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HEAVY METALS IN THE ENVIRONMENT

Cadmium Concentrations in New Zealand Pastures:
Relationships to Soil and Climate Variables

René Reiser, Michael Simmler, Denise Portmann, Lynne Clucas, Rainer Schulin, and Brett Robinson*

Cadmium (Cd) is a nonessential element that occurs at above-
background concentrations in many New Zealand (NZ) soils.
Most of this Cd is due to the historical application of single
superphosphate that was made from Nauru phosphate rock
containing between 400 and 600 mg Cd kg™ P. Pasture Cd
uptake exacerbates the entry of Cd into animal products. We
sought to determine the critical environmental factors affecting
Cd uptake in NZ pastures and to calculate the likely Cd intake
of sheep and cattle. We tested 69 pastures throughout NZ for
a range of variables, including Cd. Soil Cd and pasture Cd were
positively correlated with soil P and soil concentrations of other
elements found in phosphate fertilizers. We found that no single
environmental variable adequately predicted pasture Cd uptake.
Nevertheless, pseudo-total soil Cd and Cd extracted using a
0.05 mol L' Ca(NO,), solution were positively correlated with
pasture Cd. Although soil pH, soil Fe, and soil Cd provided an
excellent predictor of the Ca(NO,),~extractable soil Cd fraction,
regression models explained just 38% of the variation of the
Cd concentration in pasture grasses. Incorporating the effect of
pasture species composition is a crucial next step in improving
these models. A calculation of the likely exposure to Cd of sheep
and cattle revealed that no pastures tested resulted in sheep
and cattle ingesting Cd at a rate that would result in breaching
muscle-tissue food standards. For offal products, which the NZ
meat industry does not sell for human consumption, food safety
standards exceedence was calculated in a few cases.
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ADMIUM (Cd) is a nonessential element (Kabata-

Pendias and Mukherjee, 2007) that is readily taken

up by plants and transferred through fodder and food
products into animals and humans (Cadmium Working Group,
2011a). Enrichment of Cd in soils has been reported worldwide
through the land application of biosolids, industrial efluents,
and phosphate fertilizers with high Cd concentrations (Hooda,
2010; Kabata-Pendias and Pendias, 2001; Kabata-Pendias and
Mukherjee, 2007). Atmospheric deposition of Cd is often as
significant as input via soil amendments in some highly popu-
lated and industrialized countries, and fertilizer Cd dominates
in other countries with lower populations and less industrializa-
tion, such as New Zealand (NZ) (Hooda, 2010; Taylor, 2007).
Several authors have reported enrichment of Cd in NZ’s pasture
soils (Gray et al., 1999; Kim, 2005; Roberts et al., 1994; Schipper
et al,, 2011; Taylor, 1997; Taylor, 2007). Most Cd in these soils
originates from mineral phosphate fertilizers (primarily single
superphosphate), which may contain up to 280 mg Cd kg™' P
(Loganathan et al., 2003) (Cadmium Working Group, 2011b).
In a NZ soil survey, Taylor et al. (2007) reported an average Cd
concentration in pasture soils of 0.43 mg kg™ (» = 825). This is
more than double the background concentration of 0.16 mg kg™
(n=372) (Taylor, 2007).

Pastureland is the main type of farming in NZ, covering 13.8
million hectares (Loganathan et al, 2003). Grazing animals
take up Cd mainly via consumption of herbage; intake through
soil ingestion is generally lower (Lee et al., 1996; Loganathan
et al,, 2003). Food safety standards have been set to limit the
concentration of Cd in foodstuffs. Exceeding such standards
might result in trade restrictions and serious economic damage
for producers (Cadmium Working Group, 2011a). The most
important factor affecting food-chain transfer is soil-plant
uptake (Hooda, 2010). The bioavailability of Cd in soil depends
on its (total) concentration, pH, organic matter content, clay
content, soil moisture conditions, and availability of macro- and
micronutrients (Grant et al., 1999; Welch and Norvell, 1999).
The use of a single soil-to-plant transfer coefficient for a given
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plant species is not appropriate to describe plant Cd uptake in a
wide range of soils (Rodrigues et al., 2012; Romkens et al., 2009).

Hooda (2010) suggested that Zn and Cd should be
considered together to understand cither of them in detail. The
two elements are often cocontaminants (the typical Zn:Cd ratio
is 200:1), have many similar properties in soil and plants, and
are readily absorbed and translocated to plant shoots (Hooda,
2010). Synergistic and antagonistic effects of Zn on Cd uptake
by plants are known, with antagonistic effects usually observed
under non-Zn deficiency conditions (Grant et al., 1999).
Whereas Zn is often deficient in agricultural systems, Cd is often
a food-chain toxicity risk (Hooda, 2010).

Mechanistic models capable of predicting soil-plant transfer
have not been developed (Swartjes, 2011). Various empirical
models have been proposed to describe Cd accumulation
by plants as a function of soil properties (e.g., pH, total Cd,
Cd that is extractable using a dilute salt solution and soil
organic matter content) (Smolders, 2001; Tudoreanu and
Phillips, 2004). Empirical models are more limited in scope
than mechanistic models; however, because they are based on
observations, they provide a degree of accuracy not necessarily
present in mechanistic models (Tudoreanu and Phillips, 2004).
Empirical models are only useful in specific environments
within the range of their calibration. They must be validated
or recalibrated with local soil and environmental conditions
(Swartjes, 2011). Little information about the proposed
model variables is known other than under experiment-
specific conditions. There is a lack of studies investigating the
large number of environmental and plant factors suspected to
influence Cd uptake under field conditions.

We aimed to elucidate the most important environmental
and edaphic factors affecting Cd concentrations in NZ pastures
with a view to identifying factors that could be measured along
with soil Cd to predict the risk of plant Cd uptake. Furthermore,
we sought to use the model of Rodrigues et al. (2012) to assess
the daily intake of Cd by sheep and cattle on various pastures.

Materials and Methods

Soil and Pasture Sampling

Soil and pasture samples from 69 sites were collected during
the NZ summer (Dec. 2009 to Feb. 2010). The sampling
locations, given in Supplemental Table S1, were determined
using a GPS receiver (accuracy, 8—10 m). Most of the pastures
were intensive cattle or dairy farms, which typically receive high
rates of P fertilization. Pastures were in the vegetative growth
phase, and a visual inspection indicated that they contained
minimal senescent material. The median total annual rainfall
at the collection sites was 1838 mm (range, 424-5406 mm).
The median average annual air temperature ranged from 8.6 to
16.4°C. The range of rainfall and temperature characteristics
reflects the geographical spread and difference in elevation.
Pasture samples were cut 2 to 3 cm above ground on an area of
approximate 0.2 m’. Nongraminaceous weeds were removed
from samples to minimize the effect of species composition in
the study. The composition of graminaceous species was typical
for dairy farm pastures in NZ, dominated by perennial ryegrass
[Lolium perenne (L.)], with some pastures containing small
amounts of brown top [Agrostis capillaris (L.)]. Roberts and

Longhurst (2002) reported that a typical NZ pasture contains
approximately 70% ryegrass, 20% white clover, and 10% weeds.
A composite sample of the underlying topsoil was obtained by
means of a soil corer (1015 cores per sampling location taken

from a depth of 0~10 cm).

Chemical Analyses

Plant samples were washed in deionized water and dried at
60°C until a constant weight was obtained. Samples were milled
using a Cyclotech type 1093 cyclone grinder with an aluminum
rotor. Plant material (0.5 g) was digested in 5 mL HNO,. The
digests were diluted with Milli Q (EASYpure RE, 18.3 M{2-cm,
Barnstead) to a volume of 25 mL and filtered with Whatman 52
filter paper (pore size, 7 um).

Soil samples were dried for 7 d at room temperature. The
aggregates were separated and passed through a 2-mm nylon
sieve. Soil pH was measured in Milli Q at a solid:water ratio of
1:2.5 using a Metler Toledo pH meter. The grain size distribution
of the soils was determined using the pipette method according
to the reference methods of the Swiss federal agricultural research
stations (FAL et al., 1996).

Pseudo-total element concentrations in soil (henceforth
referred to as “total”) were measured in acid digests. Half a gram
of soil was digested in 5 mL aqua regia (BDH Aristar nitric
acid 69%, BDH Aristar hydrochloric acid 37%). Extractable
elemental concentrations in soil were measured by weighing
5 g of soil into 40-mL centrifuge tubes and adding 30 mL
0.05 mol L' Ca(NO,), (BDH AnalaR [Ca(NO,),x4H,0]).
Tubes were agitated for 2 h on an end-over-end shaker,
centrifuged for 10 min at 15,000 rpm, and filtered using
Whatman 52 filter paper. Oxalate-extractable concentrations
were measured according to the method described elsewhere
(Blakemore et al., 1987). All extracts were stored at 4°C before
the analysis.

Element concentrations were measured using ICP-OES
(Varian 720 ES). Wageningen (ISE 921, IPE 100) and NIST
(1573a) reference materials were analyzed for quality assurance.
The results of these analyses are given in Table 1. The C and
N content of soil and plant material was determined using an
Elementar Vario MAX CN element analyzer.

Correction for Cadmium Arising
from Surface Contamination

Because sample washing cannot remove all soil particles
from field-collected plant material (Robinson et al., 2009),
the plant concentrations were corrected for soil contamination
using a method described by Robinson et al. (2008). Iron was
used as the indicator element with the minimal measured value
in plant of 44.4 mg kg™ dry weight (dw) as bascline value.
The masses of soil calculated using Fe as an indicator were in
reasonable agreement with the corresponding masses when
Al or Cr was used as indicator element (R = 0.68; R = 0.76
[Pearson]).

Geographic Information System Analysis

Climate data (raster dataset with 500 m spatial resolution)
representing medians of the period 1971 to 2000 were obtained
from the National Institute of Water and Atmospheric Rescarch
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Table 1. Results of the chemical analysis of the reference samples.

Certified value

Measured value

Reference material Element =
Mean Confidence interval Mean SD
mg kg™
Plant material
NIST 1573 (@] 1.52 0.04 1.32 0.02
Zn 309 0.7 289 0.31
IPE 100 Ccd 0.085 0.003 0.076 0.011
Zn 33 0.099 34.6 1.3
Soil material
ISE 921 Cd 2.32 0.1 2.58 0.3
Zn 502 14 518 66

(Tait and Zheng, 2007). The value of the raster cell overlying
the sampling point was ascribed to that sample using the ESRI
ArcGIS 9.3 software. The average annual solar radiation is
henceforth referred to as radiation, the total annual rainfall as
rainfall, and the average annual air temperature as temperature.

Statistical Analysis

Correlations between variables were described by Spearman
rank correlation coefficients. To identify the best linear
regression models, an exhaustive search (ic., an all-subset
regression) across all predictor variables was conducted. The
best model for each number of explanatory variables was
selected given that all estimated cocfhicients were significant (o
= 0.05, F-test using type III sums of square). Variables showing
positively skewed frequency distributions [organic C, total
Mn, total S, oxalate-extractable Zn (ox-Zn), oxalate-extractable
Cd (ox-Cd), Ca(NO,),-Zn, Ca(NO,),-Cd, rainfall, pasture
N, pasture Zn, and pasture Cd] were log-transformed before
regression analysis. The relative importance metric LMG
(Lindemann, Merenda, and Gold) was calculated to describe
the importance of explanatory variables (Lindeman et al.,
1980). Statistical analyses were undertaken with the software R
(R-Core-Team, 2012) and Excel 2007. For correlation analysis,
the R package Hmisc (Harrell, 2012) was used. For model
selection and assessment of the importance of model variables,
the R packages leaps (Lumley, 2009) and relaimpo (Grémping,
2006) were used.

Results and Discussion
Total Cadmium and Zinc Concentrations in Soil

Table 2 shows that the Cd concentration in topsoil ranged
from 0.25 to 1.58 mg kg™ (mean, 0.89 mg kg™'). Earlier NZ
surveys reported mean Cd concentrations of 0.4 mg kg™ for
pasture soils (Roberts et al., 1994; Taylor, 2007). The discrepancy
in our results may be because most of our samples were taken
from farmland that was under intensive dairy farming, which
receives higher fertilizer inputs than the extensive grazing systems
included in the aforementioned studies. Comparing them with
the mean background concentration of 0.16 mg kg™' (Taylor,
2007), our values are consistent with the frequently reported
accumulation of Cd in NZ soils due to anthropogenic inputs.

The clay contents ranged from 3 to 40% (mean, 23%). These
values are typical values for relatively young soils (Scheffer et al,,
2010), as are the soils found in the NZ landscape. Total soil Cd
was positively correlated with clay content, total Fe, Mn, Al, P,

Ca, and Zn (Table 3). Total Cd was negatively correlated with
sand content and site temperature. The positive correlations
with clay content and total concentrations of Fe, Mn, and Al
are consistent with the binding of Cd by metal oxides and clay
minerals (Scheffer et al., 2010).

That Cd was positively correlated with P and Ca is consistent
with the numerous reports that these elements coaccumulate due
to fertilizer use (Loganathan et al., 2003). Despite the presence
of 11% S in single superphosphate, the total Cd concentration
did not correlate with the total concentration of S in soil (Table
3). This is not surprising because S as sulfate leaches from NZ
soils, only being retained in significant quantities as organic S
(Edmeades et al., 2005; Ghani et al., 1991).

There was a positive correlation between Zn and P and Ca in
addition to that between Cd and Zn, indicating that fertilizer
was an important source of Zn. Like Cd, Zn occurs as impurity
in phosphate rocks used for the production of superphosphate
fertilizers (Syers et al., 1986). McGrath and Tunney (2010)
observed a significant increase in soil Zn (on average,
8.19 mg kg™! in the 0- to 20-cm soil layer) in a grazed pasture
after 31 yr of superphosphate addition (930 kg kg™ over 31 yr)
compared with a control pasture receiving no superphosphate
(McGrath and Tunney, 2010). For many years, phosphate rock
from Nauru Islands, known to contain high concentrations of
Cd (100 mg kg™') and Zn (1100 mg kg™), was used for the
production of superphosphate applied to New Zealand and
Australian soils (Cadmium Working Group, 2008). In a survey
of Iranian arable soils used for wheat production, Karami et
al. (2009) found a correlation between total Zn and available
P (Olsen P). They concluded that superphosphate fertilizer
with high Zn (100-1100 mg kg™'), which is commonly
applied in Iran, is an important source of Zn in these soils.
Zinc might also accumulate in NZ pasturelands because it is
used as a prophylactic against facial eczema in sheep and cattle
(Anderson et al., 2012). Therefore, another explanation for the
observed correlations may be that pastures that received higher
rates of phosphate fertilizer also received higher rates of zinc as
a result of the prophylactic facial eczema treatment.

Ca(N03)2—ExtractabIe Cadmium and Zinc Concentrations

The Ca(NO,),—extractable fractions of soil Cd and Zn have
been reported to be good predictors of plant Cd and Zn uptake
in pasture soils (Black et al., 2011; Black et al., 2012). Table 2
shows the Ca(NO,),—extractable fractions of Cd and Zn in the
soils tested. The extractable concentrations were approximately
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three orders of magnitude lower than the total concentrations,
consistent with observations that these elements are immobile
in weakly acidic to alkaline soils (Loganathan and Hedley,
1997). Mean K values (total/extractable concentration
coeflicients) for Cd and Zn were approximately 3000 and
6000, respectively.

All'sampled soils had pH values below 7.0 (mean, 5.5) (‘Table
2). Calcium nitrate—cadmium was negatively correlated with
pH (Table 3). Variable charged binding sites are increasingly
protonated at low pH and unavailable for binding Cd. In
addition, there is increased competition with acidic metal
cations (e.g., Al’*) for binding sites under acidic conditions
(Loganathan et al., 2012; Scheffer et al., 2010). Most of the
sampled soils probably had a history of liming because acidity
limits fertility, particularly N availability, on many NZ farms
(Carran, 1992). There was a negative correlation between
Ca(NO,),-Cd and total Ca. This is likely due to an indirect
effect related to the pH increase asa result of liming. The positive
correlation of total Ca with pH (Supplemental Table S2) is
consistent with this rationale. The positive correlation between
Ca(NO,),-Cd and rainfall is also suspected to be related to
soil pH because higher rainfall was negatively correlated with
pH (Supplemental Table S2). Basic cations tend to leach with
the percolating rainwater, and the moist soil conditions allow
increased biological activity, which produces acidity (Sparks,
2003). The negative correlation between Ca(NO,),-Cd and the
clay fraction and total Al is consistent with the aforementioned
likely importance of Al-bearing minerals of the clay fraction in

binding of Cd. The correlation with Ca(NO,),~Zn reflects the

Table 2. Descriptive statistics of variables determined in this study.

geochemically similar behavior of Cd and Zn (Hooda, 2010).
The Ca(NO,),-Cd concentration was governed by factors
influencing the solubility rather than by the total soil Cd, as
there was no significant correlation with total Cd.

Tables 4 and 5 show regression models that use edaphic
and climate variables to calculate Ca(NO,),-extractable
concentrations of soil Cd and Zn. In each model, between
one and six environmental variables are used, with successive
variables increasing the explanatory power (R* ) but decreasing
the ease of parameterization of the model. For Cd and Zn,
pH was the most important soil parameter in explaining the
Ca(NO3)2—extractable concentrations. Incorporating organic
C, total Fe, total Cd, ox-Cd, and rainfall, linear regression
explained 86% of the variation in Ca(NO,),-Cd. Total Fe is
incorporated with a negative sign, consistent with Fe oxides
being important adsorbents of Cd. Because organic carbon
is known to bind Cd, the incorporation of organic C with a
negative sign is unsurprising. The organic carbon contents
where medium to high (range, 2.0-15.9 wt%; median, 5.5
wt%). This is characteristic for NZ soils, which typically have
higher organic matter contents than soils from arid countries
(Cadmium Working Group, 2008). Compared with total Fe,
the relative importance of organic C as explanatory variable
was minor. Linear regression models to predict Ca(NO,),-
Zn differed slightly from Cd, with total P, total Mn, and
temperature in the set of explanatory variables (Table 5).

Parameter Mean Median Range sD Skew
pH 55 5.6 4.8-6.9 5.21-6.18t 1.01
Clay, % 225 21.0 3.0-40.0 9.0 0.07
Sand, % 36.2 35.8 2.6-76.4 16.4 0.21
Organic C, wt% 6.3 5.5 2.0-15.9 2.8 1.09
Total Fe, g kg™ 24.5 259 1.8-44.7 10.9 —043
Total Mn, g kg™’ 0.44 0.39 0.04-2.35 0.32 3.10
Total Al, g kg™ 27.0 26.9 3.9-52.0 1.1 —0.13
Total N, g kg™ 53 5.0 2.0-10.5 2.1 0.70
Total P, g kg™’ 1.15 1.06 0.36-2.64 0.52 0.81
Total S, g kg™ 0.64 0.58 0.18-1.77 0.29 1.25
Total Ca, g kg™ 6.92 6.85 1.08-18.78 3.99 1.00
Total Zn, mg kg™’ 65.0 67.5 11.5-107.8 26.0 —0.28
Total Cd, mg kg™’ 0.89 0.88 0.25-1.58 0.31 0.24
Ox-Zn, mg kg™’ 13.1 10.7 4.0-57.2 7.83 2.88
Ox-Cd, mg kg™ 7.9%x1072 6.9x 1072 28x1072t02.1x 10" 3.8x 102 112
Ca(NO,),~Zn, mg kg™ 3.0x 102 2.0x1072 87%x10%t0 1.6 x 107" 3.1x 102 2.26
Ca(NO,),~Cd, mg kg™ 73x10°* 6.8x10°* 49%x10°t03.1x1073 55x10* 1.22
Radiation, MJm=2d™" 13.8 14.0 12.1-15.0 0.8 —043
Temperature, °C 12.1 12.2 8.6-16.4 1.7 0.24
Rainfall, mm 1995 1838 424-5406 1128 1.46
Pasture N, g kg™ 19.7 17.2 6.3-46.0 8.9 1.18
Pasture P, g kg™ 2.80 2.73 0.77-6.01 1.15 0.46
Pasture S, g kg™ 2.34 2.08 0.43-4.68 1.03 0.48
Pasture Ca, g kg™ 5.48 5.67 1.75-10.06 1.86 0.20
Pasture Zn, mg kg™ 28.1 26.8 9.0-89.4 10.6 2.90
Pasture Cd, mg kg™ 0.13 0.08 0.01-1.55 0.21 5.44

t Standard deviation range.
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Pasture Cadmium and Zinc Concentrations

Most (90%) pasture samples had Cd concentrations
<0.2 mg kg'. The median and mean were 0.08 and
0.13 mg kg™, respectively (Table 2). Seven samples had
concentrations >0.2 mg kg™, with the highest sample
having a Cd concentration of 1.55 mg kg™'. A previous NZ
survey reported mean Cd concentrations in pasture grass of
0.1 mg kg™!. However, the pasture soil surveyed by Roberts
et al. (1994) and most probably the species composition
in this work are not comparable to our study. Although
there can be significant differences in Cd uptake among
various plant species and cultivars (Crews and Davies, 1985;
McLaughlin et al., 1994), there is a lack of information on
variations in Cd uptake between various pasture species. The
Zn concentrations ranged from 9 to 89 mg kg™, with a mean
of 28 mg kg™'. In terms of soil-to-plant transfer coefficient
(plant/soil concentration quotient), the median values for Cd
and Zn were 0.09 and 0.42, respectively. Similarly the median
plant/Ca(NO,),—extractable quotients for Cd and Zn were
157 and 1352, respectively. This indicates that pasture takes
up Zn, an essential micronutrient, more effectively than
Cd, a nonessential heavy metal. This is probably due to the
presence of Zn-specific transporters that are adapted to take
up this essential element (Reid and Hayes, 2003).

The concentration of Cd in pasture was positively correlated
with the total soil concentrations of P and Cd, the ox-Cd, the
Ca(NO3)2—Cd, rainfall, and pasture concentrations of P, S, Ca,
and Zn (Table 3). The correlation with Ca(NO,),—extractable

Table 3. Spearman coefficient of correlation.

Cd (R = 0.41) was stronger than with ox-Cd (R = 0.36) and
total Cd (R = 0.31). Thus, of the three Cd fractions, Ca(NO,),-
extractable Cd explained the bioavailable Cd pool best, in line
with the findings of Black et al. (2012).

Total Cd and Ca(NO,),—extractable Cd in soil correlated
significantly with pasture Cd, whereas total Cd and Ca(NO,),-
extractable Cd did not correlate with each other. This may imply
that the readily soluble fraction of Cd in soil was not the only
source for pasture Cd (i.c., plants had access to stronger bound
Cd, possibly through Cd mobilized by root exudates). Analyses
of pasture throughout the growing season may reveal a different
relationship between total Cd and plant Cd due to physiological
changes during the plants’ life cycles.

The and of

micronutrients by plants can be affected by interactions

uptake root-to-shoot  translocation
among these elements (Nan et al., 2002a) and vary with the
plant’s nutrient status (Robinson et al., 2009). Synergistic and
antagonistic effects have been reported between Zn and Cd
uptake (Kabata-Pendias and Pendias, 2001). Although our
results do not reveal any mechanisms of Cd-Zn interactions,
they are not consistent with a strong antagonistic interaction
between Cd and Zn. The pasture concentrations of the two
metals were positively correlated (R = 0.39) but were not
correlated with the soil concentrations (total, Ca(NO,),-
extractable) of each other. Compared with Zn, which is
often reported to behave similar to Cd in the soil-plant
system (Hooda, 2010), Cd was less dependent on the plant
nutrient status but more strongly related to the total soil Cd

Oxalate-extractable

Ca(NO,) -extractable

Parameter Total Zn Total Cd Pasture Zn Pasture Cd
Zn Cd Zn Cd
pH 0.23 0.20 0.11 —0.04 —0.62at —0.62a 0.03 0.07
Clay 0.50a 0.35b 0.21 0.07 —0.11 —0.29¢ —0.20 -0.12
Sand —0.45a —0.28¢ —0.12 0.03 0.02 0.05 0.35b 0.01
Organic C —0.21 0.05 0.21 0.58a —0.06 0.04 0.05 0.01
Total Fe 0.67a 0.86a 0.09 0.20 —0.20 —0.23 —0.02 0.04
Total Mn 0.54a 0.67a —0.02 0.06 —0.14 —0.18 —0.02 0.09
Total Al 0.6a 0.66a 0.10 0.25¢ —0.09 —0.28¢ —0.06 —-0.01
Total N —0.01 0.13 0.30c 0.60a —0.08 0.04 0.14 0.01
Total P 0.37b 0.51a 0.36b 0.63a -0.17 0.06 0.22 0.26¢
Total S -0.10 0.13 0.30c 0.55a —0.03 0.09 0.23 0.21
Total Ca 0.45a 0.36b 0.04 —0.12 —0.37b —0.40a 0.16 —-0.06
Total Zn 0.63a 0.34b 0.05 —0.11 —0.21 0.06 0.00
Total Cd 0.63a 0.13 0.48a —0.25¢ —0.04 0.10 0.31b
Ox-Zn 0.34b 0.13 0.14 0.23 —0.07 0.10 -0.06
Ox-Cd 0.05 0.48a 0.14 -0.13 0.33b 0.06 0.36b
Ca(NO,) -Zn —0.25¢ —0.25¢ 0.23 —0.13 0.51a 0.11 0.00
Ca(NO,) -Cd —0.04 —0.04 —0.07 0.33b 0.51a 0.10 0.41a
Radiation 0.14 0.03 —0.19 —0.32b 0.02 —0.19 —0.02 -0.13
Temperature —0.02 —0.24c 0.14 —0.16 0.22 0.01 0.11 0.01
Rainfall —0.09 0.10 —0.02 0.26¢ 0.03 0.46a 0.16 0.25¢
Pasture N 0.24c 0.15 0.19 0.07 —0.28c —0.16 0.63a 0.16
Pasture P 0.21 0.20 0.17 0.14 —0.25¢ —0.03 0.50a 0.29¢
Pasture S 0.25¢ 0.16 0.08 0.02 —0.24c¢ —0.08 0.55a 0.24c
Pasture Ca 0.09 0.25c 0.10 0.27¢ —0.52a —0.10 0.30c 0.34b
Pasture Zn 0.06 0.10 0.10 0.06 0.11 0.10 0.39b
T Significance code: a < 0.001 < b < 0.01 < ¢ < 0.05.
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Table 4. Multiple linear regression models for Ca(NO,) ~extractable Cd.

\';l;iglfales Regression modelt log[Ca(NO,) —Cd] = ::LT:::&;??S:?:;E ;f: - §IVIodeIR\:a;Il;datlonP

1 0.9670 — 0.75881 (pH) 052 051 <10-10
2 1.5466 — 0.7183 (pH) + 0.7057 log(ox-Cd)# 78%, 22% 0.63 0.62 <103
3 0.9920 - 0.7916 (pH) — 0.0351 (total Fe) + 1.1450 (total Cd) 71%, 18%, 11% 0.73 0.71 <1015
4 3.0451 - 0.6966 (pH) — 0.8185 log(org. C) — 0.0134 (total Fe) + 1.2986 log(ox-Cd) 60%, 5%, 11%, 24% 0.78 0.77 <1015
5 —0.579406 — 0.7369 (pH) — 0.6607 log(org. C) — 0.0440 (total Fe) 51%, 3%, 17%, 10%, 19% 0.84 082 <107

+1.4215 (total Cd) + 0.5340 log(rainfall)
6 0.4121 - 0.6758 (pH) — 0.8890 log(org. C) — 0.0326 (total Fe) + 0.8289 (total Cd)  45%, 5%, 12%, 6%, 16%, 16% 0.87 0.86 <1015

+ 0.7241 log(ox-Cd) + 0.5072 (rainfall)

T All coefficient significant at a=0.001 (F-test using type Ill sums of square).

$ LMG/R?, in the order of explanatory variables in the model.

§ Model with the complete set of explanatory soil and climate variables (# 19, Table 3) determined R? = 0.90.

9 Maximum adjusted R? for model size of 12 explanatory variables (RZadJ =0.87).

# ox-Cd, oxalate-extractable Cd.

Table 5. Multiple linear regression models for Ca(NO,),-extractable Zn. Best model with a size of five explanatory variables not listed because
significance of all explanatory variables (F-test using type Ill sums of square) was not given.

\';laol:i:{oles Regression modelt log[Ca(NO,),-Zn] = of ::52:;253;?:;; " - ;VlodelR\zladlvlﬂdatlon _

1 2.4748 — 0.7480 (pH), 0.51 050 <101
2 1.9550 — 0.7747 (pH), + 0.6348 log(ox-Zn) # 86%, 14% 0.61 0.60 <1012
3 0.3208 — 0.8373 (pH), + 0.7135 log(ox-Zn), + 0.1383(radiation), 82%, 14%, 4% 0.67 0.66 <10~
4 0.4261-0.8187 (pH), — 0.1610 (total P)_+ 0.8335 log(ox-Zn), + 0.1272 (radiation), 76%, 5,% 16%, 4% 0.71 0.69 <10
6 1.7950 — 0.8023 (pH), — 0.0086 (total Fe)_+ 0.4216 log(total Mn), 74%, 4%, 13%, 2%, 6% 0.74 0.71 <10

—0.1477 (total P)_+ 0.7642 log(ox-Zn)_ + 0.0623 (temp),

T Significance code: a < 0.001 < b < 0.01 < ¢ < 0.05 (F-test using type Ill sums of square).

$ LMG/R?, in the order of explanatory variables in the model.

§ Model with the complete set of explanatory soil and climate variables (# 19, Table 3) determined R? = 0.80.

9 Maximum adjusted R? for model size of 12 explanatory variables (RZadj =0.74).

# ox-Zn, oxalate-extractable Zn.

concentration and soil factors affecting Cd solubility. Pasture
Cd concentration was only weakly correlated with pasture P (R
=0.29) and S (R = 0.24), was not correlated with pasture N,
but was strongly correlated with total Cd, Ca(NO,),-Cd and
ox-Cd in soil. In contrast, pasture Zn concentration strongly
correlated with pasture N (R = 0.63), P (R = 0.50), and S
(R = 0.55) but did not correlate with total Zn, Ca(NO,),-
extractable Zn, or ox-Zn. Similar observations were made by
other rescarchers. Nan et al. (2002b) used stepwise regression
analysis to produce a meaningful model relating wheat grain
Cd concentration with the explanatory variables total Cd in
soil, pH, and available P. Starting with the same set of potential
explanatory variables (pH, OM, available P, and total soil metal
concentrations), they found no meaningful multiple regression
model for grain Zn concentration of wheat. They suggested
that, in contrast to Cd, under field conditions the uptake of Zn
was largely affected by the crop’s physiological characteristics.

Tables 6 and 7 show the best multiple linear regression
models we derived to predict pasture concentrations of Cd
and Zn, respectively. Generally, edaphic and climate variables
only poorly accounted for pasture Cd concentration, with a six-
factor regression model having an R?, " value of just 0.38. The
Ca(NO,),-extractable, ox-Cd, and total Cd concentrations
were heavily weighted in the regression models (Table 6).

The multiple regression models for Zn had more explanatory
power, with just four terms providing a fit with an R* ; of 0.51.

Besides Ca(NO,),~Zn, these models were heavily weighted
in pasture N and include pasture Cd (with a positive sign),
strengthening the above-mentioned dominant role of plant
factors in Zn uptake.

Daily Intake of Cadmium for Animals Grazing
on Sampled Pasture

Assuming that animals graze in the field all the time and
always with the same Cd concentration in the forage, the daily
intake of Cd (DI_,) (mg d™"), can be estimated according to
Eq. [1] (Rodrigues et al., 2012). Using daily consumption
parameters I, (kg d' dw) and I (kg d™' dw) from the
literature (Rodrigues et al., 2012) and the measured soil and
pasture Cd concentrations, [Cd]_, and [Cd]_, (mg kg™),
we calculated a DI, for all sites for cow and sheep. We used
food standards of Australasia (ANZFSC, 2012) and the
European Union (Rodrigues et al., 2012), respectively, and
bioaccumulation factors (BAFs) from the literature (Rodrigues
et al,, 2012) to calculate an acceptable daily intake for Cd
(ADI_,) using Eq. [2] (Rodrigues et al., 2012). The BAF is
defined as the Cd concentration in the organ (mg kg™ fresh
weight) divided by the concentration in the feed (mg kg™ dw).

Dlgg =[Cd]geeq X Igeeq +[Cd] o X1

soi soil

(1]
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[Cd]limit in animal organ X (Ifecd + Isoil )

BAched -animal organ [2]

ADIy =

Table 8 shows that all calculated DI, values were lower than
ADI_, when calculated considering muscle tissue food stan-
dards. Considering offal food standards (kidney, liver), some
calculated DI, values exceeded the ADI . The few exceptions
are consistent with the reported exceedence of food safety stan-

dards for offal products of gracing animals in NZ, which led to

Table 6. Multiple linear regression models for pasture Cd.

the current policy of the NZ meat industry not to use offal of
animals over 2.5 yr of age for human consumption (Roberts et
al., 1994). Although continued application of Cd-containing
phosphate fertilizers will increase Cd concentrations in animal
products, this effect may be lessened by the Tiered Fertilizer
Management System (Rys, 2011). Using this system, soils
with <0.6 mg kg™ Cd (19% of our samples) have no restric-
tion placed on the application of P fertilizers. Soils with con-
centrations >0.6 and <1.0 (51% of our samples) are permitted
restricted use of P to ensure that the soil does not exceed 1.8
mg kg™' Cd after 100 yr. More intensive monitoring and mod-

s &5 Regression modelst log(pasture Cd) = LT o g Model validation

variables g g(p = explanatory variables# R2§ R .91 Pvalue

1 -0.3118 + 0.6562 log(ox-Cd) # 0.14 0.13 <0.01

2 —1.7490 + 0.4841 (pH), + 0.6170 log[Ca(NO,),-Cd], 28%, 72% 0.26 0.24 <0.01

3 —1.7465 + 0.4234 (pH), +0.2931 (total Cd)_+ 0.5935 log[Ca(NO,) ,~Cd], 19%, 25%, 57% 033 0.29 <104

4 —2.4780 + 0.3808 (pH), +0.2672 (total Cd)_+ 0.5308 log[Ca(NO,) ,~Cd], 14%, 19%, 43%, 24% 0.37 0.33 <104
+0.5518 log(pasture Zn)_

5 —0.7926 — 0.0224 (total Fe)b —0.0440 (total N)c + 1.0233 (total Cd)a 14%, 5%, 31%, 26%, 24% 0.40 0.35 <1075
+0.2120 log[Ca(NO,),~Cd]_+ 0.0532 (pasture Ca)_

6 1.8828 — 1.4610 log(org. C), — 0.0303 (total Fe), + 1.0404 log(total S)_ 16%, 19%, 17%, 36%, 7%, 4%  0.44 0.38 <105

+1.2863 (total Cd), — 0.4255 log(ox-Zn) Tt — 0.1125 (radiation),

T Significance code: a < 0.001 < b < 0.01 < ¢ < 0.05 (F-test using type lll sums of square).

$ LMG/R?, in the order of explanatory variables in the model.

§ Model with the complete set of explanatory variables (# 25, Table 3) determined R?* = 0.55.

1 Maximum adjusted R? for model size of 10 explanatory variables (R?,, = 0.42).

# ox-Cd, oxalate-extractable Cd.
11 ox-Zn, oxalate-extractable Zn.

Table 7. Multiple linear regression models for pasture Zn.

No. of . Relative importance of Model validation
R Regression modelst log(pasture Zn) = .

variables explanatory variablest R%§ R: 9 Pvalue
1 0.8439 +0.4632 log(pasture N)_ 0.37 0.36 <107

2 0.9325 + 0.0968 Iog(Ca(NOs)z—Zn)b +0.5261 log(pasture N)a 10%, 90% 0.44 0.43 <107

3 1.0693 + 0.0936 Iog(Ca(Nos)z—Zn)b + 0.4874 log(pasture N), +0.0882 9%, 73%, 18% 0.49 0.47 <108

log(pasture Cd),
4 1.0197 +0.0019 (sand)_ + 0.0871 log(Ca(NO,),-Zn), + 0.4674 log(pasture N), 12%, 7%, 64%, 17% 0.54 0.51 <108

+0.0937 log(pasture Cd)_

T Significance code: a < 0.001 < b < 0.01 < ¢ < 0.05 (F-test using type Il sums of square).

$ LMG/R?, in the order of explanatory variables in the model.

§ Model with the complete set of explanatory variables (# 25, Table 3) determined R?* = 0.67.
9 Maximum adjusted R? for model size of 12 explanatory variables (RZadj =0.57).

Table 8. Daily intake and acceptable daily intake based on food standards of New Zealand (2.50 mg kg™ kidney, 1.25 mg kg~ liver, 0.050 mg kg™’

muscle) and the European Union (1.0 mg kg~ kidney, 0.50 mg kg~ liver, 0.050 mg kg~' muscle).t

. DI_# range Ingested as plant matter  Standards ADI_1 DI >ADI_,
Animal cd® - = = " n
(median) range (median) from§ Kidney Liver Muscle Kidney Liver Muscle
mg % mg % cases

Cow 0.3-26.6 (1.8) 47-99 (80) NZ 15 39 262 2.9 0 0
EU 5.8 16 262 5.8 1.4 0

Sheep 0.1-4.0 (0.3) 35-98 (70) NZ 3.1 1.8 45 1.4 2.9 0
EU 1.3 0.7 45 29 7.2 0

t Calculation according to Eq. [1] and Eq. [2] with parameters |, = 16.9 kg d™"' dw; |, =0.41 kg d™' dw; BAF
0.0033 (muscle) for cow; and parameters|._ =2.5kgd™" dw,|_ =0.10 kg d-' dw, and BAF
for sheep (Rodrigues et al., 2012).

¥ Daily intake of Cd.
§ EU, European Union; NZ, New Zealand.
9 Acceptable daily intake of Cd.

feed-animal organ

feed soil feed-animal organ

=2.99 (kidney), = 0.554 (liver),
=2.08 (kidney), = 1.85 (liver), = 0.0029 (muscle)
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eling is required for soils with Cd concentrations >1 and <1.8
mg kg™' (30% of our samples). No further Cd accumulation is
permitted in soils with Cd concentrations >1.8 mgkg™ (0% of
our samples) (Rys, 2011).

Intake from pasture was more important than from soil
ingestion (80 and 70% of total intake for cow and sheep,
respectively). As discussed above, there are numerable variables
that affect concentration of Cd in pasture. Therefore, it is
unsurprising that there was no significant correlation between
the DI, and the total soil Cd concentration. The soils where
DI, exceeded ADI _, did not have significantly higher Cd than
the remaining samples. However, this does not indicate that total
soil Cd is unimportant. Other things being equal, increasing soil
Cd will invariably increase pasture Cd uptake, as indicated by
the positive correlation between the two (Table 3). Soil samples
>0.88 mg kg™ Cd (50% of the samples) had a significantly (p
< 0.001) higher DI, (1.32 and 1.50 mg for cow and sheep,
respectively) compared with soils with <0.88 mg kg™' Cd (0.74
and 0.82 mg for cow and sheep, respectively). Increasing soil Cd
concentrations may result in a greater number of breaches of
food safety standards.

Conclusions

Soil Cd and pasture Cd were positively correlated with
soil P and soil concentrations of other elements found
in phosphate fertilizers. Our study indicated that no
single environmental variable could be used to adequately
predict pasture Cd uptake. Nevertheless, total soil Cd and
Ca(NO,),-extractable soil Cd were positively correlated with
pasture Cd. Although soil pH, soil Fe, and soil Cd provided
an excellent predictor of the Ca(NO,),-extractable soil Cd
fraction, regression models explained just 38% of the variation
of the Cd concentration in pasture grasses. Incorporating the
effect of pasture species composition is a crucial next step
in improving these models. Our calculation predicted no
exceedences of food safety standards for muscle tissue but
predicted some exceedences for offal products. Although
continued application of phosphate fertilizers containing
Cd will increase the concentration of Cd in animal products,
the Tiered Fertilizer Management System may lessen this
effect. Future work should involve determining the relative
accumulation of various pasture species and examining the
rhizosphere chemistry in a range of edaphic conditions. This
will allow a better understanding of when the acceptable
daily intake may be exceeded and permit the development of
management tools, such as pasture species selection, that will
reduce the exposure of stock to Cd.

References

Anderson, CW.N., B.H. Robinson, D.M. West, L. Clucas, and D. Portmann.
2012. Zinc-enriched and zinc-biofortified feed as a possible animal remedy
in pastoral agriculture: Animal health and environmental benefits. J.
Geochem. Explor. 121:30-35. doi:10.1016/j.gexplo.2012.01.009

ANZFSC. 2012. Australia New Zealand Food Standards Code, Standard
1.4.1: Contaminants and natural toxicants. Australia New Zealand Food
Authority, Canberra, Australia.

Black, A., R.G. McLaren, S.M. Reichman, TW. Speir, and L.M. Condron. 2011.
Evaluation of soil metal bioavailability estimates using two plant species (L.
perenne and T. aestivum) grown in a range of agricultural soils treated with
biosolids and metal salts. Environ. Pollut. 159:1523-1535. doi:10.1016/j.
envpol.2011.03.004

Black, A., R.G. McLaren, S.M. Reichman, T.W. Speir, and L.M. Condron. 2012.
Examining the integrity of soil metal bioavailability assays in the presence
of organic amendments to metal-spiked soils. Soil Use Manage. 28:89—
100. doi:10.1111/j.1475-2743.2011.00384.x

Blakemore, L.C., P.L. Searle, and B.K. Daly. 1987. Methods for chemical analysis
of soils. New Zealand Soil Bureau Scientific Report 80. DSIR, Wellington,
New Zealand.

Cadmium Working Group. 2008. Report one: Cadmium in New Zealand.
Agriculture Ministry of Agriculture and Forestry, Wellington, New
Zealand.

Cadmium Working Group. 2011a. Cadmium and New Zealand agriculture
and horticulture: A strategy for long term risk management. Ministry of
Agriculture and Forestry, Wellington, New Zealand.

Cadmium Working Group. 2011b. A national cadmium management strategy
for New Zealand agriculture. 24th Annual FLRC Workshop, Palmerston
North, New Zealand.

Carran, R.A. 1992. Managing soil acidity: Old solutions can cause new problems.
Proc. N. Z. Grassl. Assoc. 54:77-80.

Crews, HM.,, and B.E. Davies. 1985. Heavy-metal uptake from contaminated
soils by 6 varieties of lettuce (Lactuca sativa L.). J. Agric. Sci. 105:591-595.
doi:10.1017/50021859600059499

Edmeades, D.C., B.S. Thorrold, and A.H.C. Roberts. 2005. The diagnosis and
correction of sulfur deficiency and the management of sulfur requirements
in New Zealand pastures: A review. Aust. J. Exp. Agric. 45:1205-1223.
doi:10.1071/EA01173

FAL, RAC, and FAW. 1996. Schweizerische Referenzmethoden der
Eidgenossischen  Landwirtschaftlichen ~ Forschungsanstalten.  FAL-
Eigenverlag, Zurich, Switzerland.

Ghani, A., R.G. McLaren, and R.S. Swift. 1991. Sulfur mineralization in some
New Zealand soils. Biol. Fertil. Soils 11:68-74. doi:10.1007/BF00335838

Grant, C.A., L.D. Bailey, M.J. McLaughlin, and B.R. Singh. 1999. Management
factors which influence cadmium concentrations in crops. Dev. Plant Soil
Sci. 85:151-198.

Gray, CW., R.G. McLaren, A.H.C. Roberts, and L.M. Condron. 1999. The
effect of long-term phosphatic fertiliser applications on the amounts and
forms of cadmium in soils under pasture in New Zealand. Nutr. Cycl.
Agroecosyst. 54:267-277. doi:10.1023/A:1009883010490

Grémping, U. 2006. Relative importance for linear regression in R: The package
relaimpo. J. Stat. Softw. 17:1-27.

Harrell, EE.J. 2012. Hmisc: Harrell miscellaneous. R package version 3.10-1.
http://CRAN.R-project.org/package=Hmisc (accessed Oct. 2013).

Hooda, P.S. 2010. Trace elements in soils. Wiley Online Library.

Kabata-Pendias, A., and H. Pendias. 2001. Trace clements in soils and plants.
CRC Press, Boca Raton, FL.

Kabata-Pendias, A., and A.B. Mukherjee. 2007. Trace clements from soil to
human. Springer, Berlin, Germany.

Karami, M., M. Afyuni, A.H. Khoshgoftarmanesh, A. Papritz, and R. Schulin.
2009. Grain zinc, iron, and copper concentrations of wheat grown in
central Iran and their relationships with soil and climate variables. J. Agric.
Food Chem. 57:10876-10882. doi:10.1021/jf902074f

Kim, N. 2005. Cadmium accumulation in Waikato soils. Environment Waikato,
Hamilton, New Zcaland.

Lee, J., JR. Rounce, A.D. Mackay, and N.D. Grace. 1996. Accumulation of
cadmium with time in Romney sheep grazing ryegrass white clover
pasture: Effect of cadmium from pasture and soil intake. Aust. J. Agric. Res.
47:877-894. doi:10.1071/AR9960877

Lindeman, R.H., P.F. Merenda, and R.Z. Gold. 1980. Introduction to bivariate
and multivariate analysis. Scott, Foresman, Glenview, IL.

Loganathan, P., and M.J. Hedley. 1997. Downward movement of cadmium and
phosphorus from phosphatic fertilisers in a pasture soil in New Zealand.
Environ. Pollut. 95:319-324. doi:10.1016/S0269-7491(96)00142-X

Loganathan, P., S. Vigneswaran, ]. Kandasamy, and R. Naidu. 2012. Cadmium
sorption and desorption in soils: A review. Crit. Rev. Environ. Sci. Technol.
42:489-533. doi:10.1080/10643389.2010.520234

Loganathan, P., M.J. Hedley, N.D. Grace, J. Lee, S.J. Cronin, N.S. Bolan, and J.M.
Zanders. 2003. Fertiliser contaminants in New Zealand grazed pasture
with special reference to cadmium and fluorine: A review. Aust. J. Soil Res.
41:501-532. doi:10.1071/SR02126

Lumley, T. 2009. Leaps: Regression subset selection. R package version.
Using Fortran Code by Alain Miller 2.9. http://CRAN.R-project.org/
package=leaps (accessed Oct. 2013).

McGrath, D., and H. Tunney. 2010. Accumulation of cadmium, fluorine,
magnesium, and zinc in soil after application of phosphate fertilizer for 31
years in a grazing trial. J. Plant Nutr. Soil Sci. 173:548-553. doi:10.1002/
ipln.200900140

924

Journal of Environmental Quality


http://dx.doi.org/10.1016/j.gexplo.2012.01.009
http://dx.doi.org/10.1016/j.envpol.2011.03.004
http://dx.doi.org/10.1016/j.envpol.2011.03.004
http://dx.doi.org/10.1111/j.1475-2743.2011.00384.x
http://dx.doi.org/10.1017/S0021859600059499
http://dx.doi.org/10.1071/EA01173
http://dx.doi.org/10.1007/BF00335838
http://dx.doi.org/10.1023/A%3A1009883010490
http://CRAN.R-project.org/package=Hmisc
http://dx.doi.org/10.1021/jf902074f
http://dx.doi.org/10.1071/AR9960877
http://dx.doi.org/10.1016/S0269-7491(96)00142-X
http://dx.doi.org/10.1080/10643389.2010.520234
http://dx.doi.org/10.1071/SR02126
http://CRAN.R-project.org/package=leaps
http://CRAN.R-project.org/package=leaps
http://dx.doi.org/10.1002/jpln.200900140
http://dx.doi.org/10.1002/jpln.200900140

McLaughlin, M.J., CM.J. Williams, A. McKay, R. Kirkham, J. Gunton, K.J.
Jackson, R. Thompson, B. Dowling, D. Partington, M.K. Smart, and K.G.
Tiller. 1994. Effect of cultivar on uptake of cadmium by potato-tubers.
Aust. J. Agric. Res. 45:1483-1495. d0i:10.1071/AR9941483

Nan, Z.R., JJ. Li, JM. Zhang, and G.D. Cheng. 2002a. Cadmium and
zinc interactions and their transfer in soil-crop system under actual
field conditions. Sci. Total Environ. 285:187-195. doi:10.1016/
$0048-9697(01)00919-6

Nan, Z.R., CY. Zhao, JJ. Li, EH. Chen, and W. Sun. 2002b. Relations between
soil properties and selected heavy metal concentrations in spring wheat
(Triticum aestivum L.) grown in contaminated soils. Water Air Soil Pollut.
133:205-213. doi:10.1023/A:1012962604095

R-Core-Team. 2012. R: A language and environment for statistical computing.
R Foundation for Statistical Computing Vienna, Austria. http://www.R-
project.org/ (accessed Oct. 2013).

Reid, R., and J. Hayes. 2003. Mechanisms and control of nutrient uptake in
plants. In: KW. Jeon, editor, International review of cytology: A survey
of cell biology. Vol. 229. Elsevier, Amsterdam, the Netherlands. p. 73-114.

Roberts, A.H.C., and R.D. Longhurst. 2002. Cadmium cycling in sheep-grazed
hill-country pastures. N. Z. J. Agric. Res. 45:103-112. doi:10.1080/0028
8233.2002.9513499

Roberts, A.H.C., R.D. Longhurst, and M.W. Brown. 1994. Cadmium status
of soils, plants, and grazing animals in new-zealand. N. Z. J. Agric. Res.
37:119-129. doi:10.1080/00288233.1994.9513048

Robinson, B.H., G. Banuelos, H.M. Conesa, M.W.H. Evangelou, and R. Schulin.
2009. The phytomanagement of trace elements in soil. Crit. Rev. Plant Sci.
28:240-266. doi:10.1080/07352680903035424

Robinson, B.H., S. Bischofberger, A. Stoll, D. Schroer, G. Furrer, S. Roulier,
A. Gruenwald, W. Attinger, and R. Schulin. 2008. Plant uptake of trace
elements on a Swiss military shooting range: Uptake pathways and land
management implications. Environ. Pollut. 153:668-676. doi:10.1016/j.
envpol.2007.08.034

Rodrigues, .M., M.E. Pereira, A.C. Duarte, and P.EA.M. Romkens. 2012.
Soil-plant-animal transfer models to improve soil protection guidelines:
A case study from Portugal. Environ. Int. 39:27-37. doi:10.1016/j.
envint.2011.09.005

Rémkens, PEAM., HY. Guo, CL. Chu, T.S. Liu, CF. Chiang, and G.F.
Koopmans. 2009. Prediction of Cadmium uptake by brown rice and
derivation of soil-plant transfer models to improve soil protection
guidelines.  Environ.  Pollut.  157:2435-2444.  doi:10.1016/j.
envpol.2009.03.009

Rys, GJ. 2011. A national cadmium management strategy for New Zealand
agriculture. In: L.D. Currie and C.L. Christensen, editors, Adding to the
knowledge base for the nurient manager: Occasional report no. 24 of
the Fertiliser and Lime Research Centre. Massey University, Palmerston
North, New Zealand.

Scheffer, E, P. Schachtschabel, H.-P. Blume, and S. Thiele-Bruhn. 2010. Lehrbuch
der bodenkunde. Spektrum Akademischer Verlag, Heidelberg, Germany.

Schipper, L.A., G.P. Sparling, L.M. Fisk, M.B. Dodd, LL. Power, and R.A. Littler.
2011. Rates of accumulation of cadmium and uranium in a New Zealand
hill farm soil as a result of long-term use of phosphate fertilizer. Agric.
Ecosyst. Environ. 144:95-101. doi:10.1016/j.agee.2011.08.002

Smolders, E. 2001. Cadmium uptake by plants. Int. J. Occup. Med. Environ.
Health 14:177-183.

Sparks, D.L. 2003. Environmental soil chemistry. Academic Press, San Diego,
CA.

Swartjes, FA. 2011. Dealing with contaminated sites. Springer, Dordreche, the
Netherlands.

Syers, J K., A.D. Mackay, MW. Brown, and L.D. Currie. 1986. Chemical and
physical characteristics of phosphate rock materials of varying reactivity. J.
Sci. Food Agric. 37:1057-1064. doi:10.1002/jsfa.2740371102

Tait, A., and X. Zheng. 2007. Analysis of the spatial interpolation error associated
with maps of median annual climate variables. National Institute of Water
and Atmospheric Research, Auckland, New Zealand.

Taylor, M.D. 1997. Accumulation of cadmium derived from fertilisers in
New Zealand soils. Sci. Total Environ. 208:123-126. doi:10.1016/
$0048-9697(97)00273-8

Taylor, M.D. 2007. Soil maps of cadmium in New Zecaland. Ministry of
Agriculture and Forestry, Ltd., Manaaki Whenua-Landcare Research,
Lincoln, New Zealand.

Tudoreanu, L., and CJ.C. Phillips. 2004. Modeling cadmium uptake and
accumulation in plants. Advances Agron. 84:121-157.

Welch, R.M., and W.A. Norvell. 1999. Mechanisms of cadmium uptake,
translocation, and deposition in plants. Dev. Plant Soil Sci. 85:125-150.

WWW.agronomy.org « WWw.Crops.org « Www.soils.org

925


www.agronomy.org
www.crops.org
www.soils.org
http://dx.doi.org/10.1071/AR9941483
http://dx.doi.org/10.1016/S0048-9697(01)00919-6
http://dx.doi.org/10.1016/S0048-9697(01)00919-6
http://dx.doi.org/10.1023/A%3A1012962604095
http://www.R-project.org/
http://www.R-project.org/
http://dx.doi.org/10.1080/00288233.2002.9513499
http://dx.doi.org/10.1080/00288233.2002.9513499
http://dx.doi.org/10.1080/00288233.1994.9513048
http://dx.doi.org/10.1080/07352680903035424
http://dx.doi.org/10.1016/j.envpol.2007.08.034
http://dx.doi.org/10.1016/j.envpol.2007.08.034
http://dx.doi.org/10.1016/j.envint.2011.09.005
http://dx.doi.org/10.1016/j.envint.2011.09.005
http://dx.doi.org/10.1016/j.envpol.2009.03.009
http://dx.doi.org/10.1016/j.envpol.2009.03.009
http://dx.doi.org/10.1016/j.agee.2011.08.002
http://dx.doi.org/10.1002/jsfa.2740371102
http://dx.doi.org/10.1016/S0048-9697(97)00273-8
http://dx.doi.org/10.1016/S0048-9697(97)00273-8

