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samples collected by regional councils. Using these data, a

statistical model was used to estimate soil cadmium Cadmium: aari .
. . e L. admium; agriculture;

concentrations on agricultural land within each territorial fertiliser: soil; statistical

authority. Across New Zealand, most territorial authorities (56 of model; New Zealand

66), including all the South Island, had mean soil cadmium

concentrations below 0.6 mg Cd/kg. The highest mean soil

cadmium values on agricultural land were in the Otorohanga and

Matamata-Piako districts (0.90 and 0.89 mg Cd/kg, respectively). In

these districts, around 1% of properties were estimated to have

mean soil cadmium in excess of 1.8 mg Cd/kg. The fertiliser

industry requires that cadmium concentrations in phosphate

fertiliser are below a voluntary limit of 280 mg/kg P. The mean

cadmium concentration in fertiliser samples taken between 2003

and 2015 was 184 mg Cd/kg P, 66% of the voluntary limit.

KEYWORDS

Introduction

Cadmium (Cd) is a heavy-metal contaminant of phosphate (P) fertiliser. Where there is
sustained application of fertiliser, cadmium may accumulate in topsoil (e.g. Taylor
1997; Loganathan et al. 2003). From there, cadmium may be taken up into agricultural
produce (e.g. Roberts et al. 1994), and enter the food chain. Cadmium concentrations
in typical New Zealand diets are below thresholds established by the World Health Organ-
isation (Vannoort and Thomson 2009). In New Zealand, management of cadmium con-
centration in agricultural soils is carried out through the Tiered Fertiliser Management
System (TFMS; Warne 2011; Sneath 2015; Fertiliser Association of New Zealand 2016).
The TFMS is a voluntary system managed by the fertiliser industry. It is part of the
Cadmium Management Strategy, approved by the Cadmium Management Group (a
nationally representative group of stakeholders with representation from the fertiliser
industry, primary sector organisations, regional councils, and central government
agencies). The intent of the TFMS is to ensure that cadmium concentrations in agricul-
tural soils remain within an acceptable range that allows for protection of human
health and the environment, as well as long-term sustainable agricultural production.
The TEMS establishes concentrations of soil cadmium at which management actions
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Table 1. Soil cadmium concentrations specified by the voluntary Tiered Fertiliser Management System
(Fertiliser Association of New Zealand 2016).
Soil cadmium (mg

Tier Cd/kg) Management required

Tier 0 <0.6 Soil cadmium is within the range of natural background concentrations. No restriction
on phosphate fertiliser type or application.

Tier 1 0.6 to <1.0 Some restrictions on phosphate fertiliser application rates, and implementation of
appropriate management practices.

Tier 2 1.0 to <1.4 Increased restrictions on phosphate fertiliser type and application rates, and
implementation of appropriate management practices.

Tier 3 1410 <1.8 Further restrictions on phosphate fertiliser type and application rates, and
implementation of appropriate management practices.

Tier 4 >1.8 No further cadmium accumulation allowed unless a detailed site-specific investigation

is undertaken to identify risks and pathways for potential harm.

should occur (Table 1). No accumulation of soil cadmium is allowed by the TFMS beyond
1.8 mg Cd/kg (Tier 4), without a detailed site-specific investigation to identify risks and
pathways for potential harm.

As part of the application of the TEMS, the New Zealand fertiliser industry has carried
out sampling for soil cadmium concentrations (Cavanagh 2014; Sneath 2015). The
sampling is focused on farms that are currently applying an average of phosphorus at
30 kg/ha/yr or more. The system is voluntary, and farmers applying fertiliser at a high
rate are encouraged to have soil samples analysed for cadmium concentrations, as part
of routine soil fertility tests. The cadmium tests are expected to be undertaken at least
once every five years. These data provide a basis for analysing cadmium concentrations
in New Zealand’s agricultural soils, providing information about soil cadmium concen-
trations in agricultural land by territorial authority; and investigating the association
between available factors and soil cadmium concentration. The analysis of earlier data
led to the recommendation to collect about 30 samples from each land use that makes
up a significant proportion of land area within a region to increase the sampling represen-
tation for each land use in each region (Cavanagh 2014). This recommendation was fol-
lowed by the fertiliser industry, providing a broad spread of samples across New Zealand.

Soil cadmium sampling is also carried out by some regional councils as part of their
State of the Environment reporting (e.g. Land Monitoring Forum 2009; Drewry 2017).
This monitoring includes soil quality to provide information of the functioning of soil
in the context of biological productivity, environmental quality, and plant and animal
health (Hill and Sparling 2009). Within this monitoring framework, phosphate fertilisers
have been identified as a significant anthropogenic source of additional cadmium to New
Zealand agricultural soils.

In order to reduce the rate of accumulation of soil cadmium, the fertiliser industry
manages the concentration of cadmium in phosphate fertiliser. Until the 1990s, most of
New Zealand’s phosphate fertiliser was derived from Nauru rock phosphate, which had
high cadmium concentrations of around 600 mg Cd/kg P (Syers et al. 1986). Since the
1990s, rock phosphate with lower cadmium concentrations has been sourced from
elsewhere. In 1995, the fertiliser industry established voluntary limits for cadmium
concentrations in fertiliser. The initial proposal was for a limit of 420 mg Cd/kg P with
a planned phased reduction in the limit. From July 1995, the cadmium concentration
in fertiliser was restricted to be below 340 mg Cd/kg P. Fertiliser companies were
rapidly able to manufacture fertiliser within this range, further reducing the upper limit
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to 280 mg Cd/kg P from January 1997. Since 2001, this limit on cadmium concentrations
in fertiliser has been monitored and audited through the Fertmark programme, a New
Zealand fertiliser quality assurance scheme. The fertiliser companies have carried out
routine sampling of cadmium concentration in fertiliser, with the sampling programme
being audited by Quality Consultants of New Zealand (QCONZ).

This study used New Zealand soil cadmium data to develop a statistical model that
allowed the estimation of cadmium soil concentrations across a broad spatial scale, com-
bining different data sources. The concentration of soil cadmium varies widely between
regions, and this analysis allowed concentrations to be estimated at the scale of Territorial
Authorities, potentially allowing management at a finer spatial scale. Data included here
were derived from earlier summaries of soil cadmium data (Cavanagh 2014; Abraham
etal. 2016). These data were used in the statistical modelling to assess the influence of cov-
ariates on soil cadmium concentrations. The covariates included in the analysis were
sample source and protocol, soil type, land use, sample depth and year. Outcomes from
this study will support the Cadmium Management Group’s continuing risk management
of cadmium in New Zealand’s agriculture and food systems.

Methods
Cadmium in soil

Cadmium concentrations in soil were measured by the fertiliser industry, as part of on-
farm nutrient sampling. The samples were typically from composite samples collected
along a transect or grid that is representative of the size of monitoring paddocks, and typi-
cally includes around 15 cores taken to a depth of either 7.5 cm or 15 cm (from pastoral
and arable land, respectively) (Fertiliser Association of New Zealand 2016). For each soil
sample, the total cadmium concentration (mg Cd/kg) was analysed by accredited (IANZ,
International Accreditation New Zealand) laboratories following standardised methods
benchmarked against those specified by the Fertiliser Quality Control Council (Cavanagh
2014; Fertiliser Quality Council 2015). Variability was measured using the coefficient of
variation (CV, defined as the ratio of the standard deviation to the mean value of the
samples). Metadata associated with each sample included a customer code, a soil type, a
land use, the date of the sample, and a locality. Due to customer confidentiality require-
ments, the precise location of the samples was not made available, and the localities
were standardised by identifying the associated territorial authority. The fertiliser compa-
nies Ballance and Ravensdown provided data from 6839 soil samples that were taken in
2007 and over the period 2012-2015 (in the presentation of results, the two companies
are anonymised by referring to them as Company A and Company B). Of the industry
samples, 3492 samples (51%) were from 2014.

In addition to the industry data, soil cadmium data from regional councils were pro-
vided by Landcare Research (with permission of the councils; as described by Cavanagh
2014). The regional council data included 1020 samples collected following State of the
Environment methods (e.g. samples taken to 10 cm depth; Hill and Sparling 2009), as
well as 443 other soil cadmium samples collected by Environment Canterbury as part
of an arable and pastoral regional monitoring programme (Lawrence-Smith and
Tregurtha 2013).
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The land use and soil type categories were standardised, with soil types of sedimentary,
ash, pumice, or peat/organic, and land use categories of dairy, sheep and beef, cropping,
orchard, background, or other. Due to variable reporting, the data did not consistently dis-
tinguish between arable and horticultural cropping, so these categories were merged. A
land use of ‘background’ was used for conservation land (conservation areas and indigen-
ous forest), while a land use of ‘other’ included forestry (exotic plantations), turf, and
urban land (see also Cavanagh 2014).

In preparation for the analysis, samples with incomplete metadata were removed from
the dataset. Of all the samples, 2026 had no location information (the territorial authority
was unknown); of the remaining samples, 623 samples had no sample depth information,
192 samples had no soil type indicated, and one sample had no sampling protocol infor-
mation. Excluding these samples left a final dataset of 5459 samples with complete meta-
data (4210 samples from Ballance and Ravensdown, 928 samples from regional council
State of the Environment monitoring, and 321 samples from other Environment Canter-
bury sampling). In the model dataset, 1404 (33.3%) of the industry samples were from
sedimentary soils on dairy land (Table 2), with no data from background land, while
the regional council data was spread more evenly across land use types. In the data
since 2012, 89.8% of the fertiliser industry samples in the final dataset had a customer
code (this code gave no address or other location information, but was a code that
allowed samples from the same farm to be identified). No farm information is available
for regional council samples, or for industry samples before 2012. Across the final
dataset, 3708 samples had a customer code, with the samples being taken from 1905
unique farms.

Statistical modelling of soil cadmium

Statistical modelling was undertaken to analyse the influence of the covariates on the soil
cadmium concentration, including investigating whether there was any linear temporal
trend evident in the data, and whether the concentrations reported by the fertiliser

Table 2. Number of samples in the model dataset, summarised by soil type and by land use, for data (a)
from the fertiliser industry and (b) from regional councils.
(@) Number of industry samples

Land use
Soil type Background Cropping Dairy Orchard/Vineyard Sheep & Beef Other
Ash 121 678 17 231 10
Peat/Organic 1 62 1 4
Pumice 4 139 88 2
Sedimentary 383 1404 269 773 23

(b) Number of regional council samples

Land use
Soil type Background Cropping Dairy Orchard/Vineyard Sheep & Beef Other
Ash 12 14 29 15 26 15
Peat/Organic 3 5 15 2 12 3
Pumice 2 2 23 7 12
Sedimentary 161 205 267 45 287 87

Samples with incomplete metadata have been excluded. Fertiliser industry data are from the period between 2012 and
2015, regional council data are from all years between 2006 and 2014.
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companies and the regional councils were consistent. The analysis also allowed for stan-
dardisation of the sample depth. The effect of covariates on the concentration of soil
cadmium was estimated using a hierarchical Generalised Linear Model (GLM). The par-
ameters of the GLM were inferred from the data by using Bayesian Markov chain Monte
Carlo (MCMC) methods. These methods allow the uncertainty in the soil cadmium within
Territorial Authorities to be estimated, while accounting for the variability associated with
covariates such as land use and soil type.

Cadmium concentration is a positive quantity, and the cadmium concentration in each
sample was represented as a draw from a gamma distribution, I'(a, 8), where « is the
shape and B is the rate. The shape and rate were parameterised in terms of the mean,
1, and the coefficient of variation, o (the coefficient of variation is the standard deviation
divided by the mean). In terms of these parameters, the shape is « = 1/0?, the rate is
B = a/u, and the cadmium concentration, c;, of a sample, s, was estimated as:

¢ ~T1/0% 1/(p0?). (1)

The coeflicient of variation was assumed to be the same for all samples (so the distribution
had the same shape, irrespective of the covariates). The mean concentration was rep-
resented as a linear function of the covariates:

N
log(,) = Y _ Byxi Is] + Byldlsl] + B[fs1], )
i=1

where the model had N covariates, including an intercept, with covariate i having the value
x;[s] for sample s. District and farm effects were included as random effects, 8; and By,
respectively. The farm effect was drawn from a normal distribution, independently for
each unique customer code. Two approaches were used for handling samples without a
customer code-in the first approach, samples with missing codes were each given a
unique code, and in the second approach samples with missing codes were given a code
that was a composite of the district, year, and land use values. The first approach would
overestimate the number of farms and second approach would underestimate it. The dis-
trict random effect was drawn from a conditional auto-regression (CAR) model (Gelfand
and Vounatsou 2003), to account for any spatial correlation in the district data. Districts
with any common boundaries were considered to be neighbours. The CAR model
included a parameter a(0 < o < 1), specifying the degree of correlation between neigh-
bouring districts. A low value of a would imply that there is only a weak association
between the cadmium concentration in neighbouring districts, while a high value of a
would allow for a high association.

This model structure was chosen as there is a wide range in the number of samples
between districts. The spatial model for the district effect allows an estimate to be made
of the mean cadmium concentration within each district, even for districts where there
are few samples. The farm random effect is included as there are often multiple
samples per property, and this inclusion allowed within-farm variation in soil cadmium
concentrations to be represented. The Bayesian modelling is flexible enough for these
sources of variation to be represented.

Different combinations of the fixed-level covariates were tested, to determine the effects
that best explained variation in the cadmium concentration data. Potential fixed effects
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included a combination of source and protocol, protocol, soil type, land use, sample depth
and year. Sample depth and year were included in the models as scaled continuous vari-
ables, while the other covariates were included as factors (variables with discrete categori-
cal values). The model selection was based on minimising the leave-one-out information
criterion (LOOIC; Vehtari et al. 2016, 2017), with the lowest LOOIC value indicating the
closest model fit. The model selection process allows for a balance to be found between
improving the model fit, and increasing model complexity, guarding against overfitting
the model.

The Bayesian statistical model was fitted using the software Stan (Carpenter et al. 2017),
with the priors given in Table 3. The priors were only weakly informative. Cauchy priors
were chosen for the scale parameters, following recommendations by Gelman and Hill
(2006). For the positive scale parameters, the a positive half-Cauchy prior was used.
The model was run for a warm up period of 1000 iterations, and then run for a further
20,000 iterations. The model was run with 3 chains, with a thinning interval of 10 iter-
ations, keeping a total of 6000 samples.

Using the posterior samples from the fitted model, a standardised cadmium concen-
tration was estimated for agricultural land from each district. This value was calculated
6000 times, randomly sampling rows of original data from the same district to provide
soil type and land use values, drawing from the distribution of farm-level random
effects, and randomly assigning to each of the fertiliser industry companies. For districts
that had less than 10 original cadmium samples, the random sampling of land use and soil
type was taken across the region. The depth of the standardised estimate was set to 15 cm,
reflecting the sample depth of the TFMS, and the year was set to 2015. From these esti-
mates, a mean concentration could be calculated and the number of estimates within
each TFMS level. The standardised values represented estimates of the mean soil
cadmium concentrations on farms within each district, to 15 cm, and in 2015. This stan-
dardisation assumed that the farms sampled by the fertiliser industry were representative
of the farms in each district (or region, if fewer than 10 samples were taken).

Cadmium in fertiliser

The cadmium concentration in superphosphate fertiliser (measured in mg Cd/kg P) is
monitored using samples from the main manufacturing sites of the fertiliser companies
Ballance and Ravensdown (currently at Mount Maunganui, Awarua, Ravensbourne,

Table 3. Priors used for fitting the statistical model of soil cadmium.

Parameter Symbol Prior
Variation in gamma distribution o Cauchy (0, 10)
Variation in district random-effect gy Cauchy (0, 10)
Variation in farm random-effect of Cauchy (0, 10)
Farm random-effect Br Normal (0, o7)
District random-effect By CAR (o, og, W)
CAR correlation parameter o Uniform (0, 1)
Fixed effects B Cauchy (0, 10)

The priors are either broad Cauchy distributions (specified by the mean and half the interquartile range); a uniform distri-
bution between zero and one; a normal distribution with zero mean, and standard deviation estimated within the model;
or a conditional autoregression (CAR) submodel. The neighbour relations between districts is provided to the model as a
matrix (W).
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Awatoto, and Hornby). The two fertiliser companies carry out weekly composite sampling
of fertiliser that is ready for dispatch, at each manufacturing site, with data available since
January 2003 (3188 samples). Samples are taken of each of the main superphosphate fer-
tiliser products, and an average cadmium concentration for each manufacturing site is cal-
culated, weighted by the production of each sampled product. The sampling is carried out
as part of the Fertmark fertiliser quality assurance programme, which specifies the
sampling and analytical methods (Fertiliser Quality Council 2015). The industry sampling
programme is audited by Quality Consultants of New Zealand (QCONZ), who also collate
the data in a spreadsheet. In the present study, the weekly data were averaged to determine
the monthly mean concentration of cadmium between January 2003 and July 2015. The
average was an unweighted average across the manufacturing sites, as data on relative pro-
duction volumes were not available. The 5th and 95th percentiles of the data were calcu-
lated to indicate the range of variation in the spot samples.

Results
Soil cadmium sample data

Across all samples in the final dataset from agricultural land, the mean cadmium concen-
tration was 0.45 mg kg~ (median value of 0.32 mg kg™'), compared with the mean con-
centration of the 178 background samples of 0.09 mgkg™' (median value of
0.06 mg kg™'). The maximum soil cadmium concentration in the final dataset was
2.93 mgkg ™' (a sample with a soil cadmium value of 3.05 mg kg~' was removed due to
incomplete metadata). There were strong regional patterns in the concentration of
cadmium (Figure 1A). The highest mean cadmium concentrations in agricultural land
were in the Waikato and Taranaki regions-in these regions the mean soil cadmium con-
centration was in the TFMS Tier 1 range. For all other regions, the mean soil cadmium
concentration was within the Tier 0 range. Over all the data, there were 16 samples
from Waikato, one sample from Auckland and four samples from Tasman that were in
the TFMS Tier 4 range (with a soil cadmium concentration above 1.8 mg Cd/kg).

It is worth noting that the Tier 4 Tasman samples all came from the same farm. There
were 19 samples taken at this property, with four of these samples recording soil cadmium
concentrations exceeding 1.8 mg Cd/kg. The mean soil cadmium value across all the
samples from this property was 0.93 mg Cd/kg. In general, there was considerable varia-
bility in the cadmium concentrations of repeated samples from individual farms. The
mean CV of the cadmium concentration of soil samples from the same farm was 0.30
(across the 95 farms that had five or more samples). When calculated for the 61 territorial
authorities with five or more soil samples, the mean CV was 0.56. By this measure, vari-
ation in cadmium concentration within farms was over half the variation within territorial
authorities.

Dairy was the land use with the highest cadmium concentration (Figure 1B), followed
by sheep and beef, and cropping. The agricultural land use with the lowest mean soil
cadmium concentration was orchard/vineyard. There was high variability in the data
however, and in a previous analysis of a subset of the industry data the mean soil
cadmium on 65 samples from orchard/vineyard samples was similar to dairy (Cavanagh
2014). All agricultural land uses had some samples that were within the Tier 4 range
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Figure 1. Summary of raw cadmium concentration in soil samples from (A) agricultural land in each
region, (B) all samples by land use and (C) agricultural land by soil type. The lines indicate the 5%
and 95% quantiles of the sample soil cadmium concentration, with the thinner whiskers extending
to the full range. The dot marks the mean cadmium value of the samples in each group. The
number of samples in each region is indicated at the bottom of each graph. The dashed orange
lines indicate the thresholds of the Tiered Fertiliser Management System (Fertiliser Association of
New Zealand 2016).
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(16 samples from dairy, four samples from cropping, one sample from sheep and beef, and
one sample from orchard/vineyard). The dataset includes 178 samples collected by
regional councils on background land (land that has never been used for agriculture).
The mean soil cadmium on these samples was 0.087 mg Cd/kg (with 95% of the
samples having a concentration less than 0.24 mg Cd/kg). Mean cadmium concentrations
in samples from agricultural land were highest in volcanic ash or peat/organic soils, and
lowest in sedimentary soils.

The mean soil cadmium values, averaged by territorial authority and land use, were
typically lower when based on measurements made by regional councils than when
based on the industry data (Figure 2). Across the 41 territorial authorities and agricultural
land use groups that had five samples or more taken by both regional councils and indus-
try, the mean soil cadmium concentration from the regional council data was less than the
mean soil cadmium concentration from the industry data in 73% of the groups. There was
high variability in these data (a Pearson r* of 0.83), reflecting both the low number of
samples in many of the territorial authority and land use groups, and the variability in
soil cadmium concentrations between samples. The raw data were collected from
different sampling depths by the industry and the regional councils, with lower
cadmium concentrations for deeper samples. Some differences in the raw data may be
attributed to this difference in sampling depth.

o
1.0
0.8 1
o
-‘g‘ Land use
o $
§ ) Dairy
~ 0.6 ® Sheep & Beef
c ® )
o @ Cropping
>
131:) Orchard/Vineyard
(]
0.44
®
e @
0.2 o P
¥ o
)eo ©
0.0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Fertiliser industry

Figure 2. Comparison of mean soil cadmium concentrations from data collected by regional councils
and by the fertiliser industry. Points are shown for each territorial authority and land use that had five or
more samples. The colour indicates the land use, and the diagonal line is the one-to-one line.
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Statistical modelling of soil cadmium

Selection of the best model of soil cadmium concentrations involved testing whether
source, protocol, or year should be included as effects. The structure of the farm
random effect was also investigated. The model with the smallest LOOIC value was
chosen (Table 4), and all models that included the farm random effect had markedly
smaller LOOIC values than the model without this effect; models that represented
missing property codes through the interaction of the main effects also had comparatively
small LOOIC values. The latter meant that samples without a customer code, from the
same territorial authority, the same land use and soil type and taken in the same year
were treated as being from the same property. The model selection also indicated a
closer fit for the model that included source and year effects, but the difference to a
model that only included depth, soil and land use effects was not significant.

The model effects showed increased soil cadmium concentrations in volcanic ash, peat,
and pumice soils (relative to sedimentary soils) with no significant difference between the
effects associated with these soil types (Table 5). Soil cadmium concentrations were lower
on land used for cropping, sheep and beef, and orchards than on dairy. The soil cadmium
concentration on background land use was estimated at 27.5% (95% c.i.: 24.3%-31.1%) of
the concentration on land used for dairy. These effects followed the patterns seen in the
raw data (see Figure 1). The strength of these effects ranged from a mean of 0.745 (for
orchard/vineyard land relative to dairy land), to a mean of 1.473 for peat/organic (relative
to sedimentary soil). In contrast, the mean territorial authority effects ranged from 0.42 to
2.29, even after differences in soil, current land use, and the other model effects were
accounted for. There was more variation associated with the territorial authority of the
sample than with the other predictors included in the model.

There was no significant difference between the soil cadmium values measured by the
two different companies, or by the Environment Canterbury regional monitoring samples.
Soil cadmium values measured by the regional councils following the State of the Environ-
ment (SOE) protocol was 83.6% (95% c.i.: 76.8%-90.8%) of the soil cadmium values
reported by the industry (Company A). Differences between the industry and regional
council data may be due to differences in the choice of properties that were included in
the sampling. Samples collected to a deeper sampling depth had lower soil cadmium con-
centrations: the concentration in 15-cm samples was 87.9% (95% c.i.: 82.8%-93.2%) of the

Table 4. Summary of model selection, listing the models in order of decreasing leave-one-out
information criterion (LOOIC).

Farm random effects Model factors LOOIC Difference S.E.
Interactions Depth + Soil + Land use + Source + Year —6133.5 0.0 0.0
Interactions Depth + Soil + Land use + Protocol —61329 03 2.0
Interactions Depth + Soil + Land use + Source —6132.9 0.3 1.6
Interactions Depth + Soil + Land use + Protocol + Year —6131.3 1.1 19
Interactions Depth + Soil + Land use -6115.3 9.1 4.9
Interactions Depth + Soil + Land use + Year —6114.5 9.5 47
Samples Depth + Soil + Land use + Source + Year —6015.6 58.9 56.5
No farm random effect Depth + Soil + Land use + Source + Year —4669.7 731.9 48.3

Samples without an identified farm identification are either given a farm code based on unique combinations of the main
effects (Interactions), or a unique farm code for each sample (Samples), or a farm random effect was not included (No
farm random effect). The models are then specified by including different covariates. In addition to the LOOIC the table
gives the difference, relative to the first model, and the standard error (S.E.) of the estimated difference.
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Table 5. Posterior distributions of the model parameters, showing the mean and 95% credible interval
of the estimated effects.

Parameter Level Mean 95% c.i.
Mean soil cadmium (Sedimentary, Dairy; Company A) 0.356 0.311-0.405
Soil type (relative to Sedimentary) Ash 1.424 1.349-1.501
Peat 1473 1.341-1.617
Pumice 1372 1.245-1.509
Land use (relative to Dairy) Cropping 0.838 0.786-0.894
Sheep & beef 0.829 0.795-0.865
Orchard 0.745 0.645-0.856
Background 0.275 0.243-0.311
Other 0.43 0.382-0.481
Source (relative to Company A) SOE 0.836 0.768-0.908
Environment Canterbury 1.034 0.894-1.189
Company B 0.973 0.931-1.018
Sample depth 0.879 0.828-0.932
Year 0.995 0.978-1.012
Coefficient of variation District 0.713 0.543-0.951
Farm 0.287 0.271-0.305
Sample 0.383 0.374-0.392
Spatial correlation 0.836 0.577-0.967

The soil type, land use, and source parameters are shown exponentiated, and so can be interpreted as multiplicative effects.
The sample depth parameter has been transformed to give the multiplicative effect of a 15-cm sample depth, relative to a
7.5-cm sample depth. The year effect estimates the annual multiplicative change in soil cadmium. The district and farm
standard deviations are converted to a coefficient of variation of the exponentiated parameters. The spatial correlation
parameter is untransformed.

soil cadmium concentration in samples collected to 7.5 cm depth. There was no significant
change in soil cadmium over the period of the study, with the year effect implying an
annual change of —0.5% (95 c.i: —2.2%- 1.2%).

The model allowed a standardised soil cadmium concentration to be estimated (as
described in the methods), primarily adjusting for the variation in sampling depth. The
standardisation also allowed the mean concentration to be estimated in territorial auth-
orities that only had a small number of samples. There are broad scale variations in soil
cadmium concentration across New Zealand. The territorial authorities with the highest
mean soil cadmium were in the Waikato and Taranaki regions (Figure 3, Table 6), with

Table 6. The ten Territorial Authorities (TAs) with the highest mean standardised soil cadmium
concentration.

Mean soil cadmium Percentage of farms estimated to be in each TFMS
(mg/kg) tier

Territorial authority N Raw Standardised Tier 0 Tier 1 Tier 2 Tier 3 Tier 4
Otorohanga District 267 1.03 0.90 15.1 522 26.7 5.0 1.0
Matamata-Piako District 154 0.91 0.89 16.8 52,6 239 5.7 1.1
Waipa District 207 0.94 0.86 174 55.9 22.1 4.1 0.5
Hamilton City 61 0.76 0.72 358 511 114 14 0.3
South Waikato District 52 0.85 0.72 325 57.5 9.2 0.8 0.1
Stratford District 72 0.84 0.72 333 54.6 1.3 0.8 0.1
South Taranaki District 180 0.77 0.69 37.6 53.1 8.7 0.5 0.0
Waitomo District 104 0.73 0.67 43.1 49.5 6.8 0.5 0.1
New Plymouth District 106 0.74 0.65 448 49.0 55 0.6 0.0
Waikato District 214 0.67 0.63 52.8 403 6.2 0.7 0.1

Shown are the number of samples (N); the mean soil cadmium concentration on agricultural land, from the raw data and
standardised from the statistical model; and the percentage of farms within each Territorial Authority estimated to be
within each Tiered Fertiliser Management System (TFMS) tier, based on standardised soil cadmium (data for all TAs
are included in Appendix A, Table A1).
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Figure 3. Mean standardised soil cadmium concentrations in agricultural land by territorial authority,
and the estimated percentage of farms within each tier of the Tiered Fertiliser Management System
(see detailed data in Appendix A, Table A1).

the highest mean standardised soil cadmium of 0.90 mg Cd/kg being in Otorohanga Dis-
trict. In Otorohanga District, 32.7% of farms were estimated to be in Tier 1 or above (a
mean soil concentration of 1.0 mg Cd/kg or over). It was estimated that 1.0% or more
of the farms in the Otorohanga and Matamata-Piako districts had a mean standardised
soil cadmium concentration over 1.8 mg Cd/kg, and so were in Tier 4 of the TFMS. In
the South Island, in contrast, all territorial authorities were estimated to have most
farms (at least 98%) in Tier 0 of the TFMS (a soil cadmium concentration less than
0.6 mg Cd/kg) (see Appendix A, Table Al). Soil cadmium concentrations were also
lower on the East Coast of the North Island, with all territorial authorities (other than
Napier City) estimated to have at least 97% of farms in Tier 0 (of the 29 samples taken
on farms in the Napier City territorial authority, 33% had soil cadmium in the Tier 1
range, between 0.6 and 1.0 mg Cd/kg).

The spread of standardised values is influenced by uncertainty in the territorial auth-
ority effect, and this uncertainty is larger in territorial authorities that had low numbers
of samples. While the uncertainty will only have a minor effect on the mean value
across farms in a territorial authority, the uncertainty will influence the proportion of
farms that are estimated to have soil cadmium in the higher tiers. The proportion will
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increase as the spread of the farm-level estimates increases. This effect is seen in Kawerau
District-Kawerau is a small area that is wholly within Whakatane District, and there were
no soil samples taken within Kawerau. Despite this, it was estimated that 0.3% of the farms
might be in Tier 4 (see Appendix A, Table Al).

Cadmium in fertiliser

Across all weekly samples from the main manufacturing sites, the average cadmium con-
centration between January 2003 and July 2015 was 184 mg Cd/kg P (Figure 4). Ninety-
five percent of the samples had cadmium concentrations less than 246 mg Cd/kg P, while
five percent of the samples had concentrations less than 108 mg Cd/kg P. The monthly
mean values fluctuated within this range, falling below 108 mg Cd/kg P in the last two
months of the series (June and July 2015). The maximum monthly mean concentration
over the period from 2003 to 2015 was 243.5 mg Cd/kg P.

Since 2003, there have been two individual samples declared as exceeding the voluntary
limit of 280 mg Cd/kg P. These were slight exceedances at 285 and 299 mg Cd/kg P. Two
additional exceedances were recorded (with concentrations of 282 and 293 mg Cd/kg P),
but they were from samples mistakenly taken from rock phosphate prior to blending
(Peter Wood, QCONZ, pers. comm.).

The monthly-averaged concentration of cadmium in phosphate fertiliser was consist-
ently below the voluntary limits established by the fertiliser industry. There were some
exceedances reported in individual samples. The long-term sample average of cadmium
in phosphate fertiliser was 184 mg Cd/kg P. This average is 66% of the voluntary limit
of 280 mg Cd/kg P assumed for sulphuric acid- derived products, such as superphosphate
in developing the TFMS (Sneath 2015). Changes in the source of rock drive the variability
of the cadmium concentration in the fertiliser (Cadmium Working Group 2008). In the
last two available months of data, the monthly average sample concentration fell below
100 mg Cd/kg P for the first time.

300
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95% of samples less than 246 mg/kg P

n
o
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Figure 4. Cadmium concentration in fertiliser samples from the main manufacturing sites (based on
data from Quality Consultants of New Zealand Limited). The line shows the monthly mean concen-
tration, the straight line shows the mean value over the period, and the shading marks the 90th per-
centile interval of the sample data.
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Discussion

In New Zealand, large areas, including most of the South Island, have soil cadmium con-
centrations below levels requiring any immediate active management. Elevated soil
cadmium concentrations were primarily found in the Waikato and Taranaki regions,
which have previously been identified as regions with higher soil cadmium concentrations
(Kim 2005; Taylor et al. 2007; Cavanagh 2014; Stafford et al. 2014). Within those regions,
the analysis identified the territorial authorities with higher soil cadmium concentrations.
In the Otorohanga and Matamata-Piako districts, the mean standardised soil cadmium
concentration on agricultural land is within Tier 1 of the Tiered Fertiliser Management
System, with around one percent of properties estimated to have soil cadmium concen-
trations in Tier 4 (over 1.8 mg Cd/kg).

The statistical modelling identified factors that were related to soil cadmium concen-
trations, and these factors aligned with previous analyses of soil cadmium data (e.g.
Stafford et al. 2014): dairy farming was associated with higher cadmium concentrations,
and sedimentary soils were associated with lower soil cadmium concentrations. There
was, however, more variability associated with the territorial authority of a sample than
with either soil type or land use factors. It is expected that the variation in mean
cadmium concentrations between territorial authorities reflects differences in fertiliser
history, with high historical fertiliser use on dairy land in the Waikato and Taranaki
regions. Soil cadmium concentration has been found to be associated with total phos-
phorus (Roberts et al. 1994; Schipper et al. 2011; McDowell et al. 2013; Stafford et al.
2015; Salmanzadeh et al. 2016), suggesting that soil cadmium concentrations primarily
reflect phosphate fertiliser history. A similar relationship between phosphorus and
cadmium has been found in freshwater sediments (Kim 2005). No information on ferti-
liser history, or on associated elements such as total phosphorus, was available that
could have been used to test the relationship between fertiliser history and the current
soil cadmium concentrations.

The statistical model used a conditional auto-regression (CAR) approach to identify
correlation between neighbouring territorial authorities, which helped estimate soil
cadmium concentrations in areas of territorial authorities that a low number of
samples. The model only considered the main effects, without considering the interactions
between the variables. This analysis was determined by the nature of the data. A key limit-
ation was that the spatial location of the samples was not made available, but data were
reported to the territorial authority level. This limitation prevented linking the dataset
of external sources of information, such as geological maps, slope, land use, or climatic
data that would have allowed estimation of cadmium concentrations across the landscape
(Marchant et al. 2010). It was also not possible to link the datasets from the two companies
and the regional councils, as different identifiers prevented the matching of properties. If it
was possible to overcome the anonymity concerns, by developing an appropriate protocol
to manage the data, this improvement would greatly increase the long-term value of the
data. Soil cadmium may vary with paddock-scale variation in soil type, fertiliser history
or topography (Schipper et al. 2011; Stafford et al. 2015), and location data would allow
large-scale analysis of the influence of these factors. Precise locations would also allow
the model to identify areas within districts that have higher soil cadmium concentrations.
While Otorohanga and Matamata-Piako were identified as the districts with the highest
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mean estimated soil cadmium concentrations, it is likely that there will be areas within
these districts that have generally higher soil cadmium concentrations, compared with
other areas with lower soil cadmium concentrations. If precise location information
cannot be provided to assess soil cadmium concentrations at a high spatial resolution,
there may be value in dividing the territorial authorities with high cadmium concen-
trations into smaller reporting areas.

A recent study has shown that soil cadmium concentrations may vary within a single
property (Stafford et al. 2015), with values ranging between 0.48 and 1.64 mg Cd/kg on a
Waikato property that had been used for dairy farming since the 1950s. This variation was
associated with variation in the total phosphorus concentration, in land slope, and in the
soil type. Strong variation (of around 0.6-1.3 mg Cd/kg) was encountered within a single
paddock. This variation was consistent with the statistical modelling that found, for
example, that if a farm had a mean soil cadmium value of 1.0 mg Cd/kg, the values of
soil cadmium in a single sample would have a 90% probability of being in the range
0.51-1.69 mg Cd/kg. Single samples may be over the TFMS tier 4 soil cadmium concen-
tration threshold of 1.8 mg Cd/kg, but further sampling may show that the average values
across the whole property are in a lower tier.

The data weakly constrained the overall rate of change of cadmium concentrations to
be between the 95% c.i. of —2.2% to +1.2% per year (for the period between 2007 and 2015
included in the analysis). Analysis of long-term soil cadmium data from the Whatawhata
Research Station, from between 1980 and 2010, found that cadmium has been either
decreasing or increasing, depending on the rates of fertiliser application and hill slope
(Schipper et al. 2011). Annual rates of change were between around —1% and +3%,
with a decrease in cadmium concentration on the steeper slopes and at low fertiliser appli-
cation rates. Schipper et al. (2011) fitted a broken-stick model to their data, with higher
slopes before the late 1980s, when the switch to lower-cadmium fertiliser occurred.
Long-term data from the irrigation trials at Winchmore Research Station suggest that
cadmium accumulation at this Canterbury site has continued since the early 1950s,
with a close relationship between the total phosphorus fertiliser applied and the soil
cadmium (McDowell 2012; Kelliher et al. 2017). The current analysis did not attempt
to estimate variation in accumulation rate with region or land use, but estimated a
single rate of increase across all the data. Out of the 1905 identifiable properties in the
data, only 27 could be identified as having been sampled at different times. The TFMS rec-
ommends sampling every five years. When the industry data have been collected over a
longer period, it would be appropriate to investigate the rate of change in soil cadmium
in more detail.

The company data showed that fertiliser cadmium concentration has remained below
the 280 mg Cd/kg P voluntary limit (apart from four slight exceedances, as discussed).
Between 2003 and 2015, the mean concentration was 184 mg Cd/kg P. There will con-
tinue to be changes in the source rock used for manufacturing fertiliser, which will
affect this ratio. Data from the Whatawhata Research Station (Schipper et al. 2011),
shows that over the period when fertiliser cadmium concentrations have been lower,
accumulation rates of soil cadmium concentrations at this site have decreased. Depend-
ing on fertiliser application rates and factors such as irrigation or local topography, soil
cadmium concentrations may still be increasing (Schipper et al. 2011; McDowell 2012;
Kelliher et al. 2017).
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Based on an analysis of the industry soil data between 2006 and 2013, and by Cavanagh
(2014), several recommendations were made to improve the quality of the data. Some of
these recommendations, such as collecting a customer code and improving the coverage of
the sampling across New Zealand regions and main land use were followed. Cavanagh
(2014) recommended the collection of precise location information; however, to date
this information has not been made available by the fertiliser companies, due to concerns
for the anonymity of the participating farmers. In lieu of precise location, a more detailed
land use and soil classification was proposed, but this information has not been collected.
Collection of precise location would reduce the need for this metadata as it could then be
consistently derived from external sources. Cavanagh (2014) also recommended recording
of longer-term farming practice. This recommendation could be addressed by collecting
total phosphorus data, which is directly related to long-term fertiliser use. Collection of
total phosphorus data is not necessary for the TFMS monitoring; however, these data
would be valuable for any study that aims to understand variation in soil cadmium
across the New Zealand landscape. I would also recommend that details of the sampling
(such as number of cores and number of paddocks included) were recorded in the industry
dataset. These records would allow clear identification of which samples were from single
paddocks and which were combined composite samples from multiple paddocks, follow-
ing TEMS guidelines.

The industry data, which is collected to support the application of the TEMS, is a
unique large-scale dataset. It is the only dataset that is available for evaluating soil
cadmium concentrations across the New Zealand agricultural landscape. As time
passes, the value of these data will increase. With some improvements to the data collec-
tion, particularly collection of precise location information, collection of metadata describ-
ing the sampling protocol followed for each sample, and collection of ancillary
information on total phosphorus to allow fertiliser history to be quantified, the long-
term value of these data could be improved. I recommend that the industry revisit the rec-
ommendations raised by Cavanagh (2014), in light of the information presented here, to
keep developing this unique data collection programme.
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