
fenvs-08-00006 January 28, 2020 Time: 16:48 # 1

ORIGINAL RESEARCH
published: 30 January 2020

doi: 10.3389/fenvs.2020.00006

Edited by:
Paulo Sergio Pavinato,

University of São Paulo, Brazil

Reviewed by:
Cledimar Rogério Lourenzi,

Federal University of Santa Catarina,
Brazil

Donnacha Doody,
Agri-Food and Biosciences Institute

(AFBI), United Kingdom
Carlos Antonio Costa Do

Nascimento,
São Paulo State University, Brazil

*Correspondence:
Richard McDowell

richard.mcdowell@agresearch.co.nz

Specialty section:
This article was submitted to

Soil Processes,
a section of the journal

Frontiers in Environmental Science

Received: 20 November 2019
Accepted: 09 January 2020
Published: 30 January 2020

Citation:
McDowell R, Dodd R,

Pletnyakov P and Noble A (2020) The
Ability to Reduce Soil Legacy

Phosphorus at a Country Scale.
Front. Environ. Sci. 8:6.

doi: 10.3389/fenvs.2020.00006

The Ability to Reduce Soil Legacy
Phosphorus at a Country Scale
Richard McDowell1,2* , Rosalind Dodd2, Peter Pletnyakov1 and Alasdair Noble1
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The build-up of soil phosphorus (P) beyond plant requirements can lead to a long-
term legacy of P losses that could impair surface water quality. Using a database of
∼4,50,000 samples collected from 2001–2015 we report the level of soil P enrichment
by soil type, land use and region and the time it would take for Olsen P to decline
to agronomic targets (20–0 mg L−1) if P fertilizer was stopped. We also modeled the
time it would take for water extractable P (WEP), an indicator of P losses in surface
runoff, to decline to an environmental target (0.02 mg L−1). Some 63% of the samples
were enriched beyond agronomic targets. The area-weighted median time to reach the
agronomic target was predicted to occur within a year for 75% of samples but varied
up to 11.8 years in some land uses. However, the area-weighted time to reach an
environmental target was 26–55 years for the 50th and 75th percentile of areas. This
indicates that while an agronomic target can be easily met, additional strategies other
than stopping P fertilizer inputs are required to meet an environmental target.

Keywords: Olsen phosphorus, soil test phosphorus, surface runoff, water extractable phosphorus, leaching

INTRODUCTION

The loss of phosphorus (P) from land can impair surface water quality (Carpenter, 2008). Much
(30–90%) of the total P lost from a grassland or cropping farms originates from the loss of soil
particles (McDowell et al., 2007). Other sources of P loss include dung or manure from grazing
animals, fertilizer and plant residues (Hart et al., 2004; Dougherty et al., 2008). The quantity of P
loss reaching surface water increases linearly or curvilinearly with increasing soil P concentrations
but is also influenced by the soil’s sorption capacity (McDowell and Condron, 2004; Nair, 2014). For
instance, a soil with a high anion storage capacity (ASC; 0–100%), a measure of the soil aluminum
(Al) and iron (Fe) oxide concentration, will have a greater P sorption capacity than a low ASC
soil. If two soils have the same soil test P (STP) concentration, the low ASC soil will release more
P into solution than the high ASC soil. Due to this variation in the STP (e.g., Olsen P) and ASC
relationship, the ability to decrease P losses to a concentration not likely to impair surface water
quality varies widely. This dissolved P could be lost to surface runoff or leaching or mopped up by
the soil biota or plant roots (Dodd et al., 2014b). However, the amount of P taken up by plants and
soil biota decreases beyond agronomic optimum STP concentrations where production becomes
limited by other factors (Zhang et al., 2017).

The addition of fertilizer-P to soils aims to establish optimal STP concentrations. Due to
differences in ASC or other measures of soil P sorption, recommended fertilizer rates to reach
agronomic optima vary by soil and crop type. However, it has been common practice to apply a
little extra P when cash is available as an insurance policy against poor years when little P may be
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applied (van Dijk et al., 2016). Furthermore, in confined animal
feeding operations, there is often an imbalance between the
amount of P brought in as feed and the amount of land that can
receive the resulting manure-P (van Dijk et al., 2016). The over
application of fertilizer and manure results in STP concentrations
that are enriched beyond agronomic optima (Sharpley and
Tunney, 2000). Enriched STP concentrations therefore represent
a source of P that can result in a long legacy of P losses even
if the balance is made negative to decrease STP concentrations
(Sharpley et al., 2013).

The most extreme version of a negative P balance involves
no application or returns of P to the soil. Research has shown
that in grassland systems with little erosion and a similar climate
this no-P scenario results in a rate of decline that reflects
the initial STP concentration and ASC (Dodd et al., 2013;
Coad et al., 2014). Other management strategies are available
to decrease P losses while improving the chances of being
profitable. Such strategies include the addition of nitrogen (N)
fertilizer to enhance P-limitation and the uptake of P by pasture
plants, or tillage to redistribute and dilute enriched topsoil
P concentrations throughout the plough layer (Dodd et al.,
2014a,b). However, these strategies cannot be used everywhere.
For example, applying too much N will enhance N-leaching
and impair surface and groundwater quality, while conventional
tillage will promote mineralization and the loss of carbon and
N and increases the risk of soil erosion (Shepherd et al., 1996;
Bilotta et al., 2007).

The drive for profit is a common factor in rapid land use
change. In New Zealand, the number of dairy cows increased
from 2.9 M in 1996 to 5.0 M in 2016, much of this has been
onto land traditionally used for drystock sheep and beef grazing
(DairyNZ, 2016; McDowell et al., 2017). In reflecting greater
stocking rates, most dairy-farmed land will be maintained at a
greater STP concentration than land used for sheep and beef
farming. At the beginning of the dairy expansion in 2001,
Wheeler et al. (2004) noted that depending on the region, 30–65%
of samples from dairy farms had Olsen P concentrations greater
than that required for optimal pasture production. A preliminary
analysis of Olsen P data from 2001–2015 suggested that increases
in Olsen P were still happening in some regions, but the
magnitude of enrichment was unclear (McDowell et al., 2019).

The objective of our paper was to determine: (1) the state as
of 2016 and any trends over the last 15 years in soil Olsen P
concentrations, and (2) to determine the time it would take soils
enriched with P to decrease to an agronomic or environmental
optimum for their land use and soil group.

MATERIALS AND METHODS

Soil Database
Data were obtained for soil Olsen P concentrations from the
three major commercial laboratories in New Zealand (ARL,
Eurofins, Hills Labs). This data comprises soil test results for
various commercial agricultural enterprises undertaken to assess
soil fertility and fertilizer requirements. The database covered
the years 2001–2015 and contained ∼4,50,000 data points. Each

laboratory has international standards (ISO 9000) relevant to the
collection, analysis and recording of Olsen P data. All dairy and
drystock samples were from the 0–7.5 cm depth, while cropping
samples were from the 0–15 cm depth.

Each sample had metadata describing region (16 local
authorities) and land use [dairy, drystock (sheep, sheep and
beef, and red deer), cropping or horticulture]. The Eurofins
and Hills Labs data (c. 2,30,000 samples) had data for soil
group (ash, peat, pumice, and sedimentary). These groups
corresponded to New Zealand soil orders (Hewitt, 2010) of
Organic (Peat), Pumice (Pumice), Allophanic (Volcanic), and all
other soil orders (Sedimentary), their regional distribution can
be found in Supplementary Table 1. Equivalent classifications in
United States Soil Taxonomy are: Fibrists, Hemists or Saprists
(Organic); Vitraquands, Vitrands or Vitricryands (Pumice);
Aquands, Cryands, and Udands (Allophanic); and with all other
classes combined within the Sedimentary group (Hewitt, 2010).
The soil groups combine soil orders with a similar relationship
between Olsen P and production, and provide the basis
for fertilizer management recommendations in New Zealand
(Sparling et al., 2008). The ARL samples (c. 2,20,000) did not
have soil group data but were identifiable at a finer spatial scale
by post code and sometimes the name of the enterprise. To
attribute post code to soil group we intersected the location of
a sample’s post code with the New Zealand Fundamental Soil
Layers (Newsome et al., 2008).

We estimated the water extractable P (WEP) concentration
(mg L−1) of each sample using the equation of McDowell
and Condron (2004). WEP estimates dissolved reactive P
(DRP) concentrations in surface runoff from New Zealand soils
(McDowell and Condron, 2004). The equation (Eq. 1: r2 = 0.83;
P < 0.001) used Olsen P and ASC (%) (Saunders, 1965) to
predict WEP:

WEP (mg L−1) = 0.03
(
Olsen P/ASC

)
+ 0.03 (1)

As input data we combined median region-by-land use-by-
soil group-specific Olsen P concentrations with location specific
ASC data mapped nationally at a 1:50,000 scale within the
New Zealand fundamental soil layer (Newsome et al., 2008).

Targets
We used targets for soil Olsen P concentrations that
corresponded to an agronomically optimum level of production
and a WEP concentration set as an environmental target
unlikely to induce excessive levels of periphyton biomass in
streams and rivers.

Agronomic targets were set for different land uses within
each soil group (Nicholls et al., 2009; Roberts and Morton, 2009;
Morton and Roberts, 2016). Targets for pasture production on
drystock farms were taken as the 95th percentile of maximum
pasture growth from Morton and Roberts (2016) and Edmeades
et al. (2006). These concentrations were 20 and 22 mg L−1,
respectively in Sedimentary and Volcanic soils, and 38 mg
L−1 for Pumice and Peat soils. The Olsen P corresponding
to the 95th percentile was also used as a target dairy farms
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using data from Roberts and Morton (2009) and O’Connor
et al. (2001). Targets for dairy farms were set at 25 mg L−1

for Volcanic and Sedimentary soils and 40 mg L−1 for Peat
and Pumice soils. After considering the Olsen P requirements
of the main arable and horticultural crops in New Zealand,
targets were set at 18 mg L−1 for Volcanic and Sedimentary
soils (Nicholls et al., 2009) and 25 mg L−1 for Pumice and
Peat soils (Sparling et al., 2008). We note that agronomic
targets for vegetable production tend to be high (Reid and
Morton, 2019), but the area under vegetable production only
represented a third of horticultural land use and was therefore
not considered widespread enough to have its own target.
We set a WEP target of 0.02 mg L−1 as the environmental
target. This target captured all default guideline values for DRP
concentrations (also called filterable reactive P) across lowland
rivers or lakes of warm or cool climates set by the Australian and
New Zealand Governments (2018). A slightly more restrictive
target (0.018 mg L−1) is currently being considered as part of
freshwater policy (Ministry for the Environment, 2019).

Analyses
Median concentrations of soil Olsen P and WEP were derived
for the 2010–2015 years. This range was chosen as an indicator,
unlikely to be influenced by trends, of the present state of
these parameters in each region by land use by soil group
combination. Because the data were skewed, concentrations for
each region, soil group and land use, and their interactions,
were compared as medians using an analysis of variance of
ranked data. Data from 2001–2015 for each region by land
use by soil group combination with >500 data values were
analyzed for trends in the annual enrichment or depletion
of median Olsen P concentrations using a non-parametric
Mann-Kendall test within the Time Trends software package
(Jowett, 2009). We chose 500 data points as a cut-off to
increase the likelihood that combinations would have good
spatial and temporal representativeness. If the associated P
value of the Mann-Kendall test was small (<0.05), the null
hypothesis can be rejected; in other words, the observed trend,
either upward or downward, is most unlikely to have arisen by
chance. We presented significant trends as a relative change in
median concentrations by dividing the Sen Slope estimate by
the median. This allowed for the direct comparison between
region by soil group by land use combinations measured as the
percentage change per year. A positive change indicates an overall
increasing trend, while a negative change indicates an overall
decreasing trend.

To estimate the time to reach an agronomic and
environmental target we used the equations of Dodd
et al. (2013). We recognize that these equations were
derived for grassland. We therefore advise caution when
interpreting predictions for cropping or horticultural land
use. However, due to small area in New Zealand under
cropping or horticultural land use (<5% of productive
land) this was not thought to influence estimates at
a national scale.

We calculated the time (t, in years) that it would take for
P-enriched soils for each region by land use by soil group

combination to decrease to a target Olsen P concentration (Olsen
Pt in mg L−1) as:

t = 1/(0.032− 2.81×WEPi)

×
(
ln Olsen Pt − ln Olsen Pi

)
(2)

where WEPi is the initial WEP concentration calculated via
Eq. 1 and Olsen Pi is the initial median Olsen P for the
between 2010–2015.

We calculated the time (t, in years) that it would take for
P-enriched soils to decrease to a target WEP concentration
(WEPt), set at 0.02 mgP L−1 for each region by land use by soil
group combination as:

t = 1/(−0.035× ln Olsen Pi/ASC− 0.0455)

×
(
ln WEPt − ln WEPi

)
(3)

Equations 1–3 were calibrated by Dodd et al. (2012) to soils of
Olsen P > 15 and high ASC (<72). Concentrations of WEP are
likely to be below the environmental target if Olsen P < 15 and
ASC is >50% (McDowell and Condron, 2004), therefore t was set
to zero in these situations.

Data for the time to deplete the median region by soil group by
land use combination for soil Olsen P or WEP to their respective
agronomic or environmental target in each combination or at
the land use, soil group or national level were also calculated as
area-weighted medians. Areas for each combination are given in
Supplementary Table 1.

RESULTS

State and Trend of Olsen P
Concentrations
Within the database, Peat, Pumice, Sedimentary and Volcanic
soils had 7,561, 16,109, 3,42,537, and 54,749 samples in
them, respectively. Most soils were sampled under dairy land
(2,21,035), followed by drystock (1,41,775), cropping (47,398)
and horticulture (10,748). The median number of samples within
a region by land use by soil group combination was 380 while the
mean was 3,028. The number of samples measured per year was
slightly greater in later years.

Median Olsen P concentrations across region by land use
by soil group combinations are given in the Table 1. These
concentrations range from a low of 6 mg L−1 for drystock
Peat soils in the Northland region to 106 mg L−1 for
horticultural Volcanic soils in the Taranaki region. An analysis of
variance using ranked data indicated that there were significant
differences (P < 0.001) between regions, land uses, soil groups
and for the interactions between these terms. Pumice soils
were more enriched (44 mg L−1) than Peat (40 mg L−1),
Volcanic (37 mg L−1) or Sedimentary (26 mg L−1) soils, while
Horticulture was more enriched (39 mg L−1) than dairy (32 mg
L−1), cropping (22 mg L−1) or drystock (20 mg L−1) land
uses. Across the regions, the Bay of Plenty had the greatest
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TABLE 1 | Median Olsen P concentrations (mg L−1) in each region by soil group by land use (Hort = horticulture) combination.

Region Peat Pumice Sedimentary Volcanic

Cropping Dairy Drystock Hort Cropping Dairy Drystock Hort Cropping Dairy Drystock Hort Cropping Dairy Drystock Hort

Auckland 31 52 34 – – – – – 40 38 22 26 30 40 19 9

Bay of Plenty 23 43 29 43 47 47 25 48 36 39 18 49 48 41 22 40

Canterbury –1 28 13 – – – – – 22 28 21 24 – – – –

Gisborne – – – – – 19 – – 34 25 19 41 – – – –

Hawkes Bay – – – – 19 22 17 34 25 29 20 36 13 32 20 29

Manawatu/
Wanganui

– 24 – – – 22 7 – 25 31 19 94 20 38 18 22

Marlborough – – – – – – – – 25 28 20 22 – – – –

Nelson – – – – – – – – – 29 23 – – – – –

Northland 33 42 6 – – – – – 29 37 24 38 32 32 34 34

Otago – 26 9 – – – – – 21 28 19 21 – – – –

Southland 20 18 17 – – – – – 20 27 21 24 – – – –

Taranaki – 38 – – – – – – 29 32 20 – 24 41 26 106

Tasman – – – – – – – – 24 29 21 52 – – – –

Waikato 33 43 23 21 44 48 25 33 31 43 21 34 26 40 20 29

Wellington – – – – – – – – 25 32 19 23 – – – –

West Coast – – – – – – – – 11 29 20 – – – – –

Note that using an analysis of variance of ranks, significant differences were noted for median concentrations of region, soil group, land use and for all their interactions. 1

Combination does not exist or insufficient data available to calculate.

TABLE 2 | Mean annual percentage change in the median concentration of Olsen P for each region by soil group by land use (Hort = horticulture) combination
over 2001–2015.

Region Peat Pumice Sedimentary Volcanic

Cropping Dairy Drystock Hort Cropping Dairy Drystock Hort Cropping Dairy Drystock Hort Cropping Dairy Drystock Hort

Auckland ns1 2.5% ns – – – – – 6.6% −0.9% ns ns ns −0.9% ns ns

Bay of Plenty ns ns ns ns ns ns −0.6% ns ns ns −5.2% ns ns −1.8% ns 1.4%

Canterbury –2 ns ns – – – – – ns ns ns ns – – – –

Gisborne – – – – ns – – ns ns ns ns – – – –

Hawkes Bay – – – ns ns −4.0% ns 5.3% ns 0.1% 3.4% ns ns ns ns

Manawatu/
Wanganui

– ns – – – ns ns – 2.1% ns 3.0% ns ns 1.3% –2.1% 16.2%

Marlborough – – – – – – – – ns −3.2% 1.3% ns – – – –

Nelson – – – – – – – – ns ns ns – – – – –

Northland ns 1.3% ns – – – – – ns −0.5% 1.7% 4.2% ns −1.6% 5.3% ns

Otago ns ns – – – – – ns −1.1% ns ns – – – –

Southland ns ns ns – – – – – 1.3% ns ns ns – – – –

Taranaki – ns – – – – – – ns ns ns – ns ns ns ns

Tasman – – – – – – – – ns ns ns 5.2% – – – –

Waikato ns ns ns ns ns 0.8% ns ns ns ns −1.6% ns −1.8% −0.3% ns ns

Wellington – – – – – – – – ns ns ns ns – – – –

West Coast – – – – – – – – ns ns ns – – – – –

1 No significant trend was detected. 2 Combination does not exist or insufficient data available to calculate.

concentration while Otago had the least, presumably due to the
prevalence of horticulture or dairying in the Bay of Plenty and
drystock in Otago.

Of the 124 combinations, 32 showed significant trends in
concentrations from 2001 to 2015 (Table 2). Of these, 18 were
increases that ranged from 0.8% per year under dairy Pumice
soils in the Waikato to 16.2% under horticultural Volcanic soils in
the Manawatu-Wanganui region. Decreases ranged from −0.5%
under dairy Sedimentary soils in Northland to−5.2% per annum

under drystock Sedimentary soils in the Bay of Plenty region.
Across New Zealand there was a mean rate of increase in the
median concentration of 1.2% per annum. Although modest,
this trend tallies with an increase in the number of soils that
exceeded an agronomic target set by Wheeler et al. (2004) for
dairy and drystock land uses sampled between 1988 and 2001
(Figure 1). On an area basis those soils that were above the
agronomic target represented 7.1 M ha (63%) or 11.3 M ha
of productive land.
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FIGURE 1 | The percentage of samples collected in 1988–1996, 1996–2001, and 2002–2015 exceeding target ranges in Olsen P for each soil group in dairy or
sheep and beef land use. Data for 1988–2001 and targets (45, 45, 25, and 30 mg L−1 for Peat, Pumice, Sedimentary, and Volcanic soils, respectively) were taken
from Wheeler et al. (2004). Targets used in this paper are referred as “new targets.”

Time to Deplete Samples to Their
Agronomic or Environmental Target
Median Olsen P concentrations were above their respective soil
group-by-land use-specific agronomic target in 82 of the 124
combinations (Table 3). Across all combinations the national
area-weighted median time to deplete samples to the agronomic
target was <1 year but was as high as 11 years in horticultural
Volcanic soils in the Taranaki region (Figure 2). This is similar
to the 8–10 years reported by McCollum (1991) for a mid-
Atlantic sandy loam soil that was 30–40% above an agronomic
target for corn, but less than the 30–40+ years estimated in
areas of the United Kingdom, United States, and Finland for
soils that were where often >100% above agronomic targets
(Withers et al., 2019).

Across all soil groups, the longest area-weighted time to
reach the agronomic target was in the Volcanic soils (3.3 years),
followed by the Pumice (2.3 years), Peat and Sedimentary
(<1 year) soils. Amongst land uses, horticultural soils were
estimated to take the longest time to reach the target (3.3 years)
followed by dairy, cropping and drystock soils at 2.3, 1.9, and
<1 year, respectively. The area-weighted time for the 75th
percentile was 1 year and the corresponding time to reach the
Olsen P target was 3.7, 2.6, 1.2, and 1.2 years for Volcanic,
Pumice, Sedimentary and Peat soils, respectively.

Compared to the time to reach an agronomic target, the
median time to reach the environmental target was much greater:
the national area-weighted time was 26 years and ranged from
0 years for land uses of Peat soils in Southland to >100 years
for six land uses of Volcanic soils (Table 4 and Figure 2).
Volcanic soils took longer to reach the environmental target

(36.8 years), followed by Pumice soils (36.7 years), Sedimentary
soils (30.7 years), and Peat soils (27.3). There was little time
separating land uses with drystock (32.0 years) taking the longest
to reach the target, followed by dairy, cropping and horticulture
taking 30.0, 28.5, and 26.0 years, respectively. The area-weighted
time for the 75th was 39 years and the corresponding time to
reach the WEP target was 55, 42, 37, and 36 years for Volcanic,
Pumice, Sedimentary and Peat soils, respectively.

DISCUSSION

Bias and Representativeness
Some care is needed when interpreting our dataset. There are
questions over bias, representativeness, and the repeatability
of measurements. Although we have isolated soil Olsen P
concentrations to the post code level, no information was
available to determine if the samples submitted represented the
range of Olsen P concentrations present within a post code
or within a land use by soil group combination. We also had
no information to determine if a disproportionate number of
samples were being sent from enterprises with low or high Olsen
P concentrations or if multiple samples were coming from the
same enterprises over time. However, analysis of data from one
of the providers, ARL, enabled the enterprise to be identified in
about 20,000 samples. Of these samples, <5% of enterprises were
represented more than once on a sampling date or had multiple
samples over the 15-year period of record.

Bias is also possible due to errors in recording a sample’s
location and assignment to the appropriate soil group. Related to
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TABLE 3 | Median and the 75th percentile (in parentheses) of the time (years) taken for Olsen P to decrease to agronomic targets in each region by soil group by land use (Crop = Cropping, Hort = horticulture)
combination if fertilizer P was withheld.

Region Peat Pumice Sedimentary Volcanic

Crop Dairy Drystock Hort Crop Dairy Drystock Hort Crop Dairy Drystock Hort Crop Dairy Drystock Hort

Auckland 2.4 (2.6) 1.7 (2.6) 0 (0) – – – – – 6.3 (8.1) 3.3 (3.3) 0.6 (1.0) 3.6 (4.4) 6.1 (6.1) 4.9 (4.9) 0 (0) 0 (0)

Bay of Plenty 0 (0)1 0.5 (0.6) 0 (0) 4.1 (5.3) 4.5 (5.5) 1.2 (1.2) 0 (0) 4.6 (4.6) 5.8 (6.4) 3.6 (3.9) 0 (0) 7.0 (7.0) 6.9 (9.0) 4.6 (4.9) 0 (0) 8.1 (8.1)

Canterbury –2 0 (0) 0 (0) – – – – – 1.4 (1.4) 0.7 (0.7) 0.3 (0.5) 1.8 (1.8) – – – –

Gisborne – – – – – 0 (0) – – 3.9 (5.5) 0 (0) 0 (0) 4.4 (6.4) – – – –

Hawkes Bay – – – – 0 (0) 0 (0) 0 (0) 2.3 (2.7) 2.1 (2.1) 0.9 (1.4) 0 (0) 3.4 (3.4) – 3 (3) 0 (0) –

Manawatu/
Wanganui

– 0 (0) – – – 0 (0) 0 (0) – 2.5 (3.3) 1.2 (1.9) 0 (0) 3.7 (7.2) 1.4 (1.4) 4.4 (4.9) 0 (0) 2.8 (2.9)

Marlborough – – – – – – – – 2.1 (2.1) 1.1 (1.1) 0 (0) 1.4 (1.4) – – – –

Nelson – – – – – – – – – 1.4 (1.5) 1.5 (1.6) 0 (0) – – – –

Northland 0.4 (2.4) 0.2 (0.3) 0 (0) – – – – – 2.7 (5.3) 1.9 (3.2) 1.2 (1.9) 6.1 (7.7) 6.3 (6.3) 2.9 (3.2) 4.7 (5.3) 7.0 (7.8)

Otago – 0 (0) 0 (0) – – – – – 0.8 (1.1) 0.6 (0.7) 0 0.4 (0.8) – – – –

Southland 0 (0) 0 (0) 0 (0) – – – – – 1.4 (1.4) 0.5 (0.7) 0.3 (0.4) 3 (3) – – – –

Taranaki – 0 (0) – – – – – – 5.2 (5.5) 2.6 (2.9) 0 (0) 0 (0) 3.8 (3.9) 5.4 (5.5) 2.2 (2.2) 11.5 (11.5)

Tasman – – – – – – – – 1.9 (3.2) 1.4 (1.4) 0.5 (0.5) 3.9 (4.8) – – – –

Waikato 2.7 (3.4) 0.6 (0.8) 0 (0) 0 (0) 4.2 (4.2) 1.3 (1.3) 0 (0) 2.5 (2.5) 4.8 (6.0) 4.1 (5.3) 0.5 (0.6) 5.4 (6.8) 4.6 (4.6) 5.2 (5.2) 0 (0) 6.1 (6.1)

Wellington – – – – – – – – 2.1 (3.1) 1.3 (2.2) 0 (0) 1.7 (2.6) – – – –

West Coast – – – – – – – – 0 (0) 1.1 (1.2) 0 (0) – – – – –

1 Already at or below the agronomic target Olsen P concentration. 2 Combination does not exist or insufficient data available to calculate.
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FIGURE 2 | Maps showing the distribution of median topsoil Olsen P (mg L−1) concentrations (A), and the number of years it would take areas to decrease their soil
median soil Olsen P and water extractable P concentrations (mg L−1) to agronomic (B) and environmental (C) targets, respectively.

this, the calculation of timeframes to deplete soil P to agronomic
and environmental targets is subject to errors associated with
the use of default ASC values for specific soil types. The original
equations generated by Dodd et al. (2012) utilized ASC derived
analytically for each specific soil using the method of Saunders
(1965). This error will be exacerbated using ASC to estimate WEP
concentrations for Olsen P in equation 1. However, to minimize
this bias, we cross-checked locations with their soil group as
per the New Zealand Fundamental Soil Layer (Newsome et al.,
2008) and removed those that were in the wrong location. Fewer
than 1% of samples met this criterion. Little bias was found in
the number of samples within each Soil group, 2% (Peat), 4%
(Pumice), 80% (Sedimentary) and 13% (Volcanic) which were
very similar to the aerial coverage in these groups at 1, 5, 85, and
9%, respectively.

State and Trends in Olsen P
Concentrations
The majority of region by soil by land use by soil group
combinations had median concentrations that were close to
their agronomic target. However, of those soils with an Olsen
P concentration above the agronomic target a large proportion
were in Volcanic dairy soils (Figure 1). Soils used for horticulture,
specifically vegetable production, can have high Olsen P
concentrations (>100 mg L−1) (Cavanagh et al., 2019). However,
this was only occasionally detected in regions. Before 2003, the
recommended Olsen P concentration for Volcanic dairy soils

were based on a single trial in the Taranaki region which showed
production benefits to Olsen P concentrations >50 mg L−1

(Morton et al., 2003). The target has subsequently been refined
to sit at 20–30 mg L−1 (note we chose a mid-point representing
a 95th percentile of pasture production as 25 mg L−1), but it
will take time for recommendations to be reflected in fertilizer
application rates and decreased soil Olsen P concentrations.

There were few trends in Olsen P concentrations. This
is despite significant land use change in some regions. For
instance, dairy cattle numbers in Canterbury, Otago, and
Southland increased from 5,76,632 to 1,767,763 from 2001 to
2015 (Livestock Improvement, 2001; DairyNZ, 2016). Land use
was from sheep and beef farming, which traditionally maintained
a lower Olsen P than dairying. The absence of trends could
have been caused by a decrease in the number of sheep and
beef samples with an Olsen P above the target. However, no
negative trends were found in areas with large increases in dairy
cattle numbers. Furthermore, the proportion of samples above
the agronomic target had not decreased compared to 1997–
2001 when dairy cattle numbers were just starting to increase
(Figure 1). A more likely reason for the absence of trends were
that a small proportion of samples that came from the same farm
in the dataset (<5%). Coupled with on-farm spatial variation
in P, which can be as high as 100% in many grassland farms
(McDonald et al., 2019), the likelihood of detecting a change
associated with repeated measures is probably low. Trends within
a land use such as dairy farms may not occur as New Zealand
dairy farms are largely able to balance P inputs and outputs. For
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TABLE 4 | Median and the 75th percentile (in parentheses) of the time (years) taken for water extractable P (WEP) to decrease to environmental targets in each region by soil group by land use (Crop = Cropping,
Hort = horticulture) combination if fertilizer P was withheld.

Region Peat Pumice Sedimentary Volcanic

Crop Dairy Drystock Hort Crop Dairy Drystock Hort Crop Dairy Drystock Hort Crop Dairy Drystock Hort

Auckland 48 (100) 23 (34) 23 (27) 25 (34) 26 (26) 24 (39) 33 (72) 64 (64) 39 (39) 0 (23) 0 (0)

Bay of Plenty 37 (37) 25 (29) 30 (54) 25 (32) 24 (28) 24 (24) 34 (34) 24 (24) 26 (29) 25 (28) 25 (52) 24 (24) 24 (29) 30 (33) 40 (89) 34 (34)

Canterbury 24 (24) 31 (31) 23 (23) 22 (23) 24 (42) 23 (23)

Gisborne 76 (76) 23 (27) 24 (34) 28 (35) 22 (25)

Hawkes Bay 36 (52) 39 (100) 64 (64) 24 (27) 23 (23) 22 (30) 24 (33) 22 (22) 88 (88) 100 (100)

Manawatu/
Wanganui

23 (36) 40 (40) 77 (77) 24 (34) 22 (29) 25 (35) 22 (23) 100 (100) 36 (52) 0 (55) 100 (100)

Marlborough 23 (23) 31 (31) 24 (45) 23 (23)

Nelson 30 (33) 37 (49) 47 (72)

Northland 28 (28) 22 (25) 18 (74) 22 (44) 22 (26) 23 (35) 26 (36) 46 (46) 44 (82) 41 (69) 40 (67)

Otago 23 (23) 18 (22) 23 (24) 22 (24) 24 (34) 21 (23)

Southland 0 (24) 0 (21) 0 (21) 24 (44) 23 (32) 24 (43) 35 (35)

Taranaki 40 (52) 44 (59) 38 (55) 27 (100) 0 (18) 100 (100) 42 (46) 100 (100) 23 (23)

Tasman 23 (45) 30 (30) 42 (42) 21 (22)

Waikato 32 (70) 24 (35) 23 (37) 24 (24) 24 (24) 24 (24) 34 (34) 28 (28) 29 (49) 25 (32) 24 (42) 27 (42) 100 (100) 49 (49) 0 (45) 100 (100)

Wellington 23 (28) 22 (28) 25 (35) 23 (37)

West Coast 43 (66) 26 (30) 27 (45)

A gap indicates that the combination does not exist or insufficient data is available to calculate.
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instance, the land areas available for the application of farm dairy
effluent is sufficiently large enough to avoid soil P-enrichment.

Variation in the Rate of Olsen P and WEP
Decline
Following the cessation of fertilizer-P additions the rate of decline
in Olsen P has been shown to vary according to soil type and
the initial STP concentration (Dodd et al., 2012). Soils with a
greater initial STP concentration decrease at a faster rate than
those with a lower STP concentration. For instance, Ma et al.
(2009) found that stopping the application of P fertilizer for
14–15 years to five Cambisols growing winter wheat and maize
in China resulted in a faster rates of Olsen P decline in the soil
with the highest initial Olsen P concentration (27 mg kg−1),
and the slowest rate of decline in the soil with the least Olsen P
concentration (4 mg kg−1). A faster decrease at more enriched
Olsen P concentrations is probably due to a greater proportion
of P that is loosely bound and available either for uptake by
plant roots or loss in leachate or surface runoff than in soils with
lower Olsen P concentrations where the P is likely bound in more
recalcitrant perhaps organic forms (Toor and Sims, 2015; Boitt
et al., 2018). In soils of different soil P sorption, P in soil solution
tends to be lower where soil P sorption strength or capacity is
high (Barrow, 2000). In our study, Volcanic soils were predicted
to take the longest time to decrease to an agronomic target and
Peat or Sedimentary soils, the least. The ASC, a proxy for soil
P sorption, of Volcanic soils tends to be >70%, but <10% for
most Peat soils (without containing allophane) and 20–50% for
Sedimentary soils (Sparling and Schipper, 2002).

Much like Olsen P, the rate of decline in WEP is a function
of the initial STP concentration of the soil and soil P sorption.
For example, in addition to predicting the rate of decline in
WEP was a function of Olsen P and ASC, Dodd et al. (2013)
investigated further using 33P to show that the rate of decline in
WEP was associated with P that was immediately exchangeable,
while more strongly sorbed P only exchangeable over months
was not. In measuring CaCl2-P in six Australian soils of varying
soil P sorption capacity, Coad et al. (2014) found that the rate
of decline in CaCl2-P over 4 years was inversely related to soil
P sorption capacity, measured as the P buffering index (Burkitt
et al., 2006). Calcium chloride extractable P was used in this
study a proxy to estimate the potential for P loss in leachate
(McDowell and Condron, 2004).

Meeting Agronomic Targets
On those soils where Olsen P is above the agronomic targets,
Olsen P concentrations must reduce. The first step in making
reductions is to ensure that the on-farm P balance is not in
surplus thereby avoiding soil P enrichment. While livestock
systems with confinement will likely have P a surplus (Reid et al.,
2019), systems that get most of their feed from forage grown on-
farm are likely to be balanced, but could support a negative P
balance. A negative, but still profitable on farm P balance can
be achieved by shifting producers from nutrient regimes that
focus on minimizing P inputs and augmenting production with
N (Dodd et al., 2014b; Sadeghpour et al., 2017).

While a P balance is a good method of decreasing Olsen
P toward a target, it can take many years to do so. There
are methods that can achieve reductions in Olsen P faster.
For instance, plowing to reduce the soil P stratification can
decrease topsoil P concentrations by half – overnight, abating
surface runoff losses (Sharpley, 2003). However, while plowing
can disrupt macropores and P leaching, Dodd et al. (2014a)
found that earthworm activity restored macropore function and
P leaching within 18 months. Other researchers have focused on
altering crop rotations to phytoextract available (and leachable)
P from topsoil. Of 12 different crops, Delorme et al. (2000)
measured annual P uptake rates of 114 kg P ha−1 for maize and
108 kg P ha−1 for Indian mustard (Brassica juncea L.).

In pasture systems, Sistani et al. (2003) and Gotcher et al.
(2014) measured uptake rates for Red River crabgrass (Digitaria
ciliaris Retz. Koel.) of 34–49 kg P ha−1 year−1. However, by
using pastures like Lucerne sp. to fix nitrogen for subsequent
rotations of maize and wheat-soybean, STP concentrations were
reduced by half compared to grain crops alone Fiorellino et al.
(2017). The enhanced extraction is likely caused by N-fixation
that shifted the crops into P-limitation thereby extract more
P from the soil.

Grain crops and grass forage rotations were able to deplete
topsoil STP by 11 – 36% over 7–16 years in Swedish
lysimeter trials. However, translocation of P to the subsoil
was noted in three of four soil types with associated increases
in P leaching (Svanbäck et al., 2015). The degree of sub-
soil enrichment was associated with the P saturation index,
suggesting that care is needed when mobilizing legacy P
stores in soils with limited P sorption capacity, either through
inherent soil properties or saturation of sorption sites, to
protect water quality.

Meeting Environmental Targets
We predicted that the area-weighted time for median and
75th percentile of Olsen P concentration across New Zealand
to decrease to its agronomic target was within a year.
However, the equivalent area-weighted time for WEP was
26–55 years, inferring that to reach targets for WEP would
require the cessation of P fertilizers over generational timeframes.
Pursuing low WEP concentrations may also result in Olsen P
concentrations lower than the agronomic target in many soils,
impairing production. For instance, in a sheep grazed trial in
Winchmore, Canterbury, New Zealand withholding fertilizer for
6 years resulted in a 34–53% decrease in pasture production
(McBride et al., 1990). In plots that had received superphosphate
at rates of 34 and 51 kg P ha−1 year−1 this decreased Olsen P
from 28 and 24 mg L−1 to <20 mg L−1, respectively. However,
Dodd et al. (2012) estimated that it would take ∼22–24 years of
withholding fertilizer in these soils to reach an environmental
target of 0.02 mg WEP L−1 and an Olsen P < 10 mg L−1. This
reduction in Olsen P concentration would likely result in stocking
rates falling from 18 to 6 stock units ha−1, equivalent to an
unfertilized control (Fraser et al., 2012). The consequences of not
reducing stocking rates are poor liveweight gain and wool growth.
In a trial, again withholding fertilizer for 6 years to a sedimentary
soil, O’Connor et al. (1990) found that Olsen P reduced from
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14 to 8 mg L−1 causing pasture production to decrease by 30%.
Maintaining the same stocking rate throughout, winter spring
wool growth decreased by 28%. In contrast to pasture, other
studies have found little or no decrease in maize (Zea mays L.)
production as STP concentrations and WEP trend toward their
respective targets (Zhang et al., 2004; Ribey and O’Halloran,
2016). This is presumably due to the ability of maize to explore a
much greater depth and volume of soil than pasture and therefore
access greater P reserves.

Other strategies are therefore required to augment or replace
the cessation of P fertilizer to soils to reduce WEP concentrations.
Such strategies include, but are not limited to: the application
of Al-, Fe- or Ca-P-sorbing compounds like alum, bauxite or
crushed shells to reduce the dissolution of P into soil solution
(Vlahos et al., 1989; Ballantine and Tanner, 2010); altering soil
pH to a range where P is less soluble (e.g., <5.5 or >7.5)
but still available to plants (McDowell et al., 2003); or the
application of sparingly soluble fertilizer P forms. In addition,
it is important to understand that 10–80% of P losses can come
from other parts of the farm such as recent fertilizer or manure
(and dung) applications or unutilized forage (McDowell et al.,
2007). Strategies are also available to reduce losses from these
sources such as the application of sparingly soluble P fertilizers
(Nash et al., 2019) or avoiding the grazing of wet areas that
are well-connected to nearby streams (Monaghan et al., 2017).
Each strategy varies in its cost and effectiveness and while cost-
effectiveness can be improved by targeting strategies to the
sources of P loss, this may not be sufficient to enable WEP
losses to meet the target nor do so without significantly reducing
farm profitability (McDowell and Nash, 2012). This may force
land use change to systems that can produce well from very low
Olsen P concentrations. Although traditionally this may have
been restricted to forestry, new pasture cultivars are becoming
available that can access recalcitrant P forms negating the need to
maintain Olsen P concentrations at current targets (Nichols and
Crush, 2016; Sandral et al., 2018). Some evidence also suggests
that production can be enhanced by adding silicon which
solubilizes P at low STP concentrations (Qin and Shober, 2018).

CONCLUSION

Analysis of the P status of New Zealand agricultural soils revealed
that 63% of the productive land area had Olsen P concentrations
more than the agronomic optimum. Accumulation of soil P was
found to be related to both the soil order and farming system
with dairy operations on volcanic soils, with high ASC values,
exhibiting the greatest exceedances. If fertilizer application was
halted, we predicted that the median Olsen P concentration

could be reduced to the agronomic optimum within 1 year.
In contrast, reducing the median WEP to an environmental
target would require 36–55 years for most soil orders and
farming systems, but greater than 100 years for volcanic soils
with the greatest P enrichment. To safeguard water quality,
strategies such as phytomining are required to accelerate the
decline in WEP from the most enriched soils along with
mitigation strategies to reduce P solubility. The discrepancy
between the timescales to reach these two targets highlights
the difficulty in maintaining high agronomic productivity while
ensuring good water quality status. Revision of the agronomic
targets should be undertaken to account for increases in P use
efficiency in modern farming systems and could go some way
to closing this gap. However, our results suggest that new land
management strategies will be required to develop agronomically
and environmentally sustainable farming systems which are
productive at a lower Olsen P status.
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