33 0.3 2.7 0.5 16.1 0.9 5.5 2.5 3.5 0.2
T2x 117 4 0.23 0.2 2.9 0.5 17.5 1.4 7.6 4.9 3.4 0.3
T3x 113 14 0.59 0.4 2.5 0.3 15.4 0.6 23 5.3 2.9 0.1

2005 control 152 6 0.13 0.05 3.0 0.3 18.7 1.0 10 2.0 3.3 0.1
T1x 211 61 0.25 0.1 3.0 0.2 20.0 2.4 8.9 3.7 3.4 0.2
T2x 187 22 0.24 0.1 3.0 0.3 19.8 0.9 6.9 2.5 3.5 0.2
T3x 219 54 0.63 0.4 2.7 0.1 20.3 0.7 12 5.6 3.3 0.2

2006 control 161 13 0.10 0.04 3.2 0.2 20.9 0.4 3.6 1.4 3.8 0.2
T1x 180 28 0.10 0.03 3.3 0.1 21.8 1.8 3.1 0.7 3.8 0.1
T2x 205 8 0.15 0.01 3.1 0.1 22.4 0.6 4.4 0.7 3.7 0.1
T3x 207 9 0.19 0.1 3.1 0.2 22.0 0.8 4.9 0.9 3.7 0.1

Irr-2 2003 Baseline 169 20 0.05 0.03 3.4 0.2 12.3 0.9 1.4 0.1 3.9 0.01
2004 control 173 14 0.33 0.4 3.2 0.3 11.7 0.9 1.6 0.6 4.0 0.1

T1x 183 14 0.08 0.04 3.4 0.2 11.5 0.2 1.3 0.1 3.9 0.04
T2x 203 35 0.08 0.03 3.4 0.1 11.5 0.8 1.5 0.1 3.9 0.02
T3x 211 34 0.18 0.1 3.1 0.2 11.8 0.6 3.1 1.2 3.6 0.2

2005 control 173 41 0.23 0.1 2.9 0.1 14.1 2.2 1.7 0.3 3.9 0.1
T1x 209 37 0.29 0.1 2.9 0.2 15.1 3.8 2.1 0.5 3.9 0.3
T2x 268 48 0.26 0.1 3.0 0.1 15.1 2.4 1.9 0.6 3.9 0.1
T3x 272 29 0.75 0.3 2.6 0.1 14.0 2.7 3.9 0.9 3.6 0.02

2006 control 230 21 0.11 0.02 3.3 0.03 15.4 1.3 2.2 0.6 3.9 0.1
T1x 248 14 0.16 0.04 3.2 0.1 15.0 0.6 2.2 0.3 3.8 0.05
T2x 298 20 0.21 0.05 3.2 0.1 15.8 1.5 2.6 0.9 3.8 0.2
T3x 292 31 0.23 0.03 3.1 0.05 15.2 1.3 3.3 0.4 3.7 0.1

Dry-1 2003 Baseline 160 8 0.09 0.01 3.2 0.1 13.9 0.3 2.0 0.3 3.8 0.1
2004 control 173 14 0.03 0.02 3.8 0.3 12.9 0.3 1.6 0.2 3.8 0.2

T1x 183 14 0.05 0.02 3.6 0.1 13.0 0.4 1.6 0.1 3.9 0.02
T2x 203 35 0.10 0.1 3.4 0.3 13.2 0.3 2.1 0.6 3.8 0.1
T3x 211 34 0.15 0.1 3.1 0.4 13.5 0.3 3.3 1.9 3.6 0.3

2005 fallow
2006 control 234 2 0.07 0.01 3.5 0.1 16.5 0.4 2.3 0.4 3.9 0.1

T1x 241 7 0.09 0.02 3.4 0.1 16.9 1.2 2.0 0.3 3.9 0.1
T2x 254 10 0.12 0.04 3.3 0.2 15.7 0.7 2.6 0.5 3.7 0.2
T3x 258 12 0.16 0.1 3.2 0.2 15.7 0.3 3.5 0.8 3.5 0.3

Dry-2 2003 Baseline 152 7 0.02 0.02 3.7 0.2 21.4 0.6 BDL BDL
2004 control 136 12 0.06 0.01 3.4 0.02 20.8 0.9

T1x 139 11 0.02 0.01 3.7 0.1 20.8 0.4
T2x 173 13 0.05 0.01 3.6 0.1 21.1 0.3
T3x 156 19 0.04 0.01 3.6 0.2 21.6 1.0

2005 control 180 7 0.27 0.1 2.9 0.2 18.9 2.0 1.0 0.4 4.2 0.3
T1x 224 15 0.13 0.1 3.3 0.2 19.6 1.8 0.6 0.2 4.6 0.2
T2x 236 24 0.16 0.1 3.2 0.3 20.0 1.1 0.7 0.4 4.5 0.2
T3x 301 62 0.38 0.1 2.9 0.1 18.6 1.5 1.8 0.3 4.0 0.1

2006 control 189 12 0.06 0.02 3.5 0.1 22.8 0.8 0.6 0.2 4.6 0.2
T1x 243 16 0.06 0.01 3.6 0.1 23.1 0.6 0.4 0.1 4.8 0.1
T2x 259 23 0.07 0.03 3.6 0.2 23.2 0.8 0.6 0.2 4.6 0.2
T3x 356 43 0.18 0.1 3.4 0.1 23.1 1.2 1.1 0.4 4.4 0.2

BDL= Below detection limit; Control = typical agronomy application rate of ammonium sulfate (21-0-0-24)  fertilizer ;
Treatment 1x (typical agronomy rate), T2x, T3x applications with a 16-21-0 ammonium phosphate fertilizer.

BDL BDL

log Cd Kd Nitotal NiDGT log Ni KdCdtotal CdDGT
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Fertilizer treatment alters Kd-BIO in aged soils. Decreases in Kd-BIO were observed 

with fertilizer treatment level for both Cd and Ni (Table 3-3). Significant differences 

were observed between irrigated and dry field sites Kd-BIO values for Cd and Ni 

(Mann-Whitney rank sum test; P< 0.001). No statistical differences were observed 

between the control and T1x Kd-BIO. Although Cdtotal, CdDGT, Nitotal, and NiDGT 

increased with treatment level, the magnitude of increase was similar between the 

control and T1x samples, resulting in Kd-BIO ratios that were comparable.  One 

explanation for these similarities in Kd-BIO could be the use of ammonium sulfate 

fertilizer as a control. In a study by McLaughlin et al. (1998), the authors found that 

sulfate additions to agricultural soils, for example, via an ammonium sulfate fertilizer, 

increased Cd solubility. Inorganic ligands, such as CdSO4, in addition to Cd2+ ions are 

able to diffuse through the diffusive gel of the DGT device (Zhang, 2000) and may 

account for CdDGT control results similar to T1x. Despite these potential interactions 

with the control fertilizer, maintaining typical agronomy, including consistent plant 

yields, was a critical objective of the study.  

 Across all sites for Cd and Ni, significant decreases from the baseline Kd-BIO 

values were observed for T3x (Dunn’s MCA, P<0.001, Cd, P=0.004, Ni), particularly 

for the irrigated sites. One consideration is that decreases in pH with increasing 

treatment levels resulted in elevated labile metal concentrations. A significant decrease 

in pH was measured at the irrigated sites only at the T3x application level (P<0.05). At 

the dry sites, pH values were low, but did not decrease with fertilizer treatment level 

and were poorly correlated with Kd-BIO for both Cd and Ni (R2 < 0.45).  

 Phosphate fertilizer by nature is water soluble and contains predominantly 

metal salts and crushed phosphate rock. Release of metal from parent rock is time 

dependent, where as the phosphate rock ages, more metal is released (Kuo, 2007). 

These dissolution processes create an environment with presumably consistent cation 

competition, despite soils aging a minimum of 5 months post fertilizer application. 

Increased ion activity may have resulted in competition between Cd, Ni, and other 

metals for sorption sites. Competition for available binding sites on soil solids has 

been shown to suppress sorption for both Cd and Ni (Antoniadis, 2007) and may have 

increased metal lability. Irrigated fertilizers undergo faster dissolution than fertilizer at 
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dry sites, and likely explained the downward shifts in irrigated Kd-BIO values. Sastre, et 

al. (Sastre, 2006) recommended the use of field data to estimate Kd. The authors 

determined that Kd values in highly fertilized soils may be overestimated under 

laboratory conditions, with lower cationic background levels compared to real system 

conditions (Sastre, 2006). Overall, similar rates of decrease for irrigated and dry sites 

Kd-BIO values with increasing treatment level were observed, emphasizing the 

sensitivity of this ratio to small changes in soil microclimates.  

Kd-BIO as an important determinant of Cd and Ni plant accumulation.  Cdplant 

increased significantly with increasing fertilizer applications, as previously described 

(Perez, 2008). Niplant analyses resulted in significant treatment effect with potato at Irr-

1 and Irr-2, where T3x tubers contained an average of 53 and 99% more Ni than the 

control, respectively. Recent evidence suggests that Ni is involved in some plant 

enzymatic processes and may be essential (Eskew, 1983). Despite, Ni has no known 

human function and is responsible for several adverse health outcomes in animals 

including teratogenic and genotoxic effects at low doses (ATSDR, 2003).  

 Plant Cd and Ni concentrations show good agreement with field derived Kd-BIO 

values (Figure 3.1). Kd-BIO regression results for Cdplant estimation were highly 

significant (P < 0.001) and explained 76% of the variance in Cd concentrations found 

in wheat grain and potato across all sites and years. Estimations were also significant 

for Ni (P < 0.001), but explained only 61% of the variance of Niplant. Traditional Kd 

measurements (total recoverable/soil solution metal concentrations) did not result in as 

strong correlations with plant Cd as Kd-BIO (R2=0.29, R=0.54; P<0.001; N=155). Ni Kd 

values also resulted in worse goodness of fit with Niplant, (R2=0.32, R=0.57; P<0.001; 

N=153) in part due to detection limit constraints with soil solution measurements, 

where 15% of Ni samples were below detection limits.   
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Figure 3.1. Multiple years, crops, and sites regression of log (10) Kd-BIO (L/kg) with log 

plant (A) Cd (µg/kg) and (B) Ni (mg/kg) measured in wheat and potato from four 
agricultural field sites 2004-2006.  

Solid line represents a regression line and dashed lines represent the 95% confidence 
interval. For Cd, minimal risk levels (MRL) based on a 0.2 µg/d/70kg adult intake 

(ATSDR, 1999a) are shown, including the intersection where plant Cd concentrations 
or corresponding Kd will surpass the MRL. No oral MRL exists for Ni. 

 

 Detailed regression analyses results showed irrigated sites with better goodness 

of fit with Kd-BIO than dry sites (Irrigated: R2= 0.49, R=0.70; Dry: R2=0.16; R=0.41; 

P<0.01).  One explanation for the poor fit with Kd-BIO at dry sites is that soluble and 

loosely absorbed metals are considered to be more available for plants (Degryse, 

2006). Soils that received constant water input presumably had more labile metal in 

solution, in part from increased dissolution of fertilizer. Indeed irrigated wheat 

contained 38 and 47% more Cd and Ni respectively than dry wheat. Prediction of plant 

metal concentrations would not have been obvious had total recoverable metal alone 

been used in the model. This was evidenced by the dry sites resulting in significantly 

greater total recoverable Cd and Ni concentrations than irrigated sites (P < 0.001, 

0.008 respectively). 

 Kd-BIO measurements account for bioaccessible metal in the root zone, 

measured by DGT, in addition to non-labile metal fractions accessible to plants. These 

attributes support the inclusion of a dynamic Kd-BIO term in risk characterization 

models. Across all sites, 26% of Cdplant levels surpassed the chronic oral minimal risk 

level (MRL) of 0.0002 mg/kg/d (ATSDR, 1999a), and 24% of those in exceedance 
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were sampled at irrigated sites (Figure 3.1). Of the samples above the MRL, 63% were 

sampled from T2x or T3x treatment levels. However, many T1x samples were near, or 

surpassed the MRL. According to our model, only slight decreases in Kd-BIO could 

shift a significant fraction of plant samples into deviation under typical agronomical 

practices. For example, based on the Cdplant and Kd-BIO model (equation  1), a 10% 

reduction in Kd-BIO values would result in 60% plant samples exceeding the MRL for 

Cd. 

Changes in Kd-BIO over time in fertilized soils. To assess changes in Kd-BIO over the 

three year study period, individual sites were compared. At all sites, Ni Kd-BIO values 

did not change significantly over the three year study period. While Nitotal increased 

over time, NiDGT showed only non-significant increasing trends. In general, Ni binds 

tightly to soils and soluble Ni fractions rapidly decrease with time (Barrow, 1998; 

Oorts, 2007). The soils used in this study were aged a minimum of five months prior 

to sampling. Aging effects may explain the consistent NiDGT concentrations over time 

despite increased input. In general, decreases in Cd Kd-BIO 2003-05, where 2005 was 

significantly less than all other years, were followed by an increase in 2006, 

irrespective of fertilizer treatment level (Figure 3.2).  CdDGT followed the opposite 

trend across all sites where small, albeit significant increases were measured 2003-

2005, followed by a decrease in 2006.  
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Figure 3.2. Cdplant concentrations plotted with changes in log(10) Kd-BIO 
(Cdtotal/CdDGT)(L/kg) over time at agricultural field sites.  

T1x and T3x application levels are shown (Plant, N=16) (Kd, N=4). 
 

 

 Capturing these changes in labile metal utilizing the Kd-BIO relationship is 

critical for two reasons: 1) Cd Kd-BIO tracks well with multiple plant species over 

multiple growing seasons (Figure 3.2) and 2) Kd-BIO measurements provide 

information about the environmental fate of Cd and Ni in agricultural systems. A 

consideration of our first critical finding is that crops take up a significant amount of 

the Cd that is put into the system. This is evidenced by regression results from our 

previous study, which show that loads are one of the single most important factor in 

estimating plant Cd (Perez, 2008). Advancements in metal speciation tools, such as 

DGT, allowed measurement of labile metal fractions in the root zone, which is critical 

to accurately capture the metal fraction that a plant encounters in the rhizosphere. In a 

risk assessment by Courchesne et al. (2008), changes in soil microenvironments, such 

as the rhizosphere, were found to constitute a much larger impact on trace metal 

cycling with plants than metal measurements in bulk soil solution. Recently, Rengel 
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and Marschner (2005) examined the emergence of bioengineered crops that exuded 

significantly more chelating compounds to access non-available nutrient pools in soils. 

While this may be important for increasing food supply, the risk of enhanced metal 

accumulation exists. Especially as agricultural technology advances, it’s important to 

define as clearly as possible the distinct relationships between labile metal and metal 

accumulated in the edible portion of a diversity of crops. Kd-BIO values provided crop 

specific information about the metal fraction that undergoes multiple transport phases 

to accumulate in the edible portion.  

 Regarding the second critical finding, information about changes in Kd-BIO over 

time in transient systems, using typical agronomy, helps to supplement the current gap 

of field studies. Field validation data, including bioavailability assessment and 

accounting for natural variability within and between sites was recently emphasized as 

a target to improve soil risk characterization models (Lofts, 2007). Agricultural 

practices such as fallow years, crop rotation, and liming may allow time for metal 

fixation in soils or decrease labile metal concentrations (Mench, 1998). Cd mobility is 

exponentially larger as a labile fraction in soil solution than bound to bulk soil. The 

lack of increasing labile Cd fractions, captured using Kd-BIO values, may indicate a 

decreased risk of leaching. This is consistent the results from Ingwersen and Steck 

(2006) who found limited Cd horizontal mobility below 0.5 m after 40 y of irrigation 

with wastewater. Hamon et al. (1998) found no evidence of offsite movement of Cd 

after 50 y of single superphosphate applications.  

  The long-term implications are that Cdtotal and Nitotal are increasing over time, 

despite being sampled from cropped fields. Some loss of total recoverable metal may 

occur due to loss via biomass (Jones, 2002). However, yearly fertilizer applications, 

atmospheric deposition, and practices such as tilling chaff post harvest, may replenish 

soil concentrations. Questions remain whether continuous Cd and Ni input to 

agricultural soils will create a situation where a critical level will be reached. Studies 

are needed to define this critical level in distinct soil systems with distinct agronomy 

practices.  
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INTRODUCTION 

 

 Arsenic (As), lead (Pb), and mercury (Hg) have been recognized as 

metalloid/metals of concern in soils globally. The toxicity, mobility, and tendency to 

biomagnify in terrestrial ecosystems warrants concerted efforts to minimize the 

occurrence of these metals/metalloids in soils, especially in agricultural systems 

(Lofts, 2007). A significant source of As, Pb, and Hg to agricultural ecosystems is 

through the application of soil amendments, such as fertilizers (McLaughlin, 1996).  

Continual input of As, Pb, and Hg from fertilizers may lead to accumulation in soils 

and crops and may pose a human health risk via consumption of contaminated foods 

(USEPA, 1999; WSDA, 2001).  

 Metal/metalloid bioaccumulation in crops is largely dependent on the chemical 

form in soil solution (USEPA, 2007). Labile species are considered to be more mobile 

in soils and accessible to plants versus those adsorbed to large colloidal surfaces or 

those fixed in inner pore spaces (Sparks, 2003). The passive sampling tool, diffusive 

gradients in thin films (DGT) (Davison, 1994) has been used to measured labile metal 

species in soils (Hooda, 1999; Zhang, 1998). Researchers have had some success 

relating DGT metal concentrations to plant metal concentrations (Davison, 2000; 

Nolan, 2005; Zhao, 2006). Very few studies using the DGT technique to measure 

labile As, Pb, and Hg have been published.  

 The objectives of this study are three fold. First, to investigate the propensity 

for accumulation of As, Pb, and Hg in agricultural soils treated with agronomic rates 

of phosphate fertilizers. Second, to determine the potential for accumulation of As, Pb, 

and Hg in two globally important agricultural crops, wheat and potato. Finally, to 

investigate long-term changes in labile metal concentration in agricultural soils 

utilizing distribution coefficients. Individual sections including literature reviews and 

results are presented for As, Pb, and Hg. 
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EXPERIMENTAL SECTION 

 

Study area. Soils were collected from four agricultural field locations in the state of 

Oregon, USA.  Sampling locations represent distinct agricultural systems defined by 

distinct climates, soil classifications, crop rotations, and agronomy practices.  Selected 

characteristics of the sites including background metal concentrations for the soils 

used are presented in Table 4-1. At each sampling location, an area of 1012 m2 was 

allocated and divided into a 4x4 randomized grid consisting of four treatment levels 

(dose), each with four replicates. 

Soil treatment.  Commercially available ammonium sulfate (21-0-0-24) and 

ammonium phosphate (16-20-0) N-P-K-S fertilizers containing variable levels of As, 

Pb, and Hg were used for field dosing. Application levels were assigned based on 

typical agronomy for site specific soil characteristics, crop nutrient requirements, and 

irrigation practices (Hart, 2000; Hemphil, 2006).  Each year T1x-T3x Cd soil loads 

from fertilizer input may be very different at each site based on the aforementioned 

agronomic factors (Table 1-2).  
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Table 4-1.  Site characterization, soil classification, selected soil properties, and crop 
rotation schedule 2003-2006. 
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Location
Soil 

classificationa Year Treatment pHb

% 
Organic 
Matterc

CECd 

(cmol/kg)
Pe   

µg/g
Kf      

µg/g
NH4-N

g 

µg/g
NO3-N

h 

µg/g
Irrigation 
practices

Crop(s) 
grown

2003 baseline 5.9 1 11 10 91 7 7.8
control 5.5 0.86 13 9 48 3.1 7
T1x 5.2 0.78 14 10 66 29 36
T2x 5.6 1 13 17 64 4.1 7
T3x 4.7 1.1 14 33 58 56 53
control 5 0.97 12 9.3 78 34 28
T1x 5.7 1.00 13 18 73 13 5.7
T2x 5.3 1.00 13 17 84 19 11
T3x 4.9 1.00 13 30 81 47 26
control 5.5 0.81 11 10 75 14 5.7
T1x 5.8 0.82 12 12 74 14 6.8
T2x 5.6 0.88 12 19 77 8.9 8.9
T3x 5.1 0.92 12 27 91 12 12

2003 baseline 1.3 9.4 17 510 2.4 12
control 1 9.7 7.2 290 3.3 4.7
T1x 1 10 8 260 2.7 2.2
T2x 1.2 11 9 300 3.7 3.9
T3x 1.3 12 12 240 12 9.9
control 1.1 11 10 320 3.1 33
T1x 1 11 19 300 2.4 29
T2x 1.4 12 23 290 3 30
T3x 1.2 12 42 290 70 81
control 1 9.7 7.4 270 2.4 2.4
T1x 1 9.1 15 270 6 4
T2x 1.2 9.4 24 280 17 17
T3x 1.1 11 31 260 23 9.7

2003 baseline 4.8 2.8 15 9.1 720 14 70
control 5.1 3.3 19 10 630 9.7 13
T1x 4.9 2.8 20 15 560 14 8.5
T2x 4.8 2.8 20 18 670 38 13
T3x 4.9 2.8 20 17 660 54 11
control 5.1 2.4 18 7.4 710 3.1 10
T1x 5 2.3 18 8.8 600 3.8 14
T2x 5.1 2.2 19 11 620 3.8 14
T3x 4.7 2.5 19 13 600 6 17
control 4.7 3 18 13 620 20 9.7
T1x 4.7 2.4 17 11 600 18 16
T2x 4.4 2.4 18 35 540 71 24
T3x 4.3 2.5 19 25 540 75 36

2003 baseline 5.6 2.5 16 8 170 2.7 54
control 5.6 2.4 19 8.3 260 10 5.2
T1x 5.5 2.4 18 11 230 4.5 1.3
T2x 5.7 2 17 12 290 6.3 3.4
T3x 5.3 2.4 18 14 280 7.8 9.7
control 4.9 2.7 19 9.4 190 5 5.9
T1x 5 3 20 19 210 5.9 6.4
T2x 4.7 2.4 19 24 190 7 13
T3x 4.7 2.5 19 44 210 7.2 12
control 5.1 2.3 17 9 170 7.3 1.1
T1x 5.8 2.2 18 13 170 12 2
T2x 5.1 2.4 17 22 180 11 2
T3x 5 2.1 16 15 170 15 3.1

a Soil classification according to the NRCS. f available K AA, Na acetate extraction
b Measured using a saturated paste; electrode method (ASA 12-2.6). g Nitrogen-Ammonia: Colorimetric, ASA 33-7.3KCl Extractable, ASA 33-3.2
c Dichromate/H2SO4 colorimetric method. h Nitrate-N + Nitrite-N Colorimetric, ASA 33-8.3, KCl extractable, ASA 33-3.2
d CEC=cation exchange capacity,  ammonium acetate EPA method 9081.
e available P Colorimetric, ASA 24-3.4, Na acetate extraction
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loam

irrigated
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dry land

2004
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Sample collection.  Soils were collected at harvest approximately 5-10 months post 

fertilizer application. Surface and DGT soils were collected within the field grid from 

each of the treatment replicate plots. If crops were present, soils were collected from 

spaces in between individual plants.  Overall, 16 total surface soil, DGT soil and plant 

samples, four samples per treatment level, from each of the four field treatment 

replicates were collected from each site for a total N= 64 of each type of sample 

collected from the four different field sites. 

Surface soils. Surface soils were collected as an intact core from the O and A horizons 

(0-22 cm) using stainless steel soil probes (AMS inc., American Falls, ID, USA).  By 

sampling in these horizons, we aimed to access the soil that would most likely be in 

contact with plant roots. Each treatment replicate represents a composite of three sub-

sample cores collected from distinct spots within the replicate plot area and 

composited into one sample to capture field heterogeneity within each treatment plot 

and replicate. 

Diffusive Gradient in Thin Film soils.  Surface soils (0-22 cm) were collected for 

DGT deployment using a stainless steel trowel. A composite of three sub-samples 

were taken from each treatment replicate to account for soil heterogeneity. To preserve 

the natural biota of the soil, samples were neither dried nor ground. DGT soils were 

placed in clean plastic bags, and stored at < -20 °C until analysis. Side-by-side aliquots 

were removed from the sample to simultaneously test for DGT measured and soil 

solution metal concentrations.  

Plant.  Wheat (Triticum aestivum L.) and potatoes (Solanum tuberosum) were grown 

following typical agronomical practices. Sixteen plant samples, representing four 

replicates of each of the four treatment groups, were harvested once a year from each 

site for analysis. Wheat grain was harvested using a mini-combine, allowing 

individual replicates from each treatment to be sampled. Similarly, twelve potatoes 

were randomly sampled and composited from each replicate using a small potato 

harvesting machine for a total of 192 potatoes from one field site per season (12*16). 

Wheat species and cultivar differences in metal accumulation comparisons were not 

incorporated into the analysis for this study. The wheat varieties grown were known to 

be the most common and widely used for each specific field site for each year based 
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on communication with the agricultural research station directors. No statistically 

significant change in crop yield was seen at Klamath, Hermiston, or Columbia for the 

study duration. No change in yield was measured at Willamette, except in 2006, where 

T3x yield was significantly greater than the control (P<0.05, N=16).   

Reagents.  Concentrated nitric (HNO3) and hydrochloric (HCl) acid, trace metal grade 

(Fisher Optima, Pittsburgh, PA); elemental stock standard solutions (Alfa Aesar 

Specpure, Ward Hill, MA); and 18 MΩ cm water (Barnstead, Dubuque, IA, USA) 

were used.  Certified reference materials (CRMs) were purchased from the National 

Institute of Standards and Technology (NIST, Gaithersburg, MD, USA). Soil CRMs 

included 2710 Montana Highly elevated soil, 2711 Montana Moderately elevated soil, 

and 2709 San Joaquin soil.  For DGT and soil solution analysis, CRM 1640 Natural 

Waters was utilized.  Plant CRMs included 1515 apple leaf, and 1573a tomato leaf. 

Methods.  Surface soils were dried at 75 °C for 24 h, and homogenized using coffee 

grinders (Toastmaster corp., Menominee, MI, USA) with stainless steel blades. Soil 

moisture content was determined for each site during the drying process. Total 

recoverable metal concentration of surface soils and plant samples was determined 

using an acid digestion.  An aliquot of 0.25 ± 0.01 g of dried and homogenized soil or 

plant matrix was weighed out in to graduated kimax digestion tubes (Kimble/Kontes, 

Vineland, New Jersey, USA).  A measurement of 2 mL of concentrated HNO3 was 

immediately added to begin the digestion process.  The soil or plant matrix was 

digested at room temperature for approximately 24 h in a fume hood.  Concentrated 

HNO3 and HCl were added (1 mL each) to each digestion tube. Tubes were placed on 

a digest block and refluxed at increasing temperatures (40, 60, 100 up to 150 C) until 

orange NOx gases no longer formed. Typical digest times were 10 h for soils and 5 h 

for plants.  Following the digestion, the tubes were cooled to room temperature, then 

diluted to a 10 mL final volume using 18 MΩ cm water.  All digest tubes were 

vortexed and filtered using a 0.45µm PVDF (polyvinylidene difluoride) (Pall 

Corporation, East Hills, New York, USA) filter. Samples were analyzed by 

inductively coupled plasma mass spectrometry (ICP-MS) (PQ ExCell, Thermo 

Elemental, Waltham, MA, USA) as adapted from EPA methods 3050B and 7020 by 

excluding the use of hydrogen peroxide in the final stages of the digest (USEPA, 
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1996). Soil sub-samples, collected from the rhizosphere with stainless steel probes, 

were sent to the University of Idaho Analytical Sciences Laboratory (Moscow, ID, 

USA) and analyzed for moisture content and general fertility including pH, P, K, 

percent organic matter (% O.M.), nitrate (NO3-N), ammonium (NH4-N), and cation 

exchange capacity (CEC).  A summary of these data are shown in Table 4-1.   

DGT deployment and sample analysis.  DGT soils were brought to room 

temperature (21 °C) prior to use.  An aliquot of each soil (~50 g) was weighed in 

duplicate and placed in individual acid washed plastic containers.  Appropriate 

quantities of 18 MΩ cm water were added to achieve a 115% moisture level.  Soils 

were stirred with glass rods, followed by a 24 h equilibration prior to DGT 

deployment. Diffusive and chelex gels were purchased (DGT Research Ltd., 

Lancaster, Lancashire, UK) and assembled according to Zhang and Davison (1995).  

DGT units were deployed into the saturated soil slurry by pushing them below the soil 

solution surface at an angle to prevent air bubbles and into the soil as previously 

described (Zhang, 1998).  Containers were covered and maintained at room 

temperature for 72 h.  Previous experiments were conducted in the lab to determine 

the deployment duration.  We found that 72 h provided ample time for the chelex resin 

to concentrate enough metal to be detected using ICP-MS. The mass of metal was 

calculated using Equation 4-1. To alleviate any concern about potential depletion of 

metal from the soil within the 50 g sample cups, time trials were also conducted, 

where DGT units were deployed for fixed times 24, 36, 48, 72 h.  It was found that the 

time integrated concentration of DGT measured metal, was identical for all 

deployment times (Equation 4-2). This information demonstrates that at each 

agricultural field site, metals in the soil systems are constantly resupplied from soil 

solids, or bound states, in to soil solution. DGT units were retrieved from the soil and 

rinsed with 18 MΩ cm water to remove any soil particulates that remained on the filter 

membrane. The resin gel was removed and placed into an acid cleaned plastic vial 

along with 1 mL of 1 N HNO3 for 24 h. Samples were diluted 10-fold and analyzed by 

ICP-MS. The amount of metal accumulated on the resin gel per unit area was 

calculated as: 
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M = Celuent (VHNO3 + Vgel)/fe    (4-1) 
 

Where Celuent is the eluent concentration in µg/L, VHNO3 is the volume of 1N nitric acid 

used to extract metal from the resin, Vgel is the volume of the gel, fe is the elution 

factor. To calculate the time integrated metal concentration in the DGT device (CDGT), 

the following equation is used: 

CDGT=M∆g/(DtA)   (4-2) 

 

Where M is the mass of metal accumulated on the resin layer; ∆g is 0.093 cm, or the 

thickness of the diffusive gel layer (~0.8mm) plus the filter (~0.13mm); D is the 

diffusion coefficient for each metal at 22 °C from "Practical Guide to using DGT for 

Metal" (Zhang, 2003); t is the deployment time, and A is the exposure area of the 

chelex resin (3.14 cm2).  

Quality Control.  Quality control (QC) consisted of both field and laboratory 

components.  QC samples comprise at least 15% of each analytical run.  The field QC 

was comprised of trip blanks, field blanks, and rinsate blanks.  Rinsate blanks were 

taken at each sampling event from each soil sampling tool utilized, including the 

trowel and soil probes, as well as the aluminum pans used for soil drying and coffee 

grinders used for soil homogenization. Field QC waters were not analyzed for 

mercury.  Trip blanks and rinsate blanks were below detection limits for all 

metals/metalloids 2003-2006.  Field blanks were below detection limits for all metals 

except lead.  Only the Hermiston site had detectable lead concentrations in the field 

blanks.  The average lead concentration in Hermiston field blanks was 3.81 µg/L wet 

weight (2003 BDL, 2004 BDL, 2005 4.63 ± 0.29, 2006 2.98 ± 2.67 µg/L).  Laboratory 

QC consists of blanks, rinsate blanks of lab equipment, check standards, spikes, and 

certified reference materials.  No blank samples of 1% HNO3 solution were above 

detection limits (n=104), nor were the rinsate blanks of laboratory equipment used to 

process samples (n=4).  The average percent recovery for all check standards was 96% 

(n= 63; As 95%, Pb 97%).  Average spike recoveries were ≥90% (n= 10).  The 

average percent recovery for all certified reference materials shown in Table 4-2 was 

101% (n= 40; CRMs: 2711, 107%; 2709, 96%; 1515, 100%; 1573a, 100%; 1640, 

101%).  In house reference soil was collected at the beginning of the project.  Large 
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quantities were dried and ground for use in each analytical batch to track 

concentrations over time.  The average concentrations (dry weight) of metals in the in-

house reference soil were: As 3.8 ± 0.85, Pb 6.6 ± 0.69, mg/kg (n=16), Hg 15.0 ± 5.3 

µg/kg.  Irrigation waters were sampled from sprinkler heads and outdoor hoses from 

Klamath and Hermiston sites (n=22/site total). Average concentrations (wet weight) of 

As and Pb in irrigation water were (As) 5.2 ± 1.4, and (Pb) 0.33 ± 0.19 at Klamath, 

and (As) 0.87 ± 0.37 (Pb) 4.0 ± 3.1 µg/L at Hermiston respectively. 

 

Table 4-2. Percent recovery for laboratory quality control samples 2003-2006. 
 

check
standards spikes 2709 2711 1515 1573a 1640

n 63 10 13 6 8 8 12
As 95 90 97 104 nd nd 91
Pb 97 94 93 125 100 nd 117
Hg - - 100 101 96 91 -

* Hg n values: (CRM 2709, n=61; 2711, n=16; 1515, n=35; 1573a, n=16)

certified reference material
% recovery

 

 

Data Analysis.  For graphical representations, SigmaPlot 2003 for Windows, Version 

8.0 (SPSS Inc., Chicago IL, USA) was used.  Several statistical analysis methods were 

applied to the data. Multiple comparisons analysis of variance (ANOVA) was used in 

treatment analysis by Sigma Stat for Windows, Version 3.1 (Systat Software, Inc., San 

Jose, CA, USA).  Yearly effects and multivariate modeling were addressed using 

multiple linear regression (MLR) with Sigma Stat. For a simplistic modeling 

approach, correlations between metal/metalloid concentrations in surface soil, DGT, 

soil solution and plant were observed. The soil fertility parameters were also included 

in the correlation analysis. All correlations were analyzed using a Pearson product 

moment correlation program by Sigma Stat. In order to take in to account the effect of 

multiple parameters on the metal/metalloid concentration response, a rich model was 

developed using multiple linear regression (MLR). Using MLR provides data that can 

help answer the question of whether continuous metal input from fertilizer increased, 
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decreased or had no effect on the concentration of metal in the soil, soil solution or the 

labile fraction as measured by DGT over the three year study period. By using MLR, 

other variables that potentially may alter concentrations of metal, particularly the 

bioavailable fraction, could be accounted for in the model.  These variables included 

pH, percent organic matter (% O.M.), total phosphorus (P), total potassium (K), nitrate 

(NO3-N), ammonium (NH4-N), cation exchange capacity (CEC), total recoverable Cu 

(Cutotal), total recoverable Zn (Zntotal), DGT Cu (CuDGT), DGT Zn (ZnDGT), soil 

solution Cu (Cusoln), soil solution Zn (Znsoln), Cu in irrigation water (Cuirr), Zn in 

irrigation water (Znirr), irrigation practices, and the fertilizer loads to the soil each 

year.  Fertilizer loads were calculated using the fertilizer application rate, the volume 

of the plot using a 12” till depth, which accounted for the dilution of the fertilizer. The 

fertilizer application rates were derived from Oregon State University’s “Fertilizer 

Guide” and are specific for individual crops, soils, and irrigation practices. From the 

dilution, a total metal load was calculated using the measured metal concentrations in 

the fertilizers for each year of the study. The load (g/ha/y) is used as the treatment 

value and is always included in the MLR model. With this information about the 

loads, we can determine if a change in metal concentration over time is a result of the 

input of fertilizer or is a product of another soil chemistry interaction. If yearly effects 

were present, slope factors from the MLR model were investigated to determine the 

rates of change of metal concentrations in soils over time. Significance levels for all 

statistical analyses were set at P < 0.05.  

 Distribution coefficients were also determined for metals in Oregon 

agricultural soils. Traditional Kd values were calculated using the total recoverable 

metal concentration in surface soil divided by the concentration measured in soil 

solution from rhizosphere soil sample (equation 4-3).   

                                     

Total recoverable [Me] / soil solution [Me]   (4-3) 
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Distribution coefficients using DGT (Kd-BIO) were calculated using equation 4-4.   

                        

Total recoverable [Me] / DGT measured [Me]  (4-4) 

 

 The distribution coefficients are another method to evaluate the potential for 

metal uptake into crops, or offsite movement of metal.  One of the many benefits of 

utilizing bio-distribution coefficients is that only the fraction that is truly in solution, 

or that which is reported to be more representative of crop uptake, is measured.  The 

Kd-BIO values reported in this study also provide real system data, sampled at 

circumneutral pH levels, at active agricultural sites. Traditional Kd values range orders 

of magnitude, are often determined in laboratory settings, and later extrapolated to real 

systems. With this data we offer not only a point of comparison to a massive body of 

traditional Kd literature, but also a much sought after bioavailable fraction represented 

as a distribution coefficient.   

 

SECTION 1: ARSENIC 

 

 In U.S. agricultural systems, concentrations of As range from 1-40 mg As/kg 

soil (ATSDR, 2000). However, As concentrations can far exceed these levels in soils 

that have received treatment from pesticides or continuous fertilizer applications 

(ATSDR, 2000; Nziguheba, 2008). For example, poultry excrements, 90% of which 

are used as fertilizer, can contain high levels of As due to the addition of 

organoarsenical compounds as antibiotics in poultry feed (Cabrera, 2000; Garbarino, 

2003). Jackson et al. (2006) found that much the As input to agricultural soils from 

poultry litter land application was soluble.  

 Bioavailability of As to crops depends on the species of As present in the 

rhizosphere in addition to several physical and chemical soil factors. Arsenic 

speciation in soils is controlled by both redox potential (Eh) and pH (Bowell, 1994; 

Smedley, 2002) . Soils with sandy textures, typically low in mineral and organic 

components, do not bind anionic As, resulting in potential for increased As in solution 

(Redman, 2002). Arsenate and phosphate have many similarities in chemical 
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properties, such as pKa. They also share similar soil mineral binding phases, 

especially iron oxides (Jain, 1999). Competition between As and phosphate for soil 

binding sites has been observed (Hongshao, 2001; Jackson, 2000). Indeed, at low As 

concentrations, synergistic uptake of As  into crops in the presence of P have been 

observed (Lambkin, 2003).  

 Arsenic is toxic and a human carcinogen. In foods, the toxic effect of arsenic is 

highly dependent on its chemical speciation. Inorganic arsenic compounds are 

generally thought to be more toxic than organic forms (ATSDR, 2000). However, 

organoarsenical species have recently been recognized as tumor promoters through 

oral exposures (Xie, 2004).  The ATSDR recognizes a chronic oral minimal risk level 

(MRL) for As of 0.0003 mg/kg/d (ATSDR, 2000). Consumption of seafood, poultry, 

and rice represent the largest As exposure to humans through foods. However, recent 

studies show As accumulation in several vegetables (e.g. radish, carrot, celery, onion, 

maize, etc.) (Gulz, 2005; Huang, 2006). 

 The hypothesis of this study was that As accumulates in agricultural soils and 

crops with annual As input from phosphate fertilizer applications. Secondary 

objectives were to determine the relationship between total recoverable As and soil 

solution As to determine if labile As increased over time with continuous fertilizer 

input. Finally, the potential accumulation of As in the edible portion of plant tissue 

with fertilizer treatment and over time was investigated.  

 

RESULTS AND DISCUSSION: ARSENIC 

 

Arsenic in surface soil.  In general, no treatment effects or yearly increases were 

observed across the four sites during the study. The mean baseline As concentration in 

surface soil at all four sites was 3.77 mg/kg (Klamath 1.66 ± 0.02, Hermiston 3.41 ± 

0.12, Columbia 3.83 ± 0.10, Willamette 6.16 ± 0.49).  The average method detection 

limit for As in surface soil was 0.37 mg/kg (average of 5 sample runs). Arsenic is 

largely immobile in agricultural soils and tends to remain in the upper O and A soil 

horizons (ATSDR, 2000).  At the Klamath, Hermiston, and Columbia experimental 

plots, no significant treatment effect was observed for total recoverable As 2004-2006 
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(one way ANOVA, P > 0.05) (Figure 4.1).  At Willamette, total As concentrations for 

the 2004 and 2005 events were not significantly different between treatment levels. 

However, a significant treatment effect, albeit slight, was observed in 2006 where 

treatments 1x, 2x, and 3x were significantly lower than the control samples by 21, 18, 

and 31 % less respectively (all pairwise multiple comparison procedures (Holm-Sidak 

method; P < 0.001).  On average, the treatment samples at Willamette in 2006 

contained 0.98 mg/kg (23 %) less As than the control samples. At all sites, a decrease 

of total recoverable As from the baseline measurements was observed in at least 2004. 

This could in part be due to loss via erosion, since As is easily carried on particulate 

matter (Allen, 2002). These results are consistent with Chen et al. (2008) who found 

no significant differences in mean As concentrations after 40 y of field fertilization 

and cropping. The authors did, however, observe enrichment of As at two sites, which 

was associated with the enrichment of Zn (Chen, 2008), suggesting that As 

accumulation may be site and soil amendment specific.   
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Figure 4.1. Arsenic concentrations (mg/kg) in surface soil by fertilizer treatment level 
sampled from four field sites in Oregon (n=4) 2003-2006.  

Treatment levels constitute a control (C), or agronomic application of a ammonium 
sulfate fertilizer, T1x-T3x indicate a 1x agronomic application level of an ammonium 
phosphate fertilizer, followed by 2x and 3x (twice and 3x agronomic application rate). 

Note: scale differences between sites. 
 
 Arsenic concentrations in surface soil at all sites did not correlate significantly 

with As concentrations in soil solution (Pearson product moment; P>0.05). A yearly 

increase in total recoverable As was seen at Klamath, but at no other site (Two-way 

ANOVA; P<0.001).  Total As results at Klamath in 2004 and 2006, depict surface soil 

As was not significantly different from the baseline As concentration (P = 0.68, 0.07 

respectively, n=200). In 2004, total As concentrations were significantly less than 

2005 and 2006 (P = 0.002, 0.004 respectively, n=200). In 2005, total As 

concentrations were significantly greater than those of baseline (P = 0.01, n=200), and 

were also greater than, but not significantly different from 2006 (P = 0.65). Not 

surprising, As concentrations in the fertilizer for 2005 were also the highest of the 

study. Using MLR, it was determined that after taking into account multiple other field 
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variables, the yearly increase in total As in surface soils at Klamath all years, and in 

2005 at all other sites, could be attributed to the addition of fertilizer (Backward 

stepwise regression, P<0.05). These results were anticipated as the As loads from the 

treatment fertilizer in 2005 were a factor of 10 greater than those in 2004. The 2005 

As loads from the treatment fertilizer were 120% those from 2006. Total recoverable 

As did not exceed the Oregon Department of Environmental Quality  (ODEQ) soil 

screening levels from a risk assessment at the most sensitive level (bird) of 10 mg 

As/kg soil dry weight (ODEQ, 1998).   

Arsenic in soil solution.  Soil solution As showed no significant treatment effect at all 

sites except Klamath where a treatment effect was observed 2004-2006.  The mean 

baseline As concentration in soil solution at all four sites was 2.76 µg/L (Klamath 7.03 

± 0.34, Hermiston 3.04 ± 0.08, Columbia 0.61 ± 0.08, Willamette below detection 

limit (BDL)).  The average method detection limit for As in soil solution was 0.80 

µg/L soil solution (average of 8 sample runs).  At Klamath, data were best explained 

with quadratic curves (Figure 4.2) (R2 = 0.93, 0.98, 0.99, respectively). One 

explanation is that phosphate effectively competes with As for adsorption sites in soil 

(Darland, 1997; Manning, 1996). Excess P may have resulted in the release of soluble 

As species and subsequent off site movement at the highest treatment level. No 

significant treatment effect was observed at the Hermiston, Columbia, or Willamette 

field sites 2004-2006.  Willamette soil solution samples from 2004 and 2005 were 

below the method detection limit (BDL), while all soil solution samples from 

Columbia and Willamette 2006 were BDL.  Across all sites, the variables that were 

most predictive of soil solution estimations were: %O.M., NH4-N, NO3-N, and 

irrigation practice (Backward stepwise regression, P<0.05; MLR, R2 = 0.78, R=0.88, 

P<0.003; N=150). We proceeded with caution in the interpretation of these results, 

considering little change in As solution concentrations were observed. The MLR 

model performed with Klamath data alone resulted in a different scenario. Here, the 

most influential factors in estimating As in solution were pH, loads, and Cusoln (R2 = 

0.69, R=0.83, P<0.001). Copper binds tightly to soil solids and may have contributed 

to ion competition in solution (Kalis, 2006). Indeed, positive correlations with solution 

As and Cu were observed across all years at Klamath.  The relationship between soil 
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solution As and pH can likely be explained by the different forms of nitrogen added to 

the soils. Nitrate (NO3) was collinear with pH and was therefore removed from the 

MLR model. Nitrate has been shown to increase pH in the rhizosphere (Gahoonia, 

1992), and slight increases in soil pH (6.4-6.5) resulted in desorption of As from soil 

solids, as observed by (Quaghebeur, 2005).  Across all sites, no significant yearly 

changes in soil solution As were observed, with the exception in 2005, where As soil 

solution concentrations were marginally less than the baseline concentration by 1.5 ± 

1.1 µg/L (P = 0.05).  
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Figure 4.2. Arsenic concentrations (µg/L) in soil solution by fertilizer treatment level 
sampled from four Oregon field sites (n=4) 2003-2006.  

Treatment levels constitute a control (C), or agronomic application of a ammonium 
sulfate fertilizer, T1x-T3x indicate a 1x agronomic application level of an ammonium 
phosphate fertilizer, followed by 2x and 3x (twice and 3x agronomic application rate). 

Note: scale differences between sites. 
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Arsenic in plant.  In general, As in phosphatic fertilizers applied at relevant 

application levels was unavailable for translocation to the edible portion of wheat and 

potato crops in agricultural field trials. The edible portion of all crops at all sites 2004-

2006 were below detection limits for As. The average method detection limit for As in 

plant was 0.48 mg/kg (average of 3 sample runs). The Columbia site was fallow in 

2005.  

 To define the bioaccumulation potential of As in agricultural soils in Oregon, 

Kd values were assessed. The Kd that is defined for As is the ratio between total 

recoverable As in surface soil and As in soil solution. Kd-BIO was not determined for 

As as As could not be measured using the chelex 100 resin layer for DGT.  

 First, Kd values were plotted by treatment levels (Figure 4.3).  The log Kd 

values for As at all sites ranged from 2.2-4.4 L/kg. Trends showed negative slopes at 

Hermiston and Willamette, where Kd decreased with increasing treatment level, 

however no significant differences were observed between treatment levels or between 

years. To determine an overall Kd trend for As in soils, only the control and treatment 

level 1x were composited (Figure 4.4).  This was done to capture the most realistic 

value for the distribution coefficient for As in Oregon soils, as 2x and 3x applications 

of fertilizer are not advised. The rate of change (slope) for As between total 

recoverable and soil solution As over time is -0.03 L/kg.  A negative slope indicates 

that the ratio between the total recoverable [Me] and the soil solution [Me] is 

becoming smaller over time.  In other words, the fraction of As in solution is 

increasing over time, barring no significant changes in surface soil As concentrations. 

This result suggests that under the current field management practices and based on 

the current model, a Kd projected out 50 years would result in a Kd of 1.8 L/kg. More 

As in solution is potentially available for uptake into crops and/or available for offsite 

movement, including lateral movement into groundwater. Abernathy et al. (2003) 

noted that although foods are the primary source of As in humans, the most deleterious 

health effects from As exposure are likely to originate from As in drinking water. 

Future studies include the use of an iron oxide resin layer to capture labile As species 

in soil solution.  
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Figure 4.3.  Log Kd values for arsenic by fertilizer treatment level at four Oregon 
agricultural field sites based on ratios between total recoverable As in surface soil and 

As in soil solution (n=4) 2003-2006.  
Treatment levels constitute a control (C), or agronomic application of a ammonium 

sulfate fertilizer, T1x-T3x indicate a 1x agronomic application level of an ammonium 
phosphate fertilizer, followed by 2x and 3x (twice and 3x agronomic application rate). 
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Figure 4.4. Arsenic log Kd measured at four Oregon field sites 2003-2006.  

Each year represents a composite of control and treatment 1x samples (N=8). The 
solid line extending to each axis represents the regression line. 
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SECTION 2: LEAD 
 
 Lead can negatively affect nearly every organ system in the human body 

(ATSDR, 2007), in part because of its chemical and behavioral similarities to calcium 

(Ca). Children are exquisitely sensitive to the pernicious effects of Pb exposure. At 

low level oral exposures to Pb, reduction in IQ scores, and cognitive development 

have been observed (Canfield, 2003; Lanphear, 2000). Despite, ATSDR has not 

derived MRLs for Pb largely due to negative health effects that occur seemingly 

without a threshold (ATSDR, 2007; IRIS, 2005). Carrington et al. (1992) calculated 

oral intake values estimated to exceed blood lead levels of concern. These values 

ranged from 60-750 µg Pb/d with the lowest values pertaining to equivalents for 

children (Carrington, 1992).  

 Consumption of foods contaminated with Pb is an important exposure pathway 

in humans. Increasing Pb concentrations in field crops with increasing soil Pb 

concentrations have been observed (WSDA, 2001). Anthropogenic inputs of Pb to 

agricultural systems, (e.g. atmospheric deposition, soil amendments) may be 

significant contributors to the total Pb burden (McLaughlin, 1996; Nziguheba, 2008). 

However, the input of Pb to agricultural systems from phosphate fertilizers is typically 

low compared with background Pb concentrations (Holmgren, 1993; McLaughlin, 

1996). Despite, the presence of excess Pb in soils may lead to plant assimilation and 

potential accumulation into the edible portion.  

 The chemical form of Pb in soils is largely pH dependent (Harter, 1983). 

However, at neutral pH levels, Pb can be solubilized by complexation with organic 

matter. In a contaminated orchard soil, Sauvé et al. (1998) reported that 80-99% of 

dissolved Pb occurs in the form of soluble organic matter complexes, which may be 

available for plant assimilation. Moreno et al. (2006) found that Pb availability was 

mediated by its capacity for sorption and desorption from soil particulates. We report 

the use of a distribution coefficient (Kd-BIO) to measure changes in labile Pb over time. 

The hypothesis is that continual Pb input into agricultural soils from phosphate 

fertilizer applications leads to accumulation over time, and leads to an increase in 

labile Pb fractions.  
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RESULTS AND DISCUSSION: LEAD 

 

Lead in surface soil. Total recoverable measurements of surface soils showed no 

significant Pb treatment effect 2004-06 at all sites (ANOVA, P > 0.05) (Figure 4.5). 

The mean baseline Pb concentration in surface soil at all four sites was 13.4 mg/kg 

(Klamath 4.84 ± 0.01, Hermiston 17.24 ± 0.64, Columbia 11.91 ± 0.36, Willamette 

19.62 ± 1.0 mg/kg). The average method detection limit for Pb in surface soil was 1.3 

mg/kg.  The concentration of Pb in the control fertilizer in 2004 was 5 times greater 

than the Pb concentration in the treatment fertilizer. Furthermore, the background 

concentration of Pb in the soil is over 10 times greater than the highest concentration 

in the treatment fertilizer per unit mass, without taking into account the dilution to the 

fertilizer in the soil. This makes creating a relevant, yet effective Pb treatment scheme 

very difficult. While there is no significant treatment effect in total recoverable lead, 

the addition of Pb in surface soil may be masked by the original background Pb levels.   

 Across all sites, significant yearly differences in total recoverable Pb were 

measured between 2004 and 2006 (ANOVA on ranks, Dunn’s multiple comparison 

test, P<0.01) where an increase of 18% in total Pb was observed. No statistical 

differences were measured between the baseline and any other year. At Hermiston, the 

largest average Pb concentrations in soils and the greatest variability were measured. 

This may be due, in part, to the addition of small amounts of Pb to the field from 

irrigation, as the waters contained an average of 4 µg Pb/L water, 12 times more than 

what was detected in Klamath irrigation waters. Total recoverable Pb concentrations 

in 91% of all samples at Hermiston and Willamette, including background samples, 

exceeded the ODEQ soil screening guidelines from a risk assessment of the most 

sensitive species (bird) of 16 mg Pb/kg soil dry weight (ODEQ, 1998).  
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Figure 4.5. Lead concentrations (mg/kg) in surface soil by fertilizer treatment level 
sampled from four field sites in Oregon (n=4) 2003-2006.  

Treatment levels constitute a control (C), or agronomic application of a ammonium 
sulfate fertilizer, T1x-T3x indicate a 1x agronomic application level of an ammonium 
phosphate fertilizer, followed by 2x and 3x (twice and 3x agronomic application rate). 
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Lead in soil solution.  The mean baseline Pb concentration in soil solution at all four 

sites was 2.54 µg/L (Klamath 3.69 n=1, Hermiston 1.38 ± 0.25, Columbia BDL, 

Willamette BDL) (Figure 4.6).  The method detection limit for Pb in soil solution was 

0.23 µg/L soil solution. No significant increase in soil solution Pb with fertilizer 

treatment was observed at any site, 2004-2006. Although the treatment fertilizers did 

contain higher concentrations of Pb than the control fertilizers in 2005 and 2006, the 

ratios of control to treatment were very small and the highest Pb treatment level for all 

years was 2.3 mg Pb/kg fertilizer not taking into account the dilution of fertilizer by 

the soil. Yearly averages were significantly different across all sites, although absolute 

changes were small. At Klamath and Hermiston, the baseline Pb concentrations were 

significantly greater than those in 2004-2006 (P<0.01). Across all sites, in 2005, Pb in 

soil solution was significantly greater than all other years (P<0.001). In detail, Pb in 

solution increased each year until 2005 by an average of 93% from the baseline 

(multiple comparison test, Holm-Sidak method, P<0.05). An average decrease in 

solution Pb of 77% was measured 2005-06.  
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Figure 4.6. Lead concentrations (µg/L) in soil solution by fertilizer treatment level 
sampled from four field sites in Oregon (n=4) 2003-2006.  

Treatment levels constitute a control (C), or agronomic application of a ammonium 
sulfate fertilizer, T1x-T3x indicate a 1x agronomic application level of an ammonium 
phosphate fertilizer, followed by 2x and 3x (twice and 3x agronomic application rate). 
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Lead in DGT.  No significant treatment effect was observed in DGT measured Pb 

(PbDGT) concentrations at all four sites 2004-2006. The mean baseline Pb 

concentration measured by DGT was 0.21 µg/L (Klamath 0.09 n=1, Hermiston 0.13 ± 

0.02, Columbia 0.44 n=1, Willamette 0.18 n=1 µg/L) (Figure 4.7).  The average 

method detection limits for Pb measurement using DGT across all sites and sample 

runs was 0.23 µg/L soil solution. Most sites were near or below detection limits in 

2004.  At Hermiston in 2006, a slight decrease was observed from the control to 

treatment level 1x, albeit minor. The highest concentration of Pb in a fertilizer 

application occurred in 2005, and DGT effectively captured this increase.  Across all 

sites, significant differences in PbDGT were measured between all years except 2003-

2004 (Dunn’s multiple comparison test, P<0.05). In 2005, PbDGT was 12 times and 2.4 

times greater than in 2004 and 2006 respectively. Increases in labile Pb concentrations 

have been shown to be directly correlated with pH decreases (Sauvé, 1998). The pH in 

2005 across all sites was significantly lower than all other years (all sites/treatments 

combined) (P<0.05) and may have contributed to the labile Pb increase.   
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Figure 4.7. Lead concentrations in soils (µg/L) measured by DGT by fertilizer 
treatment level sampled from four field sites in Oregon (n=4) 2003-2006.  

Treatment levels constitute a control (C), or agronomic application of a ammonium 
sulfate fertilizer, T1x-T3x indicate a 1x agronomic application level of an ammonium 
phosphate fertilizer, followed by 2x and 3x (twice and 3x agronomic application rate). 
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Lead in plant.  Lead is largely unavailable for assimilation to the edible portion of 

wheat and potato at these particular application rates, and under these specific field 

conditions. The average method detection limits for Pb in plant samples was 0.38 

mg/kg. Lead concentrations in wheat and potato crops were below detection limits at 

all sites, for all years. These results are consistent with those observed by the 

Washington State Department of Agriculture (WSDA, 2001), who measured very low 

Pb concentrations in wheat and potato irrespective of the rate and type of fertilizer 

applied.    

 The log Kd values for Pb at all sites ranged from 3.4-6.6 L/kg. Negative trends 

are seen with increasing treatment level at all sites except Willamette (Figure 4.8). 

Negative trends are also seen in the Kd-BIO results (Figure 4.9).  Although negative 

slopes are seen at nearly all sites, the rates of Kd and Kd-BIO decrease are relatively 

small.  This result was anticipated as Pb binds strongly to organic matter (Santillan-

Medrano, 1975), commonly found in agricultural soils, and rates of release of Pb2+ 

into soil solution at circumneutral pH are kinetically very slow (Vantelon, 2005). 

Previous work also suggests that Pb can move offsite by erosion of dissolved soil 

particulates (Reed, 1995).  Our results corroborate historical evidence of increased Pb 

mobility particularly with changes in CEC, pH, and % O.M.  Based on real systems 

data, we report decreasing Kd, and Kd-BIO over time using only the control and 

treatment level 1x (Figure 4.10,Figure 4.11). Utilizing these current models, after 20 

years, the Kd and Kd-BIO are estimated to be 2 and 0.5 L/kg, respectively. 

Understanding the soil processes in agricultural systems that govern Pb speciation 

over longer periods of time are needed to better estimate risk. 
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Figure 4.8. Lead log Kd (total recoverable Pb / soil solution Pb) (L/kg) grouped by 

treatment level, measured 2003 (Baseline)-2006, at four Oregon field sites.  
Regression equations represent a best fit line through all of the data points. Treatment 

levels constitute a control (C), or agronomic application of a ammonium sulfate 
fertilizer, T1x-T3x indicate a 1x agronomic application level of an ammonium 

phosphate fertilizer, followed by 2x and 3x (twice and 3x agronomic application rate). 
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Figure 4.9. Lead log Kd-BIO (total recoverable Pb / DGT measured Pb) (L/kg) grouped 

by fertilizer treatment level, measured 2003 (Baseline)-2006, at four Oregon field 
sites.  

Regression equations represent a best fit line through all of the data points. Treatment 
levels constitute a control (C), or agronomic application of a ammonium sulfate 
fertilizer, T1x-T3x indicate a 1x agronomic application level of an ammonium 

phosphate fertilizer, followed by 2x and 3x (twice and 3x agronomic application rate). 
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Figure 4.10. Lead log Kd measured at four Oregon field sites 2003-2006.  

Each year represents a composite of control and treatment 1x samples only. Treatment 
2x, and 3x were omitted. 
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Figure 4.11.  Lead log Kd-BIO measured at four Oregon field sites 2003-2006.  

Each year represents a composite of control and treatment 1x samples only. Treatment 
2x, and 3x were omitted. 
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SECTION 3: MERCURY 

 

 Mercury-containing products historically were used in agriculture as 

fungicides and biocides, but all registrations had been cancelled by 1995 (40 CFR Part 

261).  Large concentrations of Hg have been reported in biosolids and micronutrient 

soil amendments (Carpi, 1997; Granato, 1995). However, Hg levels are typically low 

in phosphate fertilizers (USEPA, 1999).  

 In soils, the most common chemical Hg species are Hg0 and Hg2+. Mercury in 

soils readily forms complexes with organic matter at neutral pH (5-7) (Blume, 1991). 

Several studies noted increases in Hg binding to dissolved organic matter with 

simultaneous decreases in Hg binding to mineral surfaces (Schuster, 1991; Yin, 1996). 

Movement of Hg in soils doesn’t show much propensity to leach vertically into 

groundwater (Eichholz, 1988; Krabbenhoft, 1992). This leaves volatilization, 

horizontal leaching, and crop assimilation as the primary options for offsite movement 

of Hg (ATSDR, 1999c).  

 Mercury has been shown to accumulate in crops (Cappon, 1981; Feng, 2006; 

Garcia, 1981). However, the majority of studies investigating crop uptake of Hg were 

conducted on contaminated soils (e.g. mine waste soils) (Feng, 2006), or involved 

large doses of biosolids (Cappon, 1981; Garcia, 1981) making comparisons between 

agronomic applications of soil amendments difficult. 

 We report the use of commercial phosphate fertilizers applied at agronomic 

levels to determine the potential for Hg accumulation in diverse soil types and in 

distinct agriculturally important crops. The hypothesis of this study was that 

concentrations of Hg would increase with increasing applications of phosphate 

fertilizer in agricultural soils and crops.  

 

RESULTS AND DISCUSSION: MERCURY 

 

Mercury in surface soil.  No treatment effects were observed in surface soil Hg with 

the exception of Columbia and Willamette, which showed the control as having 

significantly higher Hg concentration than the treatment levels. The mean baseline Hg 
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concentration in surface soil at all four sites was 14.1 µg/kg (Klamath 29.6 ± 4.6, 

Hermiston 5.1 ± 0.80, Columbia 12.3 ± 3.5, Willamette 10.1 ± 1.1 µg/kg).  The 

average method detection limit for Hg in surface soil was 0.81 µg/kg. Significant 

differences were seen between the control and all treatment levels at Columbia 2006, 

and Willamette 2004 (P =0.019, 0.022 respectively) as seen in Figure 4.12.  This could 

be due to the higher Hg levels in the control fertilizer in 2004 and 2006.  Mercury in 

surface soil and plant samples could not be evaluated based on treatment by the 

fertilizer due to the lack of mercury in the treatment fertilizer.  The control fertilizer 

contained 28 and 8 times more Hg than the treatment fertilizer in 2004 and 2006.  

While the 2005 treatment fertilizer did contain more Hg than the control, the 

difference was less than 2x that of the control.  One way to consider this dilemma 

would be to designate the control as a treatment level and the treatments as pseudo-

control samples.  Although two of the sites show significantly higher Hg concentration 

in the control samples, the general trends over all sites, suggest no change in soil Hg 

concentration with increasing fertilizer loads. Mercury concentrations were well below 

the ODEQ soil screening guidelines for the most sensitive species (bird) at 1.5 mg 

Hg/kg soil dry weight. 

Mercury in Plant.  Mercury concentrations in plant samples showed no change with 

fertilizer loads, with the exception of Klamath potato, where treat 3x was significantly 

greater than treats 2x, 1x, and the control by 52, 59, and 51 % respectively (P < 0.001) 

(Figure 4.13).  No significant correlation was observed between tuber or wheat grain 

Hg concentration and total recoverable Hg (R2< 0.19, N=32 tuber, N=144 wheat 

grain).  

 Several challenges exist in the efforts to determine a relationship between Hg 

accumulation in crops and concentration in soil systems. First, Hg volatilization from 

soils is difficult to measure, due to site specific differences, such as the amount of 

organic material present in soils and weather conditions. Hg volatilization from soils is 

temperature dependent (Lindberg, 1995; Siegel, 1988) and requires a reduction from 

the Hg2+ species to elemental Hg0. The reduction of Hg can occur via abiotic processes 

such as binding to humic materials in oxic soils (Lindberg, 1995).  Second, plants are 

able to both transpire and assimilate Hg through stomata (Kozuchowski, 1978; 
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Lindberg, 2002).  These factors, among others contribute to the common lack of 

correlation between edible plant tissue Hg concentrations, where Hg is translocated 

some distance (i.e. not roots) and total recoverable Hg in soils (Egler, 2006; Feng, 

2006; Leonard, 1998).  

 Transfer coefficients (Tc) of Hg from soils to plant were defined as the 

concentration in the plant (µg/kg) divided by the concentration in the soil (µg/kg). The 

resulting unit-less Tc values are presented in Figure 4.14. The concentrations of Hg in 

plant material are equal to or higher than the concentrations in surface soil in 85 % of 

all samples. The Tc values calculated are significantly greater than those observed by 

Leonard et al. (1998) who found soil to above ground Tc values of approximately 1%. 

However, the discrepancy between Tc values at contaminated and non-contaminated 

field sites is not uncommon. Kim et al. (1997) and Bargagli et al. (1986) proposed that 

Tc values from uncontaminated soils are significantly greater than contaminated soils. 

The portion of plant that does tend to reflect soil Hg concentrations is the root 

(Leonard, 1998).   

 Values for Tc did increase over time across all sites. Increases were observed 

between 2004 and 2005 and a statistical increase was measured from 2005-2006 

(Multiple comparison analysis, Dunn’s method. P =0.02). This suggests that more Hg 

is accumulated in the edible portion of wheat and potato crops over time and warrants 

further study.  
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Figure 4.12. Mercury concentrations (µg/kg) in surface soils by fertilizer treatment 
level sampled from four field sites in Oregon (n=4) 2003-2006.  

Treatment levels constitute a control (C), or agronomic application of a ammonium 
sulfate fertilizer, T1x-T3x indicate a 1x agronomic application level of an ammonium 
phosphate fertilizer, followed by 2x and 3x (twice and 3x agronomic application rate). 

Note: scale differences between sites. 
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Figure 4.13.  Mercury concentrations (µg/kg) in plant tissue by fertilizer treatment 

level sampled from four field sites in Oregon (n=4) 2003-2006.  
Treatment levels constitute a control (C), or agronomic application of a ammonium 

sulfate fertilizer, T1x-T3x indicate a 1x agronomic application level of an ammonium 
phosphate fertilizer, followed by 2x and 3x (twice and 3x agronomic application rate). 
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Figure 4.14. Plant transfer coefficients for Hg by fertilizer treatment level at four 

agricultural field sites 2004-2006.  
Treatment levels constitute a control (C), or agronomic application of a ammonium 

sulfate fertilizer, T1x-T3x indicate a 1x agronomic application level of an ammonium 
phosphate fertilizer, followed by 2x and 3x (twice and 3x agronomic application rate). 
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CONCLUSIONS 
 

 The background levels of As, Pb, and Hg were found to be the same or lower 

than those reported by Holgrem et al. (1993) and Boerngen and Shakette (1981) 20 

years ago.  The mean background level of As and Hg are below the ODEQ soil 

screening levels for risk assessments for representative mammals (ODEQ, 1998), 

while 50% of sites exceed the screening criteria for Pb.  Metal concentration in 

irrigations waters from Hermiston and Klamath were below the fresh water quality 

limit for both the aquatic life and human health criteria.   

No significant treatment effect was observed for arsenic and lead in soil. A 

significant treatment effect was observed for Hg in soil at Columbia and Willamette 

(non-irrigated) sites.  Mercury was found in tuber and wheat grain, but a significant 

treatment effect was only observed in Klamath potatoes in 2004. Arsenic and lead 

were not found in either crop for any of the trials.  

The bioavailable metals, as measured by DGT or recoverable As in soil 

solution, were site specific. In general, no significant treatment or yearly effects were 

observed. The distribution and bio-distribution coefficients were determined and 

generally found to be larger than those reported by Bates and Sharp (1983), and 

typically smaller than those reported by Sauvé et al. (2000).  The distribution 

coefficients were similar among the sites except for arsenic which was seen to vary 

significantly between the sites.  There was a slight tendency for the bio-distribution 

coefficients to decrease with treatment and with yearly applications.  If these 

tendencies were to continue with further studies, they may have long term implication 

for risk assessment. 
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ABSTRACT 

Classifications of geographic growing origin of three fresh fruits combining elemental 

profiles with various modeling approaches were determined. Elemental analysis (Ca, 

Cd, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, V, and Zn) of strawberry, blueberry, and pear 

samples was performed using an ICP-AES. Bulk stable carbon and nitrogen isotope 

analyses in pear were performed using mass spectrometry as an alternative 

fingerprinting technique. Each fruit, strawberry (Fragaria x ananassa), blueberry 

(Vaccinium caesariense/ corymbosum, pear (Pyrus communis), was analyzed from two 

growing regions Oregon versus Mexico, Chile, and Argentina respectively. Principal 

component analysis (PCA) and canonical discriminant analysis (CDA) were used for 

data visualization.  The data were modeled using linear discriminant function, 

quadratic discriminant function, neural network, genetic neural network and 

hierarchical tree models with successful classification ranging from 70 to 100% 

depending on commodity and model. Effects of Oregon sub-regional and variety 

classification were investigated with similar success rates.   
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INTRODUCTION 

 

 Globalization has shifted the world market for fresh fruit making availability 

year round commonplace. Concerns surrounding disparate agricultural practices, such 

as a lack of food safety standards and protection of the market share, have led 

commerce officials to prioritize the dissemination of methods to determine the 

geographic origin of commodities. For example, on May 23, 2000, the FDA 

announced that a major strawberry production company in Mexico recalled almost 

13,000 pounds of fresh strawberries, including the variety ‘Fresh Delight’ used in this 

study, due to salmonella contamination . Food traceability studies are important for 

three primary reasons: to improve supply management, to facilitate traceability for 

food safety and quality, and to differentiate and market foods with subtle quality 

attributes (Golan, 2004). Knowledge of geographic growing region is not only 

paramount in upholding accountability in the food production industries, but is also 

important to consumers. In February 2001, the Consumer Right-to-Know Act (S. 280) 

was passed, requiring country of origin labels on perishable agricultural commodities. 

This act came about largely from public concern about potentially harmful substances 

in consumables (USDA, 2002), and polls show that a majority of consumers prefer 

country of origin labels (Umberger, 2003; USDA, 2002). On January 27, 2004, 

President Bush signed Public Law 108-199 which delays until September 30, 2006, 

the implementation of mandatory country of origin labeling for all covered 

commodities except wild and farm-raised fish and shellfish (2004).   

 Previous attempts have been made to elucidate the country of origin of edible 

commodities but, until recently, have been limited to processed foods. The geo-

location of juices (Ogrinc, 2003), drugs of abuse (Desage, 1991; Flurur, 1994), cocoa 

(Flurur, 1994; Hernández, 1994), olive oil (Tapp, 2003), nuts and coffee (Bicchi, 

1993; Krivan, 1993), and wine (Cozzolineo, 2003; Danzer, 1999)  has had moderate 

success. These techniques often require the use of multiple instruments, which can 

become laborious and increase costs. Vitamin or amino acid assays have proven 

successful in geo-locating some commodities, but are expensive due to sensitivity to 

degradation, and therefore, not conducive to broad implementation.  Alternatively, we 
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employ a chemical profiling method that is efficient, non-reagent intensive, and has 

reliable accuracy to differentiate the country of origin and geographic growing regions 

of several commodities. Though geographic origin analysis of potatoes, coffee, and 

pistachios has been performed successfully (Anderson, 2002; Anderson, 2005; 

Anderson, 1999), geographical analysis of fresh strawberry, blueberry, and pear has 

not been previously investigated using this method. Finally, geographic sub-regional 

and varietal effects on geographic classification prediction of strawberry and blueberry 

has not been previously published. 

 Multi-element profiling is based on several environmental and geologic factors 

such as soil type, rainfall, and temperature of a growing region, and provides a 

scientific underpinning to determine the geographic origin of a commodity. Soils 

contain variable concentrations of major, minor, and trace elements. The availability 

of these for plant uptake is dependent on the soil system. Plant elements become 

available for uptake in soil solution by several processes, including but not exhaustive, 

soil mineral weathering, decomposition of organic matter, ion exchange processes, 

application of soil amendments, and deposition (Cresser, 1993). Plant element 

sequestration largely depends on the chemical form in soil solution. Plants, however, 

have evolved several unique mechanisms for adequate uptake, including soil 

acidification by release of hydrogen ion at the rhizosphere, anion uptake, modification 

of soil moisture content, organic compound exudation from roots, and root respiration 

(Cresser, 1993).  

 Isotope ratios have been used as another chemical profiling method to 

determine geographic origin of biota (Guiseppe, 1997) or biota-derived products (e.g. 

crude oil) (Mansuy, 1997). Recently, Kelly et al. (2005) published a review describing 

the application of multi-element and multi-isotope analysis for tracing the 

geographical origin of food. Chemical, physical, and biological processes, such as 

photosynthetic fixation, can result in significant fractionation of heavy to light stable 

isotopes in biological matter. Plants have enzyme(s) that select against the less 

abundant and heavier 13C isotopes relative to the 12C isotopes. Other factors involved 

in stable carbon isotope fractionation are temperature, plant type (e.g. C3 v C4 plants) 

(Whilte, 1998), and the environment (Guy, 2001).  For example, the 13C/12C ratios in 
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plants may differ depending on geography, latitude, location, and climate.  Plants in 

humid environments take in more CO2 and develop a lower ratio of 13C to 12C than 

plants in arid environments. Processes affecting nitrogen isotopic composition include 

N-fixation, assimilation (e.g.  uptake of ammonium, nitrate, etc.), mineralization, 

nitrification, volatilization, sorption/desorption, and de-nitrification.  Soil and plant δ 
15N‰ values consistently have been reported to decrease with increasing mean annual 

precipitation and decreasing mean annual temperature across a range of climate and 

ecosystem types (Amundson, 2003). Globally, plant δ 15N‰ values are more negative 

than soils, suggesting a systematic change in the source of plant-available N 

(organic/NH4
+ versus NO3

-) with climate (Amundson, 2003). A compilation of data 

for non-fixing trees showed a 3 to  15‰ range in δ 15N‰ values among the same 

species relative to small geographic areas (Garten, 1993). The large range in δ 15N‰ 

reflects spatial variability in the relative amounts and bioavailability of atmospheric N 

versus various soil sources of N (Kendall, 1998).   

 The hypothesis of this study is that strawberry, blueberry and pear can be 

geographically classified using multi-element chemical profiling and bulk stable 

isotope ratio techniques. The first objective of this study was to classify between two 

geographical growing regions Oregon versus Mexico, Chile and Argentina for 

strawberry, blueberry and pear respectively.  The second objective was to determine 

the classification effects of Oregon blueberry and strawberry varieties, some of which 

were grown on the same field only a few feet apart. The effects of sub-regional 

differences within Oregon were also evaluated. 

 

EXPERIMENTAL SECTION 

 

Reagents: Concentrated nitric acid, trace metal grade (Fisher Optima, Pittsburgh, PA); 

elemental stock standard solutions, (Alfa Aesar Specpure, Ward Hill, MA), and 18 

MΩ•cm water (Barnstead, Dubuque, IA) were used. The inductively coupled plasma 

argon atomic emission spectrometer (ICP-AES) was used to analyze digested samples. 

The following parameters were employed: model, Liberty 150 ICP-AES (Mulgrave, 

Victoria, Australia); V-groove nebulizer 85 psi; Varian SPS5 auto-sampler system; 
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scan integration time, 1 sec (all elements); acid flexible tubing 0.030 mm ID (internal 

diameter); replicates, 3 (all elements); scan window, (1st order) 0.120 nm; photo 

multiplier tube voltage, 650 V; plasma flow, 15 L/min.; auxiliary flow, 1.50 L/min.; 

sample uptake delay, 13 sec.; pump rate, 15 rpm; instrument stabilization delay, 13 

sec.; rinse time, 60 sec. The wavelengths selected were: Ca 214.434; Cd 422.673; Cr 

267.716; Cu 324.754; Fe 259.94; K 285.213; Mg 257.61; Mn 231.604; Na 213.618; Ni 

769.896; P 589; V 294.402; Zn 213.856.  

Bulk Stable Isotope Analysis: Nitrogen (δ15N‰) and carbon (δ13C‰) bulk stable 

isotopes and bulk C/N ratios were measured and calculated on a stable isotope mass 

spectrometer (MS) (Finnigan MAT-251, ThermoFinnigan, Waltham, MA). Isotopic 

data use the standard isotopic delta notation (δ), in per mil (‰) relative to the Pee Dee 

Belemnite (PDB) scale for carbon isotopes and relative to air (15N) for nitrogen.  By 

convention the following equation for delta was used for carbon (and an analogous 

equation for nitrogen): 

(δ) 13C ‰ = [((13C/12Csample) – (13C/12Cstd)) / (13C/12Cstd)] x 1000 

The enrichment of heavy isotopes relative to the standard gives positive values and 

enrichment of light isotopes relative to the standard gives negative values.   

Calibration to PDB was done through the NBS-19 and NBS-20 standards of the 

National Institute of Standards and Technology (MD).   

Oregon Field Sampling: Oregon samples were collected in summer 2002 from field 

locations spanning the state (~350 miles in length), including Hood River, Portland, 

Salem, Brownsville, Corbett, Corvallis, and Central Point depending on commodity. 

At each Oregon farm, approximately 7.6 L (8 quarts) of blueberry (Vaccinium 

caesariense/ corymbosum), 7.6 L (8 quarts) strawberry (Fragaria x ananassa), and 

>12 pears (Pyrus communis) were collected by hand and labeled according to farm 

location (sub-region) and variety. All Oregon samples were hand picked at each 

individual field location, except for one pear collection site. Pears collected from the 

site labeled ‘Portland’ were purchased at a local organic food market where they were 

labeled as having been grown in the Portland area. Individual field replicates were 

analyzed separately and represent randomized field collection. (i.e. picked from 

multiple blueberry bushes, strawberry rows, or pear trees). Only the most common 
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varieties in the fresh market, both nationally and internationally, were analyzed. The 

international samples were collected from Oregon grocery stores that offered produce 

labels indicating geographic origin. We intentionally collected fresh market samples 

when they would be out of “season” for Oregon and therefore more likely from South 

America/Mexico.  Based on the differences in availability of these fruits, we have 

made the assumption that these internationally labeled samples were authentic. No 

international sub-locations were specified.  

Sample Preparation and Analysis: All samples were rinsed under a stream of tap 

water, followed by a three-fold rinse with 18 MΩ•cm water, and blotted dry with 

paper towels. Each sample was homogenized using a Robot Coupe industrial BLIXER 

RS1 BX6 (Ridgeland, MS) and liquid nitrogen, until the homogenate resembled a fine 

powder. All samples were stored in individually HNO3 cleaned glass jars at -20 ˚C 

until further analysis. Samples were processed according to a method previously 

described (Anderson, 2002; Anderson, 1999). Analysis of total elements within the 

digestate was performed using an ICP-AES. This ICP-AES multi-element method 

requires little sample (1 g), and low solvent use, resulting in decreased reagent cost, 

less waste generated, decreased disposal cost, and fewer hazards to the analyst. 

Isotope Analysis: Pear samples were analyzed as the whole pear from freeze fracture 

homogenization.  Homogenates were freeze-dried.  Samples were loaded in capsules 

for MS analysis. The chemical analytical technique was well suited to analysis of 

modest-to-small samples; a minimum of 2.0 ± 0.5 mg was used. 

Quality Control and Statistical Analysis: Certified Reference Materials (CRMs) 

were included in each multi-element analytical batch: NIST (National Institute of 

Standards and Technology) 1515 Apple leaf, NIST 1573a Tomato leaf (NIST, 

Gaithersburg, MD). CRMs, check standards, and blanks accounted for at least 25% of 

each analytical batch.   A minimum of three standards were used per calibration curve 

with R2 values > 0.99. Detection limits were calculated as three standard deviations 

based of seven blanks.  Average recoveries for each element are as follows: Ca, 108%; 

Cu, 120%; Fe, 98%; K, 96%; Mg, 125%; Mn, 106%; Na, 99%; P, 120%; Zn, 116%. 

Check standard recoveries averaged 101%.  
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 Each isotope sample was analyzed in triplicate.  NIST 8542 Sucrose 

ANU−sucrose and NIST 8548 IAEA-N2−ammonium sulfate samples were analyzed 

with each batch.  External precision estimates of δ15N‰ and δ13C‰, based on 

replicate analysis of acetanilide and oxalic acid standards, were ±0.12‰ and ±0.11‰, 

respectively.   

 Several statistical analysis methods were applied to the data. Multiple 

comparisons ANOVA were used in sub-regional and variety analysis by Sigma Stat 

for Windows, Version 2.0 (Systat, Point Richmond, CA). Graphical presentations and 

t-tests comparing geographical location used SigmaPlot 2003 for Windows, Version 

8.0 (Systat, Point Richmond, CA). Significance was determined using a two sampled 

t-test in Sigma Plot. Canonical discriminant analysis (CDA), linear discriminant 

function, and quadratic discriminant function analyses were applied utilizing SAS 

version 9.0 (SAS Institute Inc., Cary, NC) and neural network and genetic neural 

network analysis using NeuroShell Classifer (Ward Systems Group®, Inc, V2.2, 

Frederick, MD).  Hierarchal tree model and principal components analyses were 

applied using S-Plus (Lucent Technologies, Inc.). The modeling approach has been 

previously described (Anderson, 2005) . The tree models were based on (minimum 

deviation=0.01).   The models were tested with up to three different approaches, re-

substitution, cross-validation (i.e. leave-out-one) and by test set, previously described 

(Anderson, 2002).  From each geographic group 5 samples were randomly selected 

(from 40) to form a test set of 10 samples (2 geographic regions) and removed from 

the training set.  The remaining samples (nominally 35 from each group, a total of 70) 

were used as the training set for the classification models.  Once trained, each model 

was then used to classify the 10 “unknown” samples in the test set. Variety testing was 

preformed only when we had two varieties at the same site so as not to have the 

confounding variation created by different geographic sites.   Training and test sets 

were created that were variety specific, test sets typically n=8.  For example, a training 

set was created without a specific variety and the test set contained only the variety 

withheld from the training set.  Classification performances for each classification 

model for each commodity are discussed below.  
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RESULTS AND DISCUSSION 

 

Regional Element Profiling: Nine elements were consistently above detection limit: 

calcium (Ca), copper (Cu), iron (Fe), magnesium (Mg), manganese (Mn), potassium 

(K), sodium (Na), phosphorus (P), and zinc (Zn). Cadmium (Cd), chromium (Cr), 

vanadium (V), and nickel (Ni) were often near or below detection limits. Box plots, 

Figure 5.1, are shown for each fruit, the boundary of the box closest to zero indicates 

the 25th percentile, the solid lines within the box mark the mean and median, and the 

boundary of the box farthest from zero indicates the 75th percentile.  Whiskers above 

and below the box indicate the 90th and 10th percentiles, while symbols represent the 

5th and 95th percentiles. Significant differences are defined at the 95% confidence 

level.  Simple elemental distribution plots shows clustering by geographic origin for 

Oregon and Mexican strawberries and Oregon and Chilean blueberries, but not for 

Oregon and Argentine pears (Figure 5.2).   

 The data were further analyzed to explore the feasibility of classifying fruit 

samples according to geographic origin.  Initially this is investigated through statistical 

visualization methods.  PCA, measures variation in the elemental concentrations in the 

samples, but does not take into account group (geographic origin) membership; 

however, it is sometimes the case that a large percentage of the total variation can be 

explained by the first few principle components.  This effectively reduces the number 

of variables needed to describe variation among samples.  Principle component 

analyses (PCA) of geographic origin group memberships are well manifested for 

strawberry and blueberry, but not for pear (Figure 5.3).  Because PCA does not take 

into account group membership, to get the best possible view of group cluster we used 

canonical discriminant analysis (CDA).  Strawberry and blueberry separate well, 

although, pear overall are still poorly separated by geographic origin group (Figure 

5.4).  Modeling the data further explored the feasibility of classifying fruit samples 

according to geographic origin; linear discriminate function, quadratic discriminant 

function, neural network, genetic neural network and hierarchal tree modeling 

methods were employed, discussed below for each commodity.     
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Figure 5.1 (A-C). Element concentrations (mg/kg) of Oregon and Mexican 
strawberries (A), Oregon and Chilean blueberries (B), and Oregon and Argentine 

pears (C) (A: Oregon: n=40, Mexico: n=42; Iron Oregon: n=20, Iron Mexico: n=21); 
(B: Oregon: n=32, Chile: n=37; Iron Oregon: n=16, Iron Chile: n=37); (C: Oregon: 

n=40, Argentina: n=40).   
Oregon commodities are indicated by the white boxes and international commodities 
by the grey boxes. Significant separation was determined using a two sample t-test. 

The boundary of the box indicates the 25th and 75th (top and bottom) percentile.  The 
lines within the box mark the mean and the median.  The whiskers above and below 

the box indicate the 90th and 10th percentile.  The 5th and 95th percentiles are 
displayed with the  symbol. 
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Regional Strawberry Analysis (Oregon vs. Mexico): General element concentration 

variability in Oregon and Mexican strawberries is shown in Figure 5.1A. Strawberry 

concentrations of Ca, Cu, Fe, Mn, Na, and Zn showed significant separation (p < 

0.0001), as did P and K concentrations (p < 0.01, 0.05 respectively, 78 d.f.). No 

significant difference for Mg concentration was observed between Oregon and 

Mexican strawberries. Combinations of Ca, Mn, K, Cu, Fe, or Zn could be used to 

visually depict geographic origin group clustering, for example see Figure 5.2A.  On 

average, Mexican strawberries contained 380% the concentration Mn and 190% the 

Cu concentration of Oregon strawberries, while Oregon strawberries, contained more 

Ca (29%), Fe (35%), and Zn (32%) than Mexican strawberries. Potential sources of 

increased Mn and Cu in Mexican strawberry might include atmospheric deposition, 

irrigation water, fertilizers, and soil amendments, such as biosolids ((USEPA), 2000).  

PCA generates principle components that are linear combinations of the original 

variables. The first principle component describes the maximum possible variation 

that can be projected onto one dimension. PCA on strawberry showed that the first 

three components accounted for 99.7% of the total variability (95%, 98%, and 99.7% 

respectively). PCA and CDA showed strong visual clustering with Mexican and 

Oregon strawberries, (Figure 5.3A and Figure 5.4A).  
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Figure 5.2 (A-C). Concentrations of copper and manganese in Oregon and Mexican strawberries (mg/kg) (A); concentrations of 
calcium and manganese in Oregon and Chilean blueberries (mg/kg) (B); concentrations of calcium and copper in Oregon and 

Argentina pears (mg/kg) (C).
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Strawberry Modeling: The results of linear discriminate function, quadratic 

discriminant function, neural network, genetic neural network and hierarchal tree 

modeling methods are shown in Table 5-1.  Multiple approaches to evaluate each 

model included re-substitution, cross-validation and test set.   The linear discriminant 

function, the quadratic discriminant function, the neural network and the genetic 

neural network models all had a 100% success classification rate for strawberries. The 

trace elements P, Cu, Zn and Mg (Figure 5.5A) were found to have the most relative 

importance to the genetic neural network model.  The hierarchal tree model also had 

100% success rates. Cu concentrations less than 0.87 mg/kg were classified as 

Mexican (2 terminal nodes) (Figure 5.6). 

 



 

Table 5-1. Sample number, Linear Discriminant Function, Quadratic Discriminant Function, Neural Network, Genetic Neural 
Network, and Hierarchal Tree Model Classification Performance Analysis Results for Regional Geographical Origin Prediction of 

Blueberry, Strawberry, and Pear Samples Based on Total Recoverable Element Concentration Profiling. 
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Strawberry Mexico (n=40) 100 100 100 100 100 100 100 100 100 100 100

OR (n=40) 100 100 100 100 100 100 100 100 100 100 100
Blueberry Chile (n=36) 100 100 100 100 100 100 100 100 100 100 100

OR (n=40) 100 100 100 100 100 100 100 100 100 100 100
Pear Argentina (n=40) 74 75 60 100 100 100 95 80 100 100 93
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Figure 5.3 (A-C). Principal component 1 versus principal component 2, for chemical profile of elements in Oregon and Mexican 
strawberries (n=80) (A), Oregon and Chilean blueberries (n=68) (B), and Oregon and Argentine pears (n=80) (C). 
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Regional Blueberry analysis (Oregon vs. Chile): Figure 5.1B depicts variable 

element concentrations in blueberry samples from Oregon and Chile. Ca, Mg, and Mn 

were strongly separated (p << 0.0001, 66 d.f.) using a two sample t-test, while Cu, Fe, 

P, K, Na, and Zn concentrations showed no significant differences between regions (p 

> 0.05). Combinations of Ca, Mg, K, Cu, Na, Fe, or P could be used to visually depict 

geographic origin group clustering, for example see Figure 5.2B. In general, Chilean 

blueberry had 50% the concentration Mn, and 180% the Ca of Oregon blueberries.  

One USDA blueberry collection site in Corvallis, Oregon was excluded (n=8) due to 

the historical land use at the agricultural experiment station and because no retail 

commodities are grown for human consumption at this site. Interestingly, blueberries 

from this experimental site had elevated levels of Cu and Mn (152%, 678% 

respectively) relative to the average concentrations at the remaining Oregon sites. 

Although high bush blueberries are not fertilizer intensive, they grow readily in acidic, 

moist soils. This optimum growing condition renders them susceptible to increased 

non-nutritive metal uptake. It is suggested that blueberries could be used as a bio-

indicator species to assess metal contamination in soils (Buzman, 1982; Sheppard, 

1991). The U.S. Department of Agriculture is also exploring the use of coal ash and 

bio-solid compost as a soil amendment in large scale blueberry production operations 

globally (Black, 2002). High metal concentrations in blueberry marked this Corvallis 

site as statistically independent from all others from typical agronomical practices. 

These data points were removed from further statistical analysis.  

Using PCA, 99.9% of the total variability could be explained by the first three 

principal components (75%, 96%, and 99.9% respectively). Strong visual regional 

clustering was observed for Chilean and Oregon blueberries using PCA (Figure 5.3B) 

and CDA (Figure 5.4B).  
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Figure 5.4 (A-C). Canonical Discriminant Analysis frequency chart using the canonical variable.  
All 10 available dimensions are utilized in this simplified visual representation of the separation between Oregon and Mexican 

strawberries (n=80) (A), Oregon and Chilean blueberries (n=68) (B), and Oregon and Argentine pears (n=80) (C).
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Figure 5.5. Genetic Neural Network model, relative importance of inputs, used to classify Oregon and Mexican strawberries (A), 
Oregon and Chilean blueberries (B), and Oregon and Argentine pears (C). 
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Blueberry Modeling: The results of linear discriminant function, quadratic 

discriminant function, neural network, genetic neural network and hierarchal tree 

modeling methods are shown in Table 5-1.  The linear discriminant function, the 

quadratic discriminant function, the neural network and the genetic neural network 

models all had a 100% success classification rate for blueberry. The trace elements 

Cu, Mg and Zn, Figure 5.5B, were found to have the most relative importance to the 

genetic neural network model. The hierarchal tree model had a 100% success rates. 

Mn concentrations <6.65 mg/kg were classified as Chilean (2 terminal nodes)  

(Figure 5.6). 

Regional Pear Analysis (Oregon vs. Argentina): Element concentration variation in 

Oregon and Argentine pears can be observed in Figure 5.1C. Two sample t-tests 

suggests that Cu concentration showed significant separation (p < 0.0001, 78 d.f.) as 

did Ca (p < 0.01), while all other element concentrations were not significantly 

different between Oregon and Argentine pears (p > 0.05). Combinations of trace 

elements could not be found that provided good visually depicted geographic origin 

group clustering (Figure 5.2C).  PCA results showed that the first three components 

explained 99.9% of the variability (93, 98, and 99.9% respectively); however, no 

visual clustering of Oregon and Argentine pears was observed (Figure 5.3C).  

Canonical discriminant analysis frequency chart for Oregon and Argentina pears also 

shows a great deal of overlap (Figure 5.4C). 

Pear Modeling: The results of linear discriminate function, quadratic discriminant 

function, neural network, genetic neural network, and hierarchal tree modeling 

methods.  Multiple approaches to evaluate each model included re-substitution, cross-

validation and test set as shown in Table 5-1.   Overall, the linear discriminant 

function model did not perform very well on the pear data set; this modeling analysis 

had only a 60-80% success rate.  The other modeling methods were more successful.  

The quadratic discriminant function had an 85 to 100% success rate, and the neural 

network had an 80-95% success rate.  The best model for the pear data set was the 

genetic neural network models which had a 100% success rate.  Genetic algorithms 

seek to solve optimization problems using the methods of evolution, explicitly 

survival of the fittest.  In a typical optimization problem, there are a number of 
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variables which control the process, and a formula or algorithm which combines the 

variables to fully model the process.  The problem is then to find the values of the 

variables that optimize the model in some way.  Other traditional methods tend to 

break down when the problem is not so “well behaved”, but genetic algorithms are 

designed to perform on data that is not so “well behaved” which may account for its 

success with pear. The micro trace elements Cu, Mn and V, Figure 5.5C, were found 

to have the most relative importance to the genetic neural network model.  Copper, 

manganese and vanadium are trace elements that are unlikely to be directly amended 

into soil, therefore, although the pear were difficult to model, this model may be 

especially robust to environmental/agronomic changes. Additional research is 

warranted to test this hypothesis.   The hierarchal tree model used for regional 

classification prediction of Oregon and Argentine pear is shown in Figure 5.6 and is 

significantly more complex than for the other fruits tested. The tree model requires 8-

terminal nodes to meet the classification criteria and then has a classification success 

rate of 93%.  
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Figure 5.6. Hierarchal tree models for classification of Oregon and Mexican 
strawberries, Oregon and Chilean blueberries, and Oregon and Argentine pears are 

shown.   
A tree-based model results in a simplified hierarchical tree of decision rules useful for 

geographic origin classification. Re-substitution rules results in a 100%, 100%, and 
93% correct classification rate respectively for the data sets. 
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 Bulk stable isotope ratios in pear samples were used to address the lack of 

initial modeling success between Oregon and Argentine samples. We have used bulk 

stable isotope ratios previously to successfully investigate geographic origin 

(Anderson, 2006; Anderson, 2005).  Bulk stable isotope ratios, δ13C/ δ15N, depicts 

visual separation between Oregon and Argentine pears, shown in Figure 5.7. Oregon 

pear had significantly less enrichment of lighter 12C than Argentine pear (p < 0.0001, 

42 d.f.).  No significant differences in δ15N were observed between Oregon and 

Argentine pears (p > 0.05). Addition of the bulk stable isotope ratio data to the models 

would most likely increase the modeling success rate for pear. 

Variety and Sub-Regional Analysis. One caveat of using profiles of elemental 

concentrations based on country-to-country data is the possibility of misclassification 

due to varietal effects. It is difficult to get good variety data, because typically each 

variety is grown in a different location, so there are inherent geographic differences 

leading to large confounding variables.  In this study, we were able to collect two 

varieties of strawberry and two varieties of blueberry, from adjacent plants (same soil, 

same environment, same agronomy practices) therefore providing an excellent 

opportunity to evaluate the variety effect without many of the typical confounding 

variables.  Effects of variety on geographic origin analysis of strawberry and blueberry 

have not been previously published. Figure 5.8 shows some of the element variety and 

sub-regional differences, suggesting differing variety element uptake for strawberry, 

blueberry and pear. 

Oregon Strawberry Variety Effects: Although there are large differences in Cu and 

Mn concentrations between Mexican and Oregon strawberry; there are also some Cu 

and Mn variety differences between Oregon strawberries, Figure 5.8A (multiple 

comparisons ANOVA). Significant Na concentration differences were seen between 

Totem and Hood cultivars from the S. Corvallis field location (p < 0.01). Fe 

concentrations were significantly different between Hood and Puget summer cultivars 

at the Mt. Angel field site (p < 0.01).  Although there are variety differences within 

Oregon strawberry grown in the same field, these differences are relatively small 

compared to the overall elemental profile differences with Mexican strawberry, and 

most importantly within the framework of this study do not appear to adversely affect 

 



 131

modeling success (Table 5-2).  We tested the effects of variety on all of the models.  

At field sites where we had two varieties, we removed one variety from the model 

training set.  The training set then contained some strawberry from the geographic site 

(i.e. representing environmental conditions, soil, agronomical practices, etc.) but 

would not contain the second variety, in this way isolating the variety effect.  The test 

set would then be composed of a single variety, as always, withheld from the training 

set.  The linear discriminant function, quadratic discriminant function, neural network 

and genetic neural network models all had 100% success rates (Table 5-2).  The 

hierarchal tree model had 88 to 100% success rates.  This suggests that within this 

strawberry data set that variety differences do not adversely affect geographic origin 

modeling using profile elemental concentrations.  
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Figure 5.7. Argentina (A) and Oregon (O) pear isotope ratios (Oregon n=16, 
Argentina n=20). 
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Table 5-2. Linear Discriminant Function, Quadratic Discriminant Function, Neural 
Network, Genetic Neural Network, and Hierarchal Tree Model Classification 

Performance Analysis Results for Variety Effects on Geographical Origin Prediction 
of Strawberry and Blueberry Samples Based on Total Recoverable Element 

Concentration Profiling. 
 
 

linear quadratic neural
genetic 
neural

hierarchal 
tree

strawberry Hood 100 100 100 100 88
Totem 100 100 100 100 100

blueberry Bluecrop 100 100 100 100 100
Jersey 100 100 100 100 63

fruit       variety* (n=16)

*Varieties selected for Test set modeling were those from field sites where two varieties 
were collected. Field sites where only a single variety was available (Mt.Angel: Puget 
summer, Hood; Brownsville: Totem) were not modeled individually.

discriminant 
function network

%
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Figure 5.8 (A-C). Strawberry (A), blueberry (B), and pear (C) copper and manganese 
concentrations versus sub-region and variety.  

Statistical differences were determined using a multiple comparisons ANOVA. Letters 
denote statistical differences, 95% confidence level. The boundary of the box indicates 

the 25th and 75th (top and bottom) percentile.  The solid lines in the box mark the 
median and mean. The 5th and 95th percentiles are displayed with the  symbol. 

 
 

Oregon Strawberry Subregional Effects: The strawberry cultivar Totem had 

significantly higher mean Zn concentration at the Brownsville site compared to the 

Corvallis site only 22 miles away (p < 0.01). Significant mean concentration 

differences among the Hood cultivar between Corvallis and Mt. Angel field locations 

were also seen for Cu, K, and Zn (p < 0.0001). These sub-regional differences are not 

surprising, considering the diversity of Oregon soils. Coetzee et al. found that, in 
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South Africa, the combination of elements characterizing wines from a particular 

region was different within each region (Coetzee, 2005).  However, like the variety 

data, within this strawberry data set, sub-regional differences are relatively small and 

do not adversely affect geographic origin modeling combined with profile elemental 

concentrations; for example, hierarchal tree model test set success rates were >88% 

(Brownsville 88%, Corvallis 94%, Mt. Angel 100%).  

Oregon Blueberry Variety Effects: Significant difference in element concentrations 

among blueberries, Jersey variety and Bluecrop cultivar, suggests there are discernable 

differences between varieties/cultivars of blueberry picked from the same field 

location, as is the case with Cu shown in Figure 5.8B.  Mean element concentrations 

of Cu and Zn were significantly different between Jersey and Bluecrop blueberries at 

the Corvallis field location (p < 0.0001). Jersey and Bluecrop blueberries also showed 

significant differences between mean Ca, Cu, and Mg picked from the Corbett field 

site (p < 0.005). Variety test sets were created as described above for strawberry.  The 

linear discriminant function, quadratic discriminant function, neural network and 

genetic neural network models all had 100% success rates (Table 5-2).  The hierarchal 

tree model had 63 to 100% success rates.  This suggests that within this blueberry data 

set that variety/cultivar differences do not adversely affect most geographic origin 

modeling using profile elemental concentrations.  The hierarchal tree model however, 

did not perform as well overall within the framework of this study, suggesting 

blueberry variety/cultivar may adversely affect some models.  The hierarchal tree 

model is a less complicated model, synthesizing the decision rules to single elements, 

this probably makes it inherently less robust than the discriminant analyses and neural 

network modeling methods which take into account all elements.  The tree model 

appears to be more susceptible to inadequate or changing population variation, due to 

the simplification nature of the model, at least within the framework of this study. 

Oregon Blueberry Subregional Effects: The Bluecrop cultivar showed significant 

differences between the Corvallis and Corbett field sites for mean Ca, Mg, Mn, K, and 

Zn concentrations (p < 0.05). The Jersey variety showed a significant difference 

between the Corvallis and Corbett sites only for mean Ca and Mg concentrations (p < 
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0.04). Similar success rates were achieved on sub-regional test sets (>80%).  

Models could also be created with a high degree of success based on sub-regional 

geographic origins. Hierarchal tree model test set success rates were > 82% (Corvallis 

82%, Corbett 88%).  

Oregon Pear Subregional Analysis: Differences in metal concentrations among 

Bartlett pear samples from Oregon sub-regions can be seen in Figure 5.8C and are 

small relative to strawberry and blueberry. This may be a consequence of having 

analyzed only one variety of pear. Another explanation is the differences in growing 

conditions and element assimilation in pear versus blueberry and strawberry. Tree fruit 

undergo a more significant element translocation distance and reproductive sinks are 

directly related to the age of the tree and climate of the growing site. In spite of these 

results, significant differences were observed between sites. The most dramatic 

differences were found with Cu concentrations at Salem (p < 0.001) and with Mn 

concentrations at Central Point (p < 0.001), with respect to the Portland site (the next 

site closest in concentration for both metals). Hierarchal tree model test set success 

rates were ≥50% (Central Pt. 63%, Corvallis 75%, Salem 50%, Portland 50%, Hood 

River 100%). Only one variety of pear was included in the study, so variety analysis 

was not performed. 

Pear Bulk Stable Isotope Ratios: Because the modeling of element profiles for pear 

was less successful we investigated bulk stable isotope ratios as a means to gain 

further discriminating chemical data.  Isotopic analysis of Oregon sub-locations 

showed significant separation among δ15N ratios, ranging from -2 to +4 δ15N. Most 

Oregon sub-locations δ15N ratios were significantly different from one another. 

Central Point showed strong significant differences from all other sub-locations (p < 

0.01), while Hood River was significantly different from Portland and Salem (p < 

0.05). Portland and Salem were not statistically different from one another (p > 0.05). 

Positive δN ratios indicate a selective enrichment of heavy 15N compared to 14N. 

Central Point Bartlett pear samples accumulated the heavier 15N isotope compared to 
14N followed by Salem, Portland and Hood River respectively. This could be in part, 
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due to the latitudinal differences of the field sites; δ15N has been associated with 

latitude (Flanagan, 2005). 

Another potential caveat of the pear data set was potentially revealed when sub-

regional geographic origin CDA plots were generated.  Oregon pear show visual 

clustering differences from Argentine pear, with one notable exception: the pear 

labeled as Portland. These were the only samples from Oregon not hand collected.  

One possible explanation for this overlap could be that the pears were mislabeled as 

being grown in Oregon.  As with all authenticity studies, authenticating samples is 

critical to the study, as well as developing a data base that contains all the potential 

variation in the population to be studied. 

 The genetic neural network model performed the best of all modeling methods.  

Interestingly, some elements from the genetic neural network model were consistently 

found to be important to the model input, specifically Cu, Mn, Mg and Zn.  It may be 

possible to create further simplification of the method by analyzing and modeling only 

these elements and as needed adding bulk stable isotopes.  Creating a fingerprint or 

unique chemical signature using trace element and stable isotope ratio chemical 

profiling may serve as a cost effective approach toward determining the geographic 

growing region of a food commodity. The identification of distinct chemical-signature 

effects on geographic origin from sub-location and variety/cultivar of fresh fruit has 

not previously been described. The ease and efficiency of trace element analysis, make 

it an optimal choice for geographic regional and sub-regional determination of 

blueberry, strawberry, and pear. Within the framework of this study, it appears that the 

geographic origin of strawberry, blueberry and pear may be feasible through their 

chemical profile.  Statistical analyses revealed groupings between the two major 

geographic regions for each commodity studied.  The progression of this type of 

profiling study includes the addition of other geographic regions, seasonal variation 

(including agronomical changes) and additional varieties from all locations (Anderson, 

2006). This information may ultimately increase food safety measures and command 

accountability in global food production.  
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CHAPTER 6. CONCLUSIONS 
 

 The potential despoliation of agricultural soils with continuous input from 

metal-rich fertilizers is of global concern. Metals do not degrade and therefore, 

understanding transport and fate of metals in soil systems is critical to determine risk. 

Sorption of metals/metalloid to soil particles can yield very different partition 

coefficients depending on several physical and chemical parameters, and can 

significantly affect the bioavailability to crops. Studies were conducted to determine 

the potential for metal/metalloid accumulation in soils and plants. The relationship 

between metal lability in agricultural soils and metal bioavailability via accumulation 

in the edible portion of two globally important crops was investigated. 

 Low-level fertilizer-based metal/metalloid concentrations applied to non-

contaminated agricultural field sites distinguish this study. The results may, in part, be 

helpful in determining allowable concentrations of metal/metalloid in commercial 

fertilizers as well as determine the potential for metal/metalloid accumulation in two 

globally important crops. Projections to define ‘critical limits’ of soil metal burdens 

based on long-term metal addition to soils was recently identified as a goal of the 

uppermost importance (Lofts, 2007) and real-system field data are needed to 

aggrandize and ameliorate current projection models. While considering plant uptake 

of metals and potential human risk, results from current models often vary 

considerably due to site specific and crop differences, particularly plant species in 

which translocation at a distance to the edible portion occurs. In this case, DGT was 

utilized as an effective tool to measure the kinetically labile soil metal pools, but was 

only marginally predictive of Cd found in the edible portion of wheat and potato 

crops. Conversely, DGT metal correlation with crops with little translocation distance 

have been successful, leading to questions about whether additional correction factor 

terms could be included in the DIFS model to incorporate a larger range of plant 

species. We agree that future research incorporating the bio-distribution coefficients of 

metals in surface soils, DGT, and plant is warranted to better define the potential for 

human Cd consumption risk.  
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 The long-term implications are that Cdtotal and Nitotal are increasing over time, 

despite being sampled from cropped fields. Some loss of total recoverable metal may 

occur due to loss via biomass (Jones, 2002). However, yearly fertilizer applications, 

atmospheric deposition, and practices such as tilling chaff post harvest, may replenish 

soil concentrations. Questions remain whether continuous Cd and Ni input to 

agricultural soils will create a situation where a critical level will be reached. Studies 

are needed to define this critical level in distinct soil systems with distinct agronomy 

practices. Information about changes in Kd and Kd-BIO over time in transient systems, 

using typical agronomy, helps to supplement the current gap of real-system field 

studies. Field validation data, including bioavailability assessment and accounting for 

natural variability within and between sites was recently emphasized as a target to 

improve soil risk characterization models (Lofts, 2007). Agricultural practices such as 

fallow years, crop rotation, and liming may allow time for metal fixation in soils or 

decrease labile metal concentrations (Mench, 1998). There was a slight tendency for 

the Kd and Kd-BIO coefficients to decrease with treatment and with yearly applications.  

If these tendencies were to continue with further studies, they may have long term 

implication for risk assessment. 

 Finally, creating a fingerprint or unique chemical signature using trace element 

and stable isotope ratio chemical profiling may serve as a cost effective approach 

toward determining the geographic growing region of a food commodity. Within the 

framework of this study, it appears that the geographic origin of strawberry, blueberry 

and pear may be feasible through their chemical profile.  Statistical analyses revealed 

groupings between the two major geographic regions for each commodity studied.  

The progression of this type of profiling study includes the addition of other 

geographic regions, seasonal variation and additional varieties from all locations 

(Anderson, 2006). This information may ultimately increase food safety measures and 

command accountability in global food production.  
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Deep soils.  Deep soils were collected once a year using a gas powered auger to drill a 

core of 3 m in depth.  Only the control replicate 1, treatment 1 replicate 1, treatment 2 

replicate 1, and treatment 3 replicate 1 were sampled.  These correspond to one row of 

each field plot at all four sites (Figure 1.3).  In 2003, a deep soil core was made 1’ 

over, 1’ in from the top left corner of each of the replicate 1 grids from the field plot.  

To prevent repeated sampling from the same deep core location in 2004, the core 

drilling spot was shifted 2’ over, 2’ in, followed by a 3’ by 3’ in 2005, and a 4’ by 4’ 

in 2006.  Stainless steel probes were used to sample soil in triplicate from the 3 m 

hole.  Deep soil samples were placed in clean bags for transport and further 

processing.  

 

RESULTS 

 

Deep soil. No observable differences were seen between treatment levels of deep soil 

samples 2003-2006 (Figure A.1).  Due to the low sample size of deep soil (n=1 per 

treatment level), treatments were composited to achieve a sample size of 4 per site.  

Each site was statistically different from one another based on a two way anova, all 

pairwise multiple comparison procedures (Holm-Sidak method) (P < 0.05, 86 d.f.).  

Site differences ranged from 1.2-4.9 mg As/kg soil.  Significant yearly effects were 

also observed for deep soil As, however the difference of means is relatively small 

over all sites (0.48-1.9 mg/kg; P < 0.05).  The biggest change within year for As was 

seen at Willamette with a difference of means ranging from 1.9-4.9 mg/kg (P < 0.03).  

Deep soil Cd trends resulted in a ‘V’ shaped curve, were increasing trends are seen 

from 2004-2006, however, the 2006 concentration is only marginally larger than the 

baseline deep soil measurement.  Significant yearly effects were seen with deep soil 

Cd (P < 0.05; 84 d.f.) ranging from 0.02-0.07 mg/kg, as well as site differences (P < 

0.03) ranging between 0.02-0.07 mg Cd/kg soil.  The largest change within year for 

Cd was seen at Klamath with a range of differences in means of 0.02-0.12 mg/kg.  

Deep soil Pb showed no environmentally significant change over the four year study.  

Averaged yearly effects over all sites were marginal for deep soil Pb ranging from 1.2-

1.6 mg Pb/kg soil (P < 0.05; 86 d.f.), while differences between sites were strongly 
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significant ranging from 3.2-13.1 mg/kg (P < 0.05).  The largest change within year 

for Pb was seen at Hermiston with a range of 2.8-2.9 (P < 0.01).  Yearly effects for Ni 

in deep soil were significant ranging from 1.8-8.1 mg Ni/kg soil (P < 0.05).  The 

difference of Ni concentrations between sites was also strongly significant ranging 

from 1.8-8.7 mg/kg.  The largest yearly effect was seen at Willamette ranging from 

5.9-15.8 mg/kg.  However, this range did not succeed in a linear fashion, but rather 

was staggered.  Significant yearly changes in deep soil Hg concentrations over all sites 

ranged from 3.2-9.4 µg/kg (P < 0.05).  At all sites, deep soil Hg concentrations were 

significantly different and differences ranged from 1.6-13.8 µg/kg.  The site with the 

largest significant yearly difference in deep soil Hg was Willamette, which ranged 

from 4.7-14.2 µg/kg (P < 0.05). 
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Figure A.1 Metal and metalloid concentrations in deep soil (mg/kg) measured 2003-
2006 at four field sites in Oregon (n=4). 
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Table A-1. Metal/metalloid concentrations in irrigation waters collected from Oregon 
field sites. 

µg/L σ
N 

above 
MDL*

µg/L σ
N 

above 
MDL*

As 0.87 0.37 7 5.2 1.4 21
Cd 0.10 0.017 3 0.092 1
Pb 4.0 3.1 18 0.33 0.19 6
Ni 2.1 - 1 - - 0
Cu 1.7 1.6 22 2.60 2.80 22
Zn 90.0 108 22 136 300 18

Hg not tested; σ = standard deviation
*MDL = method detection limit, N=sample number

Hermiston Klamath

 
 
 
 

Table A-2. Percent recoveries for quality control samples. 
 

check
standards spikes 2709 2711 1515 1573a 1640

N 63 10 13 6 8 8 12
As 95 90 97 104 nd nd 91
Cd 97 84 97 99 nd 100 100
Pb 97 94 93 125 100 nd 117
Ni 96 91 95 100 nd 121 96
Hg - - 100 101 96 91 -

* Hg: (CRM 2709, N=61; 2711, N=16; 1515, N=35; 1573a, N=16)

certified reference materials
% recovery
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A comparison of both Kd and Kd-BIO values for this study are listed in Table A-3 along 

with those measured by Bates and Sharp (1983), and Sauvé et al. (2000). 

 
Table A-3. Distribution coefficients (log, 10) for metals in agricultural soils. 

Arsenic Cadmium Lead Nickel Mercury

Kd-dgt N/A 2.3-3.4 3.4-4.5 2.9-3.8
Kd 2.4-3.3 2.0-3.8 3.8-4.5 2.7-3.5

Kd-dgt N/A 2.6-3.6 3.8-4.8 3.6-4.2
Kd 2.9-3.3 2.5-3.9 3.5-4.7 3.1-3.6

Kd-dgt N/A 2.4-3.7 3.7-4.8 3.6-3.9
Kd 3.5-3.8 2.8-4.0 3.7-5.0 3.0-3.4

Kd-dgt N/A 2.8-3.9 3.7-4.6 4.0-4.8
Kd 3.5-4.3 2.8-4.0 3.9-5.2 3.7-4.7

Bates and Sharp 2 Kd 0-1.3 0.1-1.4 0.7-3.9 N/A N/A

Sauve et al. 3 Kd 4.1 3.5 5.2 4.0 4.2
N/A = not available
1.  Ranges are for a range of pH (4.3 to 7.1) and include a control, treatment level 1x, 2x,
 and 3x measured at four agricultural sites in Oregon 2003-2006.  Kd values are calculated
 using a total recoverable surface soil [Me]/soil solution [Me]. Kd-dgt values for Cd, Pb, 
 and Ni are calculated using total recoverable [Me]/Diffusive Gradient in Thin-Film [Me]
2.  Ranges for Bates and Sharp (1983) are for a range of pH 4.5 to 9.0.
3.  Sauve (et al.  2000) specify their Kd values do not consider desorption potential or 
bioavailability of different metal species. 

N/A

This field study1

N/A

N/A

N/A

Klamath

Hermiston

Columbia

Willamette
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