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A B S T R A C T

Cadmium (Cd) is a toxic metal which has accumulated in New Zealand agricultural soils due to phosphate fertil-
izer application. Understanding the contribution of plant uptake or leaching of Cd to observed Cd losses from soil
is important. The concentration and distribution of Cd in irrigated and unirrigated soils with the same phosphate
fertilizer history were investigated. Twenty-two pairs of soil samples from four depths (0–0.1, 0.1–0.2, 0.2–0.3
and 0.3–0.4 m) were taken from irrigated and unirrigated areas in the same field on dairy farms in three regions
of New Zealand. The mean concentration of Cd at depths of 0–0.1 m and 0.1–0.2 m, as well as the cumulative
masses of Cd (0–0.2, 0–0.3 and 0–0.4 m) in unirrigated soils were significantly higher (P < 0.05) than in irri-
gated soils. The concentration of phosphorus (P) at all depths (except for 0.2–0.3 m), as well as the cumulative
mass of P in all depths of unirrigated soils, was also significantly higher (P < 0.05) than irrigated soils. However,
no significant difference was detected in the concentrations of uranium (U) between irrigated and unirrigated
soils. Irrigation induced a ∼7% Cd loss from topsoil (0–0.1 m), with the average rate of Cd loss from the top
0.1 m (due to irrigation) being 2.3 g ha⁠−1 yr⁠−1. This study therefore confirms that irrigation can enhance Cd
mobilization, however Cd is mainly adsorbed to the surface soil.

1. Introduction

Cadmium (Cd) has accumulated in New Zealand (NZ) soils mainly
from phosphate fertilizers (Loganathan et al., 2003; Schipper et al.,
2011) which have been applied to NZ soils since the late 1800s. The
dominant productive land use in New Zealand is grazed pasture which
is generally accompanied by large amounts of phosphate fertilizer use
(Parliamentary Commissioner for the Environment, 2004). There are
concerns about the accumulation of Cd in soil because of its entry to
the human food chain and potential adverse effects on health (Mortvedt,
1995). Cadmium has been described as being the trace metal of greatest
concern with respect to food standards in New Zealand (Taylor et al.,
2010). In order to understand the environmental fate of Cd, it is neces-
sary to develop a full mass balance including fertilizer inputs as well as
removal in products, erosion, and leaching through the profile.

The magnitude of Cd losses from soil via drainage are not well
known with studies of Cd mobility in soils based largely on the mass
balance approach. Many studies report minimal cadmium loss from soil.
For instance, Loganathan and Hedley (1997) found that after 10 years
of phosphate fertilizer application, less than 5% of applied Cd moved
below 0.2 m and the uptake of Cd by plants ranged from 1.5 to 4.5%
of total inputs. Similarly, Singh and Myhr (1997) were unable to de-
tect downward movement of Cd through the profile of fertilized soils
in Norway. Even in a loamy sand in South Carolina with a low cation
exchange capacity (CEC), Cd movement below 0.15 m depth was neg-
ligible (<3%) 30 months after the Cd application. Despite the low
CEC in the aforementioned study, Fe and Al oxides were identified
as the most important adsorbents of Cd in these soils (Martin and
Kaplan, 1998). Cadmium appears to be even more immobilized in or-
ganic soils: in a lysimeter study of Cd losses from Organic soils, the
leaching of Cd was not significant (less than 1% of added Cd from
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phosphate fertilizer application) over 12 months (Gray and McDowell,
2016).

While the aforementioned studies reported minimal loss of Cd by
leaching, several other studies have found significant movement of Cd
through the soil (Nicholson et al., 1996; Zanders et al., 1999a; Gray et
al., 2003b). On an Australian sandy Podzol soil, about 50% of added
Cd from fertilizer application over 20 years, had been lost from the top
0.075 m, with only 1–5% of soluble Cd taken up by plants. Some of the
added Cd had moved to a depth of at least 0.15 m (Williams and David,
1976). About 50% of added Cd had accumulated in the top 0.225 m of
a NZ soil with less than 2% of Cd was taken by plants, implying that the
remainder may have moved down through the soil profile (Rothbaum et
al., 1986). McBride et al. (1997) also showed that 15 years after sewage
sludge application, about 30% of Cd was removed from the topsoil of an
orchard site in USA, which was attributed to possible leaching losses.

The majority of these previous studies were conducted on unirri-
gated lands and there is some evidence that increased water application
through irrigation might increase Cd movement through topsoil due to
increased infiltration (McLeod et al., 2015). The concentration of Cd in
irrigated topsoils (0–0.075 m) of the Winchmore research farm in New
Zealand (Lismore stony silt loam) was less than in non-irrigated topsoils
(McDowell, 2012). Furthermore, at Winchmore, the concentration of Cd
at depths of 0.075–0.15 and 0.15–0.30 m in irrigated soils was higher
than in non-irrigated soils suggesting movement of Cd down the soil
profile (McDowell, 2012). However, the Winchmore trial was flood irri-
gated and therefore may not be representative of the expanding area of
pastures irrigated by overhead sprinklers in New Zealand (about 74% of
NZ irrigated pastures are now being sprinkler irrigated) (Heiler, 2008;
Irrigation New Zealand, 2013). Reliable data on Cd losses from irrigated
soils are currently lacking. Like Cd, uranium (U) is also a contaminant of
phosphate fertilizers in NZ soils, and has been classified as “very toxic”
(Health and Safety Executive, 1995) and is potentially mobile (Taylor
and Kim, 2007). Uranium and phosphorus (P) have important roles in
soils and U, Cd, and P are accumulating in agricultural soils from the
same source (phosphate fertilizers).

The objective of this study was to determine the potential for loss of
Cd, U, and P due to irrigation. We took advantage of the wide scale soil
sampling campaign of adjacent irrigated, and unirrigated pastures, con-
ducted by Mudge et al. (2016) that demonstrated losses of carbon and
nitrogen stocks under irrigation. On each farm, both irrigated and unir-
rigated areas were sampled in the same field to ensure uniform fertilizer
history and therefore Cd, U, and P inputs.

2. Materials and methods

2.1. Site and soil

Soil samples were taken from 22 paired irrigated and unirrigated
pasture sites (grazed by dairy cattle) in three regions of New Zealand
(Fig. 1). Ten cores (0.0254 m diameter) were taken from each irrigated
and unirrigated areas in the same field. On six of the 22 farms, two
fields were sampled, and the two irrigated samples from the two fields
were combined, as were the two unirrigated samples, giving one ir-
rigated and one unirrigated sample. Samples from each group of 10
cores were combined for each of depths of 0–0.1, 0.1–0.2, 0.2–0.3
and 0.3–0.4 m and bulked into one composite sample for each depth.
One site in the Canterbury region was sampled to only 0.3 m due to
high stone content lower in the profile. The selection criteria consid-
ered when choosing sampling locations have been fully described by
Mudge et al. (2016) along with further information on irrigation dura-
tion (ranging 3–20 years), soil orders, type of irrigation and long-term
climate data (1972–2011) for each sampling site. The irrigated and unir

rigated areas within a field were identified using local knowledge,
Google Earth imagery, Irrigation Resource Consents and help from rural
professionals (Mudge et al., 2016). Paired sites were selected based on
the following criteria: 1. Irrigated and unirrigated areas were within
100 m of each other; 2. The irrigated areas had been irrigated for at
least three years, while unirrigated areas had never been irrigated; 3.
Soils and topography were the same between irrigated and unirrigated
areas, and 4. Farm management (such as fertilizer application) was the
same in irrigated and unirrigated areas (expect for irrigation) (Mudge et
al., 2016).

2.2. Chemical analysis

Soil samples were digested following the method described in
Salmanzadeh et al. (2016): the air dried (50°C) and sieved (<2 mm)
soil samples were digested using Aqua Regia (1 mL HNO⁠3 and 0.33 mL
HCl) at 50°C. After centrifuging for 10 min at 4000 rpm and filter-
ing at 0.45 μm, Cd, P, and U concentrations were determined using
ICP-MS (Waltham, MA, USA) following calibration using NIST-trace-
able standards (Inorganic Ventures, Christiansburg, VA, USA). The de-
tection limit of ICP-MS was 130 μg kg⁠−1 for P, 6.0 μg kg⁠−1 for Cd, and
0.02 μg kg⁠−1 for U.

The pH of soil samples was measured following Blakemore et al.
(1987). Total carbon (C) of the soil samples was reported by Mudge et
al. (2016).

2.3. Data analysis

The cumulative mass of elements in each depth was calculated us-
ing the element concentration, and soil dry bulk density calculated from
the mass of oven dry soil for each depth and the sample volume (depth
0.1 m and diameter 0.0254 m).

The Minitab 17 software package and Wilcoxon signed rank test was
used to test the significance of difference between the mean concentra-
tions and cumulative mass of Cd, P, and U for all depths individually.
The Wilcoxon signed rank test can be used to test the significance of dif-
ferences when data are not normally distributed and was used to check
the degree of significance in differences in Cd, P, and U concentrations
and cumulative masses in the studied soils.

3. Results

3.1. Cadmium concentration and cumulative mass

The mean Cd concentration in unirrigated soil samples was higher
(P < 0.05) than that for irrigated soils at depths of 0–0.1 m and
0.1–0.2 m (Table 1). The cumulative mass of Cd for depths of 0–0.2,
0–0.3 and 0–0.4 m in unirrigated soils was higher (P < 0.05) than in ir-
rigated soils (Table 1).

There were no significant differences in soil dry bulk density be-
tween unirrigated and irrigated areas at the 0–0.4 m depth (with the
mean of 1.15 T m⁠−3 in unirrigated and 1.14 T m⁠−3 in irrigated areas) as
well as individual depths. However, soil dry bulk density at the 0–0.1 m
depth in irrigated areas was marginally higher (P = 0.05) than in unir-
rigated areas, which may be the reason for the significant difference in
Cd concentration for the top 0.1 m but not for total mass in the same
depth (Table 1).

The number of years of irrigation may be expected to impact on
the mobility of Cd, however, there was no significant relationship
(R⁠2 = 0.13, P < 0.05) between irrigation duration and the amount of
Cd loss from 0 to 0.4 m in irrigated soils (Fig. 2).

The estimation of losses of fertilizer-derived Cd from surface soils
is not straight forward because the Cd content of fertilizers and the
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Fig. 1. Sampling locations of irrigated and unirrigated soils.

Table 1
Concentration and cumulative mass of Cd for different soil depths (P values < 0.05 are bolded, numbers in the brackets are standard errors).

Depth (m) Number of paired samples Mean concentration of Cd (mg kg⁠−1) Depth (m) Cumulative mass of Cd (kg ha⁠−1)

Unirrigated Irrigated P Unirrigated Irrigated P

0–0.1 22 0.33 (0.04) 0.29 (0.03) 0.023 0–0.1 0.30 (0.02) 0.27 (0.02) 0.080
0.1–0.2 22 0.22 (0.03) 0.19 (0.02) 0.009 0–0.2 0.54 (0.04) 0.48 (0.03) 0.003
0.2–0.3 22 0.10 (0.01) 0.09 (0.01) 0.516 0–0.3 0.66 (0.04) 0.58 (0.04) 0.007
0.3–0.4 21 0.06 (0.01) 0.04 (0.01) 0.187 0–0.4 0.73 (0.05) 0.63 (0.04) 0.005

amount and type of fertilizers used at each site through time is not well
documented. As we did not have detailed information about the fertil-
izer history of the sampling locations, we could not directly calculate
the loss of anthropogenically added Cd in phosphate fertilizers. How-
ever, it was possible to calculate the amount and percentage of Cd loss
due to irrigation using the difference in the total mass of Cd in irri

gated and unirrigated soils divided by the number of years of irrigation
(3–20 years) (Table 2). To assess whether the calculated loss of Cd due
to irrigation was greater than the measurement error, standard devia-
tion of Cd determinations on paired soil samples was calculated. This
standard deviation used different aliquots of the primary soil samples
(independently digested by Aqua Regia and analysed by ICP-MS). This
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Fig. 2. Differences in cumulative mass of Cd (kg ha⁠−1) in 0–0.4 m of irrigated and unirrigated soil samples as a function of irrigation duration. The boxplot is a summary of all 22 sites,
showing the median, flanked by upper and lower quartiles, the 5th and 95th percentiles as whiskers, circles are outliers.

gave a final standard deviation of 0.003 mg kg⁠−1 between replicated
measurements of five paired soil samples. While this measure correctly
represents the measurement error for the digestion and Cd analysis
process, it is possible that an additional error due sampling could have
increased this value. This was controlled for however, by combining 10
soil samples at the time of sampling, from which a homogenised pri-
mary soil sample was generated.

The average loss of Cd due to irrigation was 2.3 g ha⁠−1 yr⁠−1 from
the top 0.1 m and 7.2 g ha⁠−1 yr⁠−1 for 0–0.4 m (Table 2). The results of
the total mass calculation showed that the maximum amount of Cd loss
from the topsoil (0–0.1 m), due to irrigation, was about 7% and about
10% from the 0–0.4 m depth (Table 2).

The mean loss of Cd as well as the percentage of Cd removal from
the 0–0.1 m depth was highest in the Bay of Plenty region (Pumice Soil)
(Table 2). However, the mean loss and percentage of Cd removal from
the 0–0.4 m depth was highest in the Canterbury region (Pallic, Recent,
Gley, and Brown Soils) (Table 2).

3.2. Phosphorus and uranium concentration and cumulative mass

The concentration of P in the 0–0.1, 0.1–0.2 and 0.3–0.4 m depth
intervals, as well as the cumulative mass of P in all depths in unirri-
gated soils, were significantly higher (P < 0.05) than in irrigated soils
(Table 3). In contrast, there were no significant differences between the
concentrations of U in irrigated and unirrigated soils. However, as for
Cd, the cumulative mass of U in depths of 0–0.2, 0–0.3 and 0–0.4 m of
unirrigated soils was significantly higher (P < 0.05) than irrigated soils
(Table 4).

There was a moderate relationship between the cumulative loss of
Cd and the cumulative loss of P from the 0–0.4 m depth (R⁠2 = 0.25,
P < 0.05), however there was no significant relationship between the
cumulative loss of Cd and U.

3.3. Soil pH and carbon content

Overall, the mean soil pH was 5.6 (range 4.8–7.0) for unirrigated
and 5.7 (range 4.9–6.5) for irrigated soil samples, and there were no sig-
nificant differences in pH for either irrigated or unirrigated soil samples
at any depth. The mean carbon content decreased down the soil profile
and the mean carbon content in all four depths of irrigated soils was
significantly lower (P < 0.05) than the unirrigated soil samples (full
data presented in Mudge et al., 2016). There was no significant rela-
tionship between the loss of Cd and the difference between the pH in
irrigated and unirrigated areas from each individual depth. There was

a moderate relationship between the carbon content and Cd concentra-
tion in topsoil (0–0.1 m) samples (R⁠2 = 0.41, P < 0.05). The cumula-
tive loss of Cd and cumulative loss of C from 0 to 0.4 m were also mod-
erately correlated (R⁠2 = 0.33, P < 0.05).

4. Discussion

4.1. Cadmium, phosphorus and uranium concentration and total mass

In comparison with previous studies of irrigation effects on Cd move-
ment at individual sites, our analysis encompassed a broad range of
soils and irrigation regimes. We measured a lower concentration of Cd
in irrigated soil compared to unirrigated soil (0–0.1 and 0.1–0.2 m),
which had a mean of 0.04 mg kg⁠−1 less Cd (depth of 0–0.1 m). Our
results were consistent with findings at the flood-irrigated Winchmore
site where there was a difference of about 0.07 mg kg⁠−1 in the top
0–0.075 m (McDowell, 2012). Because of 0.04 mg kg⁠−1 of average dif-
ference between irrigated and unirrigated soils (depth of 0–0.1 m)
which was 13 times greater than the standard deviation
(0.003 mg kg⁠−1), the calculated losses of Cd were greater than the asso-
ciated measurement error. The concentration of Cd in the soils sampled
(mean of 0.31 mg kg⁠−1 in the top 0.1 m of soils in our study) were rel-
atively low in comparison to the mean concentration of Cd in topsoils
of NZ dairy farms (mean of 0.58 mg kg⁠−1) and overall in NZ pastures
(0.44 mg kg⁠−1) (Cavanagh, 2014). However, the higher mean concen-
tration of Cd in NZ dairy farms is due to the high concentration of Cd
in the Waikato (0.74 mg kg⁠−1) and Taranaki (0.71 mg kg⁠−1) regions,
which skew the mean concentration of Cd in NZ pastures and dairy
farms. A threshold value for Cd in NZ soils of 1.8 mg kg⁠−1 has been
identified. If soils reach the threshold value then no further phosphate
fertilizers should be applied without a site-specific investigation and risk
assessment (MAF, 2011).

The lower concentration of Cd in the 0–0.1 m depth in irrigated ar-
eas than unirrigated areas was consistent with the results of McDowell
(2012) who reported higher Cd concentrations in the topsoil
(0–0.075 m) of unirrigated soils in comparison to irrigated soils. How-
ever, in the McDowell (2012) study, the irrigated subsoils (0.075–0.15
and 0.15–0.30 m) contained more Cd than unirrigated subsoils
(McDowell, 2012). McDowell (2012) reported a gradual decrease in soil
pH at the sampled Winchmore research farm since the mid-1970s, and
postulated this decrease in pH increased Cd mobility and movement
deeper into the soil or uptake by plants. Also, the use of flood irriga-
tion at Winchmore may have enhanced the leaching of Cd (Gray et al.,
1999a).

4
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Table 2
Soil order, irrigation duration, cumulative mass, and Cd loss in different regions.

Region Soil order ⁠a

Irrigation
duration
(years)

Total mass of Cd
in 0–0.1 m (kg ha⁠−1)

Cumulative mass of
Cd in
0-0.4 m (kg ha⁠−1)

Total Cd
removed (%) from
0 to 0.1 m⁠b

Total Cd
removed (%)
from
0 to 0.4 m

Total Cd removed from
0 to 0.1 m (g ha⁠−1

y⁠−1)⁠c

Total Cd removed from
0 to 0.4 m (g ha⁠−1

y⁠−1)

Bay of Plenty
(BoP)

Un⁠d Pumice
(Vitrands)

20 0.50 1.17
× 100 = 10% × 100 = 15%

× 1000 = 2.5 × 1000 = 8.5

Irr⁠e 0.45 1.00
Un Pumice 0.34 0.65 5.9% 9.2% 1.7 5.0
Irr 12 0.32 0.59
Un Pumice 0.41 0.73 0.0% 11% 0.0 6.7
Irr 12 0.41 0.65
Un Pumice 0.64 0.96 41% 22% 20 16.1
Irr 13 0.38 0.75
Un Pumice 0.28 0.43 −3.4% −28% −0.7 −8.6
Irr 14 0.29 0.55
Un Pumice 0.44 0.91 14% 22% 5.0 16.7
Irr 12 0.38 0.71

BoP
(mean)

Un 0.44 0.81 11% 9.0% 4.8 7.4

Irr 0.37 0.71
Manawatu-
Wanganui
(MW)

Un Brown
(Ochrepts)

0.32 0.70 28% 17% 6.4 8.6

Irr 14 0.23 0.58
Un Brown 0.15 0.52 −27% 12% −3.1 4.6
Irr 13 0.19 0.46
Un Brown 0.29 0.78 7% 5.1% 1.7 3.3
Irr 12 0.27 0.74
Un Brown 0.29 0.62 −28% −19% −8.0 −12
Irr 10 0.37 0.74
Un Recent 0.30 0.62 27% 24% 6.4 12
Irr (Orthens) 12.5 0.22 0.47
Un Recent 0.17 0.25 18% −3.8% 2.4 −0.8
Irr 12.5 0.14 0.26

MW (mean) Un 0.25 0.58 4.2% 5.9% 1.0 2.7
Irr 0.23 0.37

Canterbury Un Pallic
(Aquepts)

0.32 0.85 25% 42% 4.0 18

Irr 20 0.24 0.49
Un Recent 0.27 0.60 −44% −20% −20 −20
Irr 6 0.39 0.72
Un Gley 0.24 0.85 −7.7% 15% −2.0 11
Irr (Aquepts/Aquents) 10 0.26 0.74
Un Pallic 0.26 0.93 −12% 10% −3.0 9.0
Irr 10 0.29 0.84
Un Brown 0.18 0.64 5.6% 17% 0.7 7.3
Irr 15 0.17 0.53
Un Pallic 0.35 1.26 20% 35% 8.8 55
Irr 8 0.28 0.82
Un Recent 0.23 0.69 8.7% 16% 1.7 9.2
Irr 12 0.21 0.58
Un Gley 0.23 0.58 8.7% −5.0% 6.7 −10
Irr 3 0.21 0.61
Un Pallic 0.16 0.47 13% 0.0% 2.0 0.0
Irr 10 0.14 0.47
Un Pallic 0.25 0.77 40% 21% 11 18
Irr 9 0.15 0.61
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Table 2 (Continued)

Region Soil order ⁠a

Irrigation
duration
(years)

Total mass of Cd
in 0–0.1 m (kg ha⁠−1)

Cumulative mass of
Cd in
0-0.4 m (kg ha⁠−1)

Total Cd
removed (%) from
0 to 0.1 m⁠b

Total Cd
removed (%)
from
0 to 0.4 m

Total Cd removed from
0 to 0.1 m (g ha⁠−1

y⁠−1)⁠c

Total Cd removed from
0 to 0.4 m (g ha⁠−1

y⁠−1)

Canterbury
(mean)

Un 0.25 0.76 5.7% 13% 1.0 9.8

Irr 0.23 0.64
Mean of all 7.0% 9.9% 2.3 7.2

a New Zealand soil classification (Hewitt, 1998) and Keys to soil taxonomy (Soil Survey staff, 2014).
b Difference between mass of Cd in irrigated and unirrigated areas divided by mass of Cd in unirrigated area.
c Difference between mass of Cd in irrigated and unirrigated areas divided by number of years of irrigation.
d Unirrigated.
e Irrigated.
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Table 3
Concentration and cumulative mass of P for different soil depths (P values < 0.05 are bolded, numbers in the brackets are standard errors).

Depth (m) Number of paired samples Mean concentration of P (mg kg⁠−1) Depth (m) Cumulative mass of P (kg ha⁠−1)

Unirrigated Irrigated P Unirrigated Irrigated P

0–0.1 22 803.0 (67) 712.0 (73) 0.014 0–0.1 759.2 (48) 678.1 (51) 0.018
0.1–0.2 22 498.0 (50) 411.9 (33) 0.014 0–0.2 1324.0 (101) 1144.3 (82) 0.006
0.2–0.3 22 290.1 (31) 247.0 (27) 0.091 0–0.3 1697.4 (136) 1450.3 (108) 0.007
0.3–0.4 21 244.4 (36) 189.3 (27) 0.022 0–0.4 2046.5 (177) 1724.0 (140) 0.006

Table 4
Concentration and cumulative mass of U for different soil depths (P values < 0.05 are bolded, numbers in the brackets are standard errors).

Depth (m) Number of paired samples Mean concentration of U (mg kg⁠−1) Depth (m) Cumulative mass of U (kg ha⁠−1)

Unirrigated Irrigated P Unirrigated Irrigated P

0–0.1 22 0.88 (0.08) 0.82 (0.09) 0.119 0–0.1 0.84 (0.08) 0.81 (0.09) 0.299
0.1–0.2 22 0.70 (0.10) 0.66 (0.10) 0.069 0–0.2 1.65 (0.19) 1.54 (0.20) 0.019
0.2–0.3 22 0.53 (0.11) 0.51 (0.10) 0.091 0–0.3 2.31 (0.32) 2.16 (0.31) 0.012
0.3–0.4 21 0.49 (0.13) 0.49 (0.12) 0.385 0–0.4 2.98 (0.50) 2.79 (0.46) 0.029

The greatest difference in Cd concentration between the irrigated
and unirrigated topsoil (0-0.1 m) in our study was in the Pumice Soil
(0.40 mg kg⁠−1), which may be due to the generally sandy nature and
therefore greater potential for drainage in the Pumice Soil (Gray et
al., 2003a). The annual average of Cd loss from each soil order from
the 0–0.4 m depth was highest for Pallic Soil (20.0 g ha⁠−1 yr⁠−1) fol-
lowed by Pumice (7.4 g ha⁠−1 yr⁠−1), Brown (2.4 g ha⁠−1 yr⁠−1), Gley
(0.5 g ha⁠−1 yr⁠−1) and Recent (0.1 g ha⁠−1 yr⁠−1) soils (Table 2). The
higher reported Cd loss in Pallic Soil was due to one sample with a Cd
loss of 55 g ha⁠−1 yr⁠−1 (Table 2) which skewed the mean of Cd loss from
Pallic Soil. Pumice Soil (sandy nature) showed the second highest loss
of Cd.

In comparison to Cd, the magnitude of the difference between P con-
centration and cumulative mass in irrigated and unirrigated soils was
higher. The ‘more significant’ result for P than Cd may have been due to
irrigation increasing downward movement of P more than Cd (Condron
et al., 2006), or greater plant uptake and translocation of P than Cd.
The greater plant uptake was supported by Mackay et al. (1987) and
Loganathan and Hedley (1997) who showed that at a fertilized site, the
plant recovery of P (17–19%) was greater than Cd (1.5–4.5%).

There was no significant difference between the concentrations of
U in irrigated and unirrigated soils. Therefore, in comparison to Cd, U
mobility was less influenced by irrigation, which was also concluded
by McDowell (2010). The strong adsorption and minimal leaching of U
was also observed by Taylor (2007), who showed that almost all ap-
plied U in P fertilizers had been retained in the soil with minimal leach-
ing. Taylor (1997) also concluded that less than 1% of added U in soil
was available for plant uptake or leaching. Rothbaum et al. (1979) and
Heshmati-Rafsanjani (2009) also showed greater leaching and plant up-
take of P than U.

Because we used the same method for sampling in irrigated and unir-
rigated areas and due to no systematic difference in bulk density, or
the variability of bulk density between irrigated and unirrigated areas,
the probability that sampling or measurement error contributed to the
significant differences observed between irrigated and unirrigated areas
is low. Indeed if sampling or measurement error was high, the proba-
bility of detecting significant differences would be lower. While there
was only significant difference at depths of 0–0.1 and 0.1–0.2 m be-
tween concentration of Cd in irrigated and unirrigated areas, Cd con-
centrations were lower for all depth increments. This consistency of
differences would have contributed to the cumulative mass differences

being significant, which also would be the case for the significant dif-
ference between the cumulative mass of U in irrigated and unirrigated
areas while there was no significant difference observed for U concen-
tration.

4.2. Soil pH and carbon content

Soil pH was approximately constant down the profile, as previously
reported by McIntosh et al. (1997) and Gray et al. (2003a), with no sig-
nificant differences between irrigated and unirrigated soils as was also
reported by Condron et al. (2006). Although soils with lower C contents
and lower pH might be expected to exhibit more Cd mobility (Gray et
al., 1999a; McLaren et al., 2005), this was not observed here (due to
moderate correlation between loss of Cd and loss of C and no significant
correlation between the loss of Cd and the difference between the pH in
irrigated and unirrigated areas) nor by Zanders et al. (1999b) or Gray et
al. (2003a). Therefore, from our results none of the other measured soil
properties (soil texture, C, pH) appeared to singly exert strong control
on the mobility of Cd in soil. Cd mobility is expected to be a function
of pH, cation exchange capacity (CEC), Fe and Mn oxides, soil texture,
organic carbon concentration, and the origin of anthropogenic Cd (Kim
and Fergusson, 1992; Gray et al., 1999b, 2003b).

4.3. Cadmium loss calculation

The annual rate of Cd removal in irrigated areas in comparison to
unirrigated areas (2.3 g ha⁠−1 from depth of 0–0.1 m and 5.5 g ha⁠−1

from depth of 0-0.2 m) was greater than the reported amount of Cd
leached in previous studies. For example, 1–2 g ha⁠−1 yr⁠−1 (top 0.2 m,
Cd loss determined from soil Cd concentration) (Tjell and Christensen,
1992); 0.27–0.86 g ha⁠−1 yr⁠−1 (top 0.25 m, Cd loss determined from
measuring leachate) (Gray et al., 2003a) and 2.44.9 g ha⁠−1 yr⁠−1 (top
0.225 m, Cd loss determined from measuring leachate) (Nicholson et al.,
1996), and within the range of leaching loss reported in other studies:
2.4 g ha⁠−1 yr⁠−1 (top 0.075 m, Cd loss determined from soil Cd concen-
tration) (McDowell, 2012), 4.6–7.7 g ha⁠−1 yr⁠−1 (depth of 0 cm to top of
E horizon, Cd loss determined from soil Cd concentration) (Zanders et
al., 1999a). The range of variations could be attributed to the soil type,
soil properties, and type of experiment (the measurement of Cd concen-
tration in leachate or Cd concentration mesurement in soil profile).
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The 7% loss of Cd from the 0–0.1 m depth (Table 2) only represents
the Cd loss due to irrigation and the total amount of lost Cd (including
Cd in parent material) may well be greater due to losses associated with
rainfall, and/or plant and animal uptake that occur in both irrigated
and unirrigated parts of pastures. Plant uptake of Cd in irrigated soils
has also been shown to be greater than unirrigated soils (McDowell,
2012; Abraham et al., 2016), but plant uptake of Cd is generally less
than Cd leaching (Zanders et al., 1999a). For example, Rothbaum et al.
(1986) showed that about 2% of Cd added to grass-clover pastures in
New Zealand was taken up by plants, while about 50% of added Cd was
lost from the top 0.225 m. Net Cd uptake by grazing animals is generally
considered negligible, with more than 99% of Cd ingested by animals
excreted (Van Bruwaene et al., 1984; Lee et al., 1994, 1996). Irrigation
can also lead to higher rates of transpiration, which may also contribute
in increasing Cd accumulation by plants (Legind et al., 2012). Thus, we
hypothesize that Cd losses in our study were due to enhanced leaching
and/or plant and animal uptake due to the extra water addition from
irrigation.

The estimated 7% loss of Cd from the top 0.1 m and about 10% of
Cd loss from 0 to 0.4 m (Table 2) supported the results of previous stud-
ies that measured losses of about 5–15% (depth of 0–0.25 m, natural
or simulated rain) (Gray et al., 2003a) of added Cd due to leaching.
Similarly, losses associated with leaching and plant and animal removal
ranged from 10% (depth of 0–0.12 m, non-irrigated) (Loganathan and
Hedley, 1997) and 6% (depth of 0–0.075 m, non-irrigated) (Williams
and David, 1976). Therefore, our results from a range of soils and re-
gions showed that although Cd was relatively immobile in soils, and the
majority of applied Cd was adsorbed to the topsoil, irrigation can in-
crease the loss of Cd.

5. Conclusions

The mean concentration of Cd in surface soil (0–0.1 and 0.1–0.2 m)
and cumulative mass to 0.4 m of unirrigated soils was significantly
higher (P < 0.05) than the irrigated soils. The concentration of P (all
depths except for 0.2–0.3 m) and the cumulative mass of P (all depths)
in unirrigated soils was significantly greater (P < 0.05) than the irri-
gated soils. However, there was no significant difference between the
concentration of U in irrigated and unirrigated soils. The significant dif-
ference in P and Cd concentration and nonsignificant difference in U
concentration between irrigated and unirrigated soils, implies that irri-
gation probably had more effect on P, and less effect on U, losses rela-
tive to Cd. The average rate of Cd loss from the topsoil (0–0.1 m) attrib-
uted to irrigation was 2.3 g ha⁠−1 yr⁠−1 and 7.2 g ha⁠−1 yr⁠−1 for 0–0.4 m.
We estimate that about 7% and 10% of Cd was lost from 0.1 m and
0.4 m depths, respectively. Therefore, it is concluded that Cd was gen-
erally immobile and preferably absorbs in the surface soil, and that Cd
losses by irrigation are an important factor mitigating long-term Cd ac-
cumulation in agricultural soils.
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