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Executive summary

Te toto o tetangatahe kai, teorangao te tangata, he whenua, he oneone —
“While food provides the blood in our veins, our health is drawn from the land and soils”

Soil is a valuable, natural and non-renewable resource that provides us with food, fibre and
timber as well as a wide range of regulating and cultural benefits. Soil quality refers to the
ability of the soil to sustain biological production, maintain environmental quality and promote
plant, animal and human health. Humans exert an enormous amount of pressure on the soil
resource both in rural and urban environments and it is important that the soil is functioning
well to ensure that we receive the full benefits of soil natural capital. Amongst other things,
poorly managed soil can lead to contamination of surface and groundwater and adjacent
water bodies. Section 5 of the Resource Management Act 1991 (RMA) includes the
requirement to maintain the life supporting capacity of land and ecosystems. Section 30 of
the RMA empowers regional councils to control land for the purposes of soil conservation.

Soil quality monitoring is a science-based soil management tool that is an important
component of soil conservation and management. Monitoring soil quality provides a link
between nutrient and contaminant source and land management practice and is therefore a
useful tool in informing policies to improve land management and associated water quality.
Monitoring acts as an early warning system to negative effects of land use on soil quality and
can determine where resources may be required to mitigate the risk of land use activity on
the soil ecosystem.

Auckland Council’s soil quality monitoring programme extends from 1995 to the present.
This report is only one of a few that reports on a long-term dataset within Aotearoa New
Zealand or globally. The three objectives of this study included:

1. Determining changes in soil quality and selected trace elements for all soil sites, a
total of 157 for the region sampled between 2013-2017, across five predominant land
use categories namely pasture, horticulture, plantation forestry (hereafter referred to
as forestry), native bush (hereafter referred to as native) and urban parkland
(hereafter referred to urban) and across eight soil orders.

2. Determining soil quality and trace elements for those soil sites that have been
converted to lifestyle blocks and their comparison with specific rural land uses
including dairy, drystock, orchards+viticulture and outdoor vegetable production for
sampling periods 2013-2015.

3. Reporting on trend analysis for soil sites for the three sampling periods 1995-2000,
2008-2012 and 2013-2017 to determine changes in soil quality and trace elements
over the past 20+ years.

Mean concentrations of soil quality parameters were significantly different by land use and
soil order. Soil quality indicators of most concern that fell outside recommended guideline
ranges on most occurrences were high Olsen P concentrations (an indicator for plant
available phosphorus and fertility), particularly for horticulture (outdoor vegetable production
and orchards+viticulture) and dairy sites; low soil macroporosity (at -10kPa, an indicator of
soil compaction) particularly for all pasture sites (dairy, drystock and lifestyle blocks); and
low total carbon (TC) for outdoor vegetable production sites. These results indicate that
phosphorus (P) fertiliser in excess of what is needed is being applied to our land and that
there are issues with soil compaction and the loss of soil carbon, respectively.
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Compacted soils have a reduced volume of air pores which can impact on plant growth and it
also reduces their ability to infiltrate water that can result in surface water ponding and
subsequent nutrient and suspended sediment loss in runoff. This is exacerbated when a soil is
excessively enriched with P fertiliser potentially leading to additional environmental damage to
the receiving environment. Soil macroporosity has previously been shown to have a strong
annual cycle with values generally better in summer than in late winter. Considering soil
monitoring samples were typically collected in late winter-early spring, current assessments
correspond with a worst-case scenario when clay-based soils are swollen, minimising pore
size, while at the same time having soil pores partially or full of water. Collectively, this makes
soil more vulnerable to disturbance such as pugging or vehicle damage.

Similarly, to soil quality parameters, mean concentrations of trace elements were significantly
different by land use and soil order. While mean concentrations of trace elements all fell within
guideline ranges, exceedances occurred for various analytes across individual sites. Mean
concentrations of cadmium (Cd) and copper (Cu) were highest for horticulture sites, with Cd
levels also being similar for pasture sites, while arsenic (As), chromium (Cr), nickel (Ni), lead
(Pb), zinc (Zn) were highest for sites within the urban environment.

To assess soil environmental quality using concentrations of trace elements a contamination
index (Cl) was calculated for each analyte at each site. The Cl was defined as the mean ratio
of an analyte to the mean of the corresponding analyte at native bush sites, the latter acting
as an indicator for conservative background conditions. The mean CI (for non-native sites)
was classified as high (Pl >3) for Cd (mean 6.6) implying that mean concentrations of Cd were
more than six times higher than that recorded at native soil sites. Moderate Cls (1< Cl <3)
were calculated for (by decreasing order of Cl) Ni>Zn>Pb>Cu>Cr>As. No mean Cl was
classified as low (i.e. Cl =1) indicating increased levels of all seven analytes across non-native
soil sites in the Auckland region. When the mean Cls for all seven analytes at each site were
combined and averaged, an integrated contamination index (ICIl) was calculated and deemed
moderate measuring at 2.4 (range 0.4-10.1).

Rural land use has changed considerably in Auckland since the commencement of the soil
monitoring programme in 1995 which has also been reflected in soil sites that may once have
been utilised for traditional commercial farming purposes but are now increasingly being
converted and operated as lifestyle blocks. To assess soil parameters by specific land use
activities a rural case-study was included which compared dairy, drystock, lifestyle blocks,
orchards+viticulture and outdoor vegetable production.

Mean macroporosity was least for dairy sites (6% v/v at -10kPa), followed by drystock (8% v/
v), lifestyle blocks (9% v/v), orchards+viticulture (12%v/v) and outdoor vegetable production
(22% viv) sites. Mean Olsen P concentrations were highest, and considerably exceeded
recommended guideline ranges, for outdoor vegetable production (206mg/kg) followed by
dairy (57mg/kg), orchards+viticulture combined (55mg/kg), drystock (49mg/kg) and lifestyle
blocks (36mg/kg).

The conventionally intensive nature of outdoor vegetable production is not only reflected in the
large amount of P fertiliser application to the land but also the very low mean concentrations
of total carbon (TC), total nitrogen (TN) and anaerobic mineralisable nitrogen (AMN) of 2.7%,
0.25% and 21mg/kg, respectively, for those sites that were all located in Franklin. Outdoor
vegetable production requires the soil to be continuously cultivated for rotary hoeing,
harvesting and deep ripping purposes. This type of intensive activity reflected
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in mean concentrations of TC and AMN falling below recommended guideline ranges
renders the soil less resilient and more subject to soil erosion and nutrient leaching.

Over the past 20+ years of soil monitoring in Auckland, analysis showed no consistent
trends except for significantly declining TC across the three sampling periods. Unlike levels
specifically for outdoor vegetable production for the most recent sampling period, mean
concentrations of TC were collectively within acceptable guideline values across the three
sampling periods. However, trend analysis was only subject to three sampling periods and
future resampling will be important to determine longer-term changes in soil TC. For
remaining indicators, mean soil parameters were all largely within recommended guideline
ranges, except for macroporosity (-5kPa) which was less in the second sampling period and
remained below recommended guidelines in the more recent sampling period (2013-2017)
for pasture sites compared to when these sites were first sampled in 1995-2000. Across the
three soil sampling events, sampling varied by up to three months (August-October), so it is
not possible to rule out climatic variability. Additionally, mean concentrations of Olsen P
continued to remain above guideline values for all three sampling periods for horticulture
sites.

Resources should be targeted towards land management strategies that improve soil
ecosystem health. To aid with alleviating soil compaction of pastoral sites (dairy, drystock
and lifestyle blocks) practices include restricted grazing, reduced stocking density and
removing stock off pasture when bare soil is beginning to be exposed. This is particularly
important when grazing soils under wet winter-spring conditions, rendering them more
erosion-prone, and even more so for soils that are predominantly clay-based which pose an
added environmental risk when lost from land to water. Reducing P fertiliser application
largely for horticulture (outdoor vegetable production and orchards+viticulture) and dairy
sites is recommended to reduce excessive P-enrichment of soils which would otherwise be
at risk of being lost from land to water via surface runoff during rainfall events. The latter is
exacerbated if the soil is also subject to compaction. Practices to ameliorate the loss of soll
carbon for outdoor vegetable production sites have also been well documented and include
the use of cover crops to restore the carbon content of the soil, minimal tillage practices,
application of green manures etc.

Soil quality results for the latter specified indicators (macroporosity, Olsen P and TC) for
corresponding land uses documented in this evaluation indicate poor uptake of these
strategies by farmers which need to be reinforced and encouraged by land management
advisors and rural industry. This is particularly important if intentions to improve freshwater
ecosystem health are to be realised, the alternative being that these soil quality issues
persist for another 20+ years. To help assist land management and rural industry advisors,
soil results need to be shared and explained to landowners to help influence good land
management practices for all soil parameters that are close to or outside recommended
guideline ranges which will complement any additional soil testing that landowners
undertake. It will be important to continue to resample and monitor at these soil sites in the
future to determine any improvements or deterioration and to ensure the functioning of the
soil ecosystem. Future sampling should also consider the incorporation of biological
indicators such as soil bacterial communities which have previously been identified as being
sensitive indicators of soil quality and trace elements. Future monitoring of soil sites will
continue to inform policy and science direction both regionally and nationally, the latter which
would be aided by combining regional long-term datasets to gain a comprehensive
assessment of soil monitoring state and trends for Aotearoa New Zealand.
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1.0 Introduction

Soil is a valuable, natural and non-renewable resource that provides us with food, fibre and
timber as well as a wide range of regulating and cultural benefits. Soil quality refers to the
ability of the soil to sustain biological production, maintain environmental quality and promote
both plant, animal and human health (Arshad and Martin, 2002, Cotching and Kidd, 2010,
Schloter et al., 2003). Soil quality monitoring is a science-based soil management tool and
provides evidence for determining the effectiveness of planning and implementation for
environmental protection, and acts as an early warning system to aid determining where
resources may be required to mitigate the risk of land use activity on the soil ecosystem. Soil
quality is therefore an essential link to nutrient and contaminant source and farm practice, as
well as a useful tool to assist with informing policies to improve farm management and water
quality (Drewry et al., 2018). With the exception of two recent studies that reported on soll
quality monitoring for up to 20-year periods in the Waikato (Taylor et al., 2017) and
Wellington regions (Drewry et al., 2018), few studies have reported on soil quality and trace
element monitoring over the long-term in Aotearoa New Zealand or internationally.

Humans exert an enormous amount of pressure on the soil resource whether it is in relation
to rural land use activity, which can significantly impact the receiving environment (Carpenter
et al., 1998); or through the development of land for residential and business purposes
(Curran-Cournane et al., 2014), which can be a significant source of trace element soil
pollution via vehicle and industry emissions (Ajmone-Marsan and Biasioli, 2010). It is
therefore important that the soil is functioning well to cope with the pressures we exert and to
ensure that we receive the full benefits of soil natural capital (Dominati et al., 2010).

1.1 Rural land use activity in Auckland

Soil supports a wide range of rural land use activities in Auckland which have been subject
to various fluctuations over time. For example, changes in livestock numbers in Auckland
include a 34% reduction in beef cattle numbers, a 23% decrease in dairy cattle numbers and
a 45% decrease in sheep numbers between 2002 and 2018 (Figure 1 and Table 1).
Although trends have been steadily declining for sheep and beef stock numbers over the 15-
year record in Auckland, fluctuations have been more variable for dairy cattle numbers
(Figure 1).

For comparison, New Zealand has seen a 17% reduction in beef cattle numbers, a 24%
increase in dairy cattle numbers and a 31% decrease in sheep numbers during the same
period (Figure 1 and Table 1).
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Figure 1. Changes in beef, dairy and sheep numbers 2002-2018 in a) Auckland and b) New
Zealand (data sourced from Statistics New Zealand Agricultural Production data).

Table 1. Percentage change in beef cattle, dairy cattle and sheep numbers in Auckland and
New Zealand 2002-2018 (with numbers as at 2018 in parentheses) (data sourced from
Statistics New Zealand Agricultural Production data).

Beef cattle Dairy cattle Sheep
Auckland -34% (114,000) -23% (116,000) -45% (202,000)
New Zealand -17% (3,721,000) 24% (6,386,000) -31% (27,296,000)

Additionally, while there has been a decline in the effective dairy farming area (-29%) in
Auckland, the mean herd size has increased by 37.2% resulting in a 3.4% increase in dairy
stocking rate (Table 2).
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Table 2. Changes in effective dairy farm area, mean herd size and mean stocking rate within
the Auckland region, 2001/02-2017/18 (data sourced from Livestock Improvement
Corporation).

Period Effective farming Mean herd size Mean stocking rate
area (ha) (cows/ha)

2001/02 61,393 199 2.34
2002/03 59,762 205 2.33
2003/04 56,846 216 2.39
2004/05 53,650 221 2.40
2005/06 50,381 224 2.41
2006/07 48,358 233 243
2007/08 46,361 240 2.46
2008/09 47,383 245 2.43
2009/10 45,672 244 2.40
2010/11 46,947 248 2.36
2011/12 46,282 249 2.37
2012/13 48,655 260 2.30
201314 48,826 262 2.27
2014/15 47,063 272 242
2015/16 48,041 271 2.31
2016/17 43,549 264 2.40
2017/18 43,619 273 242
% change -29 37.2 34
2002-2018

Land used for horticulture in Auckland and New Zealand has also changed over 2002-2017,
such as area harvested for outdoor onion and potato production (Figure 2).

Differences in soil quality and trace elements across land uses in Auckland 3



m

g

5

14000

< —e— Onions Auckland

S —a&— Potatoes Auckland

s —e&— Onions NZ

3 12000 1 —a— Potatoes NZ

o

[«

Q

o 10000

8

] Vs 4
o)) // //
g %000 W ’
|

o

S

= 4000 -

o

L

o

g 2000 : A

1+

°

g

m 0 T T T T T T T T T
g 2002 2004 2006 2008 2010 2012 2014 2016 2018
(3]

I Year

Figure 2. Changes in harvested area of outdoor onion and potato production for Auckland
and New Zealand 2002-2017 (data sourced from Statistics New Zealand Agricultural
Production data).

The percentage change in harvested area of outdoor onion production increased by 19%
and 7%, for Auckland and New Zealand respectively, from 2002 and 2017. In contrast, while
harvested area of land used for potato production decreased in New Zealand by 15%, the
area of land increased by 164% in Auckland from 2002 to 2017 (Table 3 and Figure 2).

Table 3. Percentage change in harvested area of outdoor onion and potato production for
Auckland and New Zealand 2002-2017 (with area in hectares as at 2017" in parentheses)
(data sourced from Statistics New Zealand Agricultural Production data).

Onions (ha) Potatoes (ha)
Auckland 19% (1,920 ha) 164% (2,240 ha)
New Zealand 7% (6,010 ha) -15% (9,450 ha)

Increases in outdoor onion and potato production area are increasing at greater rates in
Auckland than nationally, now representing 32% and 24%, respectively, of New Zealand’s

' Time period differences in Statistics New Zealand Agricultural Production data occur because data
for livestock numbers gets collected annually and outdoor harvested area every second year (plus
census years). For outdoor harvested area, onion and potato crop types are presented as Auckland is
a predominant contributor of yields as well as there being confidentiality restrictions associated with
some other crop types.
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outdoor production (Table 3). These statistics suggest that rural production continues to be a
valuable and important part of the Auckland region and a functioning soil ecosystem is
essential to support these land use activities.

There are also a growing number of lifestyle blocks in rural Auckland. Using CoreLogic data,
Fairgray (2018) reported that lifestyle blocks increased by 51% from 15,417 to 23,317
properties between 1996-2016 in Auckland. With a mean lifestyle block measuring 4.6ha in
size, this land use activity represented a total land area of 107,154ha in 2016. Based on
trend data, Fairgray (2018) concluded that demand for lifestyle block properties can be
expected to continue. While there has been a substantial amount of literature documenting
the state of soil quality across of range of commercially productive rural industries across
New Zealand e.g. (Taylor et al., 2010, Ministry for the Environment and Statsistics New
Zealand, 2015, Drewry et al., 2017, Taylor et al., 2017, Oliver, 2017) very little is known
about the quality of soil under lifestyle blocks (Curran-Cournane et al., 2013).

1.2 Soil monitoring programme background

Preliminary work to develop a soil quality monitoring programme was initiated across several
regions in 1995, including Auckland (Hill and Sparling, 2009). Soil quality monitoring has
continued to date, although with a break between 2001-2007 in Auckland. Soil quality is
assessed based on a suite of seven key soil chemical, physical and biological indicators.
Monitoring has been extended to include trace elements since 2008 and the physical
archiving of soil samples collected between 1999-2000 permitted the analysis of trace
elements for this earlier period. Until 2012, soil quality monitoring has largely focused on
rural land, which included dairy and drystock (sheep and beef farming), horticulture (outdoor
vegetable growing, orchards, viticulture, nursery), plantation forestry and native bush sites.
In 2012, soil quality monitoring was extended into urban Auckland recognising the
importance of capturing soil knowledge for this land use. Focus in urban Auckland 2012 was
towards selected trace elements (As, Cd, Cr, Cu, Ni, Pb and Zn) as well as bulk density, TC,
TN, pH, cation exchange capacity, hot water extractable C and N (Curran-Cournane et al.,
2015) but resampling in 2017 included the additional analysis of Olsen P and soil
macroporosity.

Land use has changed considerably in Auckland over the past two decades (Figures 1 and
2) some of which has impacted on soil monitoring site representativity (e.g. the conversion of
soil sites from dairy and drystock activity increasingly to lifestyle block/residential activity).
This makes it difficult to report on trends in soil quality and trace elements for specific land
uses. Therefore, between 2011-2014, additional sites were added to the programme,
including the introduction of urban parkland sites, to continue to capture representative land
uses. At the same time, resampling of all existing soil quality monitoring sites, including
those that had been subject to land use change was continued. Land use change and the
need for additional sites has increased the complexity of the dataset. Nevertheless, there are
three relatively distinct objectives of the current evaluation:

1. Determining differences in soil quality and selected trace elements for the entire
number of soil sites, totalling 157 for the region sampled between 2013-2017, across
five predominant land use categories namely pasture, horticulture, plantation forestry
(hereafter referred to as forestry), native bush (hereafter referred to as native) and
urban parkland (hereafter referred to urban) and across eight soil orders. This will
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include reporting on the number of sites failing to meet recommended guideline
ranges and the establishment of a Contamination Index for trace elements. This will
help inform a measure of current ‘state’ of soil quality and trace elements.

2. Determining soil quality and trace elements for those soil sites that have been
converted to lifestyle blocks and their comparison with specific rural land uses
including dairy, drystock, orchards and outdoor vegetable production for sampling
periods 2013-2015.

3. Conducting and reporting on trend analysis for soil sites for the three sampling
periods 1995-2000, 2008-2012 and 2013-2017 to determine changes in soil quality
and trace elements over the past 20+ years.
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2.0 Materials and methods

2.1 Study area

The Auckland region covers just over 5100km? including a number of surrounding islands
(ARC, 2010). About 12% of the area is built-up urban land with the majority of the region
considered rural land (Figure 3). The mean annual rainfall in the study area is 1200mm/yr.
According to the New Zealand Soil Classification soil orders across the Auckland region
include (with representation in parenthesis) Allophanic (8.5%), Brown (12.1%), Gley (4.6%),
Granular (17%), Melanic (0.6%), Organic (1.5%), Oxidic (0.6%), Podzols (0.1%), Recent
(14.6%), Raw (2.9%) and Ultic (37.7%) soils (NZLRI, 2010). Additionally, there are a variety
of soils from the Anthropic soil order within urban Auckland that were not mapped in the
Fundamental Soils Layer and their representation unknown. Soil sites occupy a variety of
these soil types with a greater proportion representing the more representative soil orders
(Table 4).

Table 4. Breakdown of sites by soil order and land cover (with proportion of sites in
parentheses)

Soil order (% of No. of Land cover (% of region)? No. of

region)’ sites? sites?

Allophanic (8.5%) 24 (15%) | Horticulture (2.5%) 19 (12%)

Anthropic (unknown) 10 (6%) Pasture (48.4%) 49 (31%)

Brown (12.1%) 17 (11%) | Plantation forestry (11.3%) 15 (10%)

Gley (4.6%) 10 (6%) Indigenous forest and scrub 38 (24%)
(24.7%)

Granular (17%) 25 (16%) | Parkland (1.6%) 36 (23%)

Organic (1.5%) 6 (4%)

Recent (14.6%) 18 (11%)

Ultic (37.7%) 47 (30%)

' Fundamental Soils Layer

2 Proportion of sites should match the actual coverage, with the proviso some over-representativeness
may be required, for example, for statistical purposes

3 Land Cover Data Base 2012

2.2 Soil quality sites by land use

During the early establishment of the soil quality monitoring programme in Auckland, soil
sites were selected based on representative land uses occupying representative soil types
across the region. The breakdown of soil sites by land cover are also presented in Table 4.
While the predominant land covers are generally well-represented (albeit recognising a slight
short-fall for pasture land) a degree of over-representation occurs for horticulture and
parklands. Considering the range of specific land use activities that occur in these general
land cover types [e.g. horticulture encompasses outdoor vegetable production (n=7), nursery
(n=1), viticulture (n=5) and orchards (n=6) land uses] that need to be captured across
representative soil orders necessitates the number of sites.
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Figure 3. Distribution of State of Environment soil monitoring sites across Auckland

As of 2017, the number of soil monitoring sites totalled 157 (Table 4). A number of sites
were added to the network between 2011-2014 for various reasons including accounting for
the conversion of sites from commercial farming to lifestyle blocks and the introduction of
urban sites in 20122

2 The additional new sites were added to the Auckland soil monitoring network for the following
reasons:

In 2011, eight new plantation forestry sites were added to increase geographic representativeness
In 2012, 36 urban parkland sites considered in this evaluation were added to incorporate this
previously absent but important land use

In 2012, 25 native bush sites were added, including 10 urban native bush sites, to increase
geographic representativeness which included sampling on Great Barrier Island

In 2013, eight new horticulture sites were added to increase land use and geographic
representativeness which included sampling on Waiheke Island

In 2014, five new dairy sites were added to increase land use representativeness

Differences in soil quality and trace elements across land uses in Auckland



In the early establishment of the soil monitoring programme between 1995-2000, pastoral
land was originally separated into dairy and drystock land uses. However, pastoral land now
encompasses the following land use activities as a result of land use change over the past
20 years:

e Dairy n=12

e Drystock n=23 (including dairy-drystock n=9, horticulture-drystock n=2, and forestry-
drystock n=1 converted sites)

o Lifestyle blocks n=14 (including dairy-lifestyle n=4, drystock-lifestyle n=5, and
horticulture-lifestyle n=5 converted sites).

Given the complexities and changes to the soil monitoring programme over the past 20
years, the report will be structured in three parts to address three objectives:

1. Determining differences in soil quality and selected trace elements for the entire
number of soil sites, totalling 157 for the region sampled between 2013-2017, across
five predominant land use categories namely pasture, horticulture, plantation forestry
(hereafter referred to as forestry), native bush (hereafter referred to as native) and
urban parkland (hereafter referred to urban) and across eight soil orders. This will
include reporting on the number of sites failing to meet recommended guideline
ranges and the establishment of a Contamination Index for trace elements. This will
help inform a measure of current ‘state’ of soil quality and trace elements.

2. Determining soil quality and trace elements for those soil sites that have been
converted to lifestyle blocks and their comparison with specific rural land uses
including dairy, drystock, orchards and outdoor vegetable production for sampling
periods 2013-2015.

3. Conducting and reporting on trend analysis for soil sites for the three sampling
periods 1995-2000, 2008-2012 and 2013-2017 to determine changes in soil quality
and trace elements over the past 20+ years.

2.3 Soil sampling

At each sampling site a 50m transect was used following national guidelines (Hill and Sparling,
2009). A GPS was used at either end of the transect to georeference the site. Soil samples
were collected for biological, chemical and physical analysis. For biological and chemical
analysis, twenty-five 2.5cm diameter soil samples, 0-10cm depth, were composited (every 2m
across the 50m transect). Stainless steel rings (10cm in diameter and 7.5cm depth) were
placed at the 15m, 30m and 45m intervals across the transect and intact soil samples were
excavated within the 0-7.5cm soil depths for physical analysis.

From 2008-2017, one land use category typically got revisited and sampled in September of
each year, thus each site and land use is resampled every five years (Appendix 1). That is,
each site is represented once within each sampling period (roughly every five years) for trend
analysis purposes.

Recommended guideline ranges
Each soil quality indicator measurement has a range within which the majority of national soil
samples fall. From this process it has been possible to assign a range for each measurement
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that identifies levels from low, adequate/optimal, and high. For example, Olsen P is expressed
as low, optimal/adequate, or high versus bulk density which is expressed as loose,
optimal/adequate or compact. Targets levels for each indicator measurement are set
considering negative impacts on the environment and agronomic production and these are
based on national guidelines which were specifically designed for SoE soil quality monitoring
measurements (Sparling et al., 2003), which have been reviewed and updated over time (Hill
and Sparling, 2009, Mackay et al., 2013), and summarised in Table 5. The target range for
macroporosity (MP) (-10kPa) is based on values reported by Mackay et al., 2006. Guidelines
for TC and BD are determined for soil orders while the remaining guidelines are specified for
land use (Sparling et al., 2003).

For soil trace elements, background concentrations specific to the Auckland region as
reported in ARC (2001), and summarised in Table 5, were applied in the current report.
According to these guidelines, background levels were defined as ‘concentrations of an
element in soils which can not be
attributed to any identifiable event or
activity other than normal lithological
processes and is considered
representative of the levels to be found
wherever relatively undisturbed soils
derived from an identifiable parent rock
material exists or near the surface’.
Background guideline concentrations
from predominant soils groups
developed in the ARC (2001) report for
Auckland ‘were determined on 91
undisturbed soil samples believed only
to be minimally contaminated by
human activity and were collected
across parks, forests and public lands’.

Both soil quality and trace element
guidelines provide and early warning
system indicating that values falling
outside recommended ranges can
pose a risk to the environment and/or
agronomic production.

Figure 4. An intact soil core used to
analyse the soil physical quality of the
soil

2.4 Laboratory analysis

All chemical analysis were carried out at International Accreditation New Zealand (IANZ)
laboratories according to national guidelines (Hill and Sparling, 2009, Kim and Taylor, 2009).
Analysis included pH, total carbon (TC), total nitrogen (TN), Olsen P, anaerobic mineralisable
nitrogen (AMN an estimation of potentially mineralisable N), bulk density, macroporosity (-
5kPa and -10kPa i.e. pore sizes >60 and >30microns, respectively), (hereafter collectively
referred to as soil quality); arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb),
nickel (Ni) and zinc (Zn) (hereafter collectively referred to as trace elements).
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Prior to analysis the composite samples were well mixed. Moist sieved (<4mm) soil was used
for the AMN test (Keeney and Bremner, 1966), while air-dried and sieved (< 2mm) soil was
used for the others. Olsen P was extracted using bicarbonate (Olsen et al., 1954). High
temperature (1050 °C) combustion methods were used for TC and TN analysis (Blakemore et
al., 1987). Soil pH was measured in deionised water at a 2.5:1 water to soil ratio (Blakemore
et al., 1987). Total recoverable As, Cd, Cr, Cu, Pb, Ni and Zn were extracted by digesting soil
in nitric/hydrochloric acid and the elements analysed by inductively coupled plasma mass
spectrometry (USEPA 200.8). While this method does not fully destroy the silica matrix or fully
extract strongly interstitially held elements (Silva et al., 2014), it is an internationally recognised
method that represents the total fraction of elements that are likely to be extracted or leached
under normal environmental conditions. All chemical soil parameters are presented as
concentrations.

For soil physical analysis, smaller rings (5.5cm width and 3cm depth) were used to subsample
the samples in the larger rings by pressing into the larger core using a bench mounted drill
press. This ensured the measurement of a fully intact soil core and minimised any ‘edge
effects’ of core soil loss during sampling and transportation. The smaller cores were saturated
and equilibrated at -5kPa and -10kPa (i.e. pore sizes >60 and >30 microns, respectively) on
ceramic tension plates to determine macroporosities. Dry bulk densities and total porosities
were calculated gravimetrically from oven (105°C) dry weights (Gradwell, 1972, Klute, 1986).
After laboratory analysis, soil samples are returned in an air-dried, sieved condition for
archiving purposes which allows the retesting of anomalies or the analysis of any new soil
parameters.

2.5 Statistical analysis

The soil biological, chemical and physical results were tested for normality and log transformed
before being subjected to analysis of variance (ANOVA) fitting terms for land use and soil
order. For trend analysis, 78 repeat sites were included to determine soil quality changes
[(including pH, TC, TN, Olsen P, AMN, bulk density and macroporosity -5kPa (macroporosity
-10kPa data is not available for all sites sampled between 1995-2000 see Appendix 2)] across
sampling periods (i.e. 1995-2000, 2008-2012 and 2013-2017); whilst 48 repeat sites were
included in the ANOVA to determine changes in trace elements for As, Cd, Cr, Cu, Ni, Pb and
Zn. Non-detects were given a value of half the detection limit. Soil analytical data for each site
is provided in Appendix 23. The factorial interaction between sampling period and rural land
use (forestry, horticulture, native and pasture) was investigated for soil quality indicators and
trace elements for both the 78 and 48 sites, respectively. The latter was repeated again for
those soil sites on land uses that had remained unconverted and while this analysis had the
ability to split out dairy and drystock sites the sampling size was reduced (47 and 30 repeat
soil sites for soil quality and trace elements, respectively) which needs to be considered when
interpreting results (Appendix 3).

Blocking was used to compare the three sampling periods and site number used as the
blocking factor. Mean replicate data (i.e. x3 cores per site) were used when comparing soil
physical quality (bulk density and macroporosity -5 kPa and -10kPa). Where used, standard

3 Reassessing the classification of some of the soil types by a pedologist is recommended in the
future particularly for those soil sites belonging to the Organic soil order and any other site where a
‘full’ soil description has not been completed (i.e. those new soil sites introduced to the programme
listed in footnote 2)
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error of difference (SED- using un-transformed# data), least significant difference at the 5%
significance level (LSD- using untransformed data) and P-value (using log transformed data)
are presented. All analysis were carried out using the statistical package Genstat 19t edition
and graphical package Sigmaplot 14.0 edition.

To determine whether soil quality indicators ‘met or failed’ recommended guideline ranges,
with the exclusion of native bush sites, all chemical results are presented on a gravimetric
basis (Table 5) according to the guidelines presented in Sparling et al., (2003), Hill and
Sparling (2009), and Mackay et al., (2013). While target ranges for Olsen P have been
developing over time both numerically and on a gravimetric to volumetric basis (the latter by
multiplying gravimetric laboratory data by undisturbed field bulk density or direct from a
volumetric laboratory value utilizing a 2mL scoop method (Drewry et al., 2014)), gravimetric
values have been considered in the current analysis which can apply interchangeably to a
gravimetric or volumetric unit (Drewry et al., 2017) by soil order and land use (Table 5)5. For
soil trace elements, guidelines were according to background concentrations of trace
elements in soils from the Auckland region (ARC, 2001) (Table 5).

Additionally, a contamination index (Cl) was calculated for each trace element at each site to
assess the soil environmental quality, an approach adopted from previous international
studies (Biasiolia et al., (2006) and Chen et al., (2005)) and for urban Auckland in 2015
(Curran-Cournane et al., 2015). The references cited above referred to the index as a
‘Pollution Index’, a term that has now been revisited in the current report on consideration
that contamination regards the presence of a substance that should not be present naturally
versus pollution which is the introduction of a contaminant that can cause harm to organisms
or infrastructure (pers comm Taylor, M). It is therefore considered more appropriate to refer
to this approach as a ‘Contamination Index’. The Cl was defined as the mean ratio of an
analyte to the mean of the corresponding analyte at native bush sites, the latter acting as an
indicator of conservative natural background conditions. While native bush sites may also be
exposed to diffuse contamination from surrounding land use activity, as per background
concentrations outlined in ARC (2001), these sites additionally have forest canopy cover
which has been reported to be an effective buffer for capturing trace elements and protecting
against their aerial deposition onto soils (Trammell et al., 2011, Weathers et al., 2001). This
was also observed for soil sites in Auckland in 2015 with mean concentrations of trace
elements being least for native forest sites when compared to non-native sites within an
urban setting (Curran-Cournane et al., 2015). It is therefore considered that the Cl approach
is a more conservative approach at comparing trace elements of native sites with non-native
sites then what would otherwise be the case if the guideline values reported in ARC (2001)
were applied to the Cl. Additionally, the native soil sites occupy the most representative soil
orders for the region, namely Allophanic, Brown, Granular, Ultic and Recent soil orders
thereby the Cl approach largely considers the influence of soil type variation [recognising
native sites would not be considered ‘native’ if occupying Anthropic soil and have limited
opportunity of occupying the lesser representative Organic (1.5% regional coverage) and
Gley (4.6% regional coverage) soil orders].

The CI and ICI approach have previously been considered useful techniques for interpreting
data against native sites and they complement traditional ways of reporting concentrations of
trace elements but do not necessarily imply as having any potential degradational effect on

4 Untransformed SED and LSD values were reported to allow the reader to easily determine
differences across land use, soil order and sampling period against untransformed soil parameter
data

5 Note National Environmental Monitoring Standards (NEMS) for soil quality and trace elements are
currently under development and soil quality monitoring targets will be addressed in the new version
of the Land Monitoring Forum (LMF) guidelines
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soil ecological receptors, the latter which would need to refer to an approach set out by
Cavanagh and Munir (2019) which was outside the scope of this current evaluation.

The Cl was calculated for each site and classified as either low (Cl < 1), moderate (1 < Cl <
3) or high (Cl > 3) for comparison against background native conditions. When Cls were
combined and averaged an integrated contamination index (ICl) was calculated and classified
as low (ICl £ 1), moderate (1 < ICI < 3) or high (ICI > 3).
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3.0 Results and discussion

3.1 Soil parameters failing to meet recommended guideline ranges

A total of 157 soil sites, between 2013-2017 across a variety of land uses, were considered
in the determination of meeting recommended soil guidelines. Most of the non-native sites
failed at least meeting one soil quality indicator as follows:

e 16% of sites met all 7 recommended soil quality guideline recommendations
o 38% of sites met 6 soil quality indicators

o 36% of sites met 5 soil quality indicators

o 32% of sites met 4 indicators

o 22% of sites met 3 indicators

o 3% of sites met 2 indicators

o 6% of sites met 1 indicator.

The indicators that most frequently fell outside recommended guideline ranges on most
occurrences were Olsen P (66% of non-native sites) followed by soil macroporosity (46% of
non-native sites) with the breakdown for all soil quality parameters as follows:

o 66% of sites fell outside Olsen P recommended guideline ranges

o 46% of sites fell outside macroporosity targets

o 27% of sites fell outside total nitrogen (TN) targets

o 13% of sites fell outside total carbon (TC) targets

o 12% of sites fell outside anaerobic mineralisable nitrogen (AMN) targets
o 11% of sites fell outside bulk density (BD) targets

o 8% of sites fell outside pH recommended guideline ranges.

The breakdown of sites by land use falling outside guideline ranges are presented in Table
5. For TC, AMN and soil pH sites that fell outside guideline ranges, concentrations were all
below targets as no upper limits exist for these parameters. For the remaining indicators the
percentage of sites falling above or below the targets by land use are presented in Figure 5.

Figure 5 illustrates that for most of the horticulture and pasture sites concentrations of Olsen
P exceeded recommended guideline ranges. A predominant source of phosphorus (P)
available to surface runoff in a farming system is the application of fertiliser (Curran
Cournane et al., 2011b), other sources include the plant, soil and manure (Nash and
Halliwell, 1999). Olsen P, plant available P, is a standard measurement of soil fertility to help
determine P fertiliser requirements of plants (Hill and Sparling, 2009). Olsen P values
exceeding guideline ranges in this evaluation indicate that an excess of P fertiliser is being
applied to the majority of pastoral, and in particular, horticultural land. Not only is there no
agronomic benefit in applying P fertiliser in excess of plant requirements as uptake is
naturally limited in plants, anything in excess risks being lost in surface runoff, interflow or
groundwater accumulating in receiving environments and risking eutrophication (Carpenter
et al., 1998, Curran Cournane et al., 2011b). While Olsen P targets are more relevant in rural
areas, when applied to urban parks 44% of sites had concentrations of Olsen P below
recommended guideline ranges. The urban sites were not being used for agronomic
commercial purposes therefore do not pose either as risks to environmental and/or
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agronomic production. That said, 22% of urban sites had Olsen P concentrations exceeding
guidelines and considering the sites are largely intended for recreational use, versus primary
production, would suggest an ill use of P fertiliser notwithstanding the environmental risk it
can pose (Figure 5). Concentrations of Olsen P by specific rural land use will be discussed
further in section 3.3.

I A bove
1 Within
mmm Below Forestry H orticulture
100 4 pr— - 100
.
= - 80
0 &0
40 o 40
-]
£ 1 - 20 %
- s
E o -
3 Pasture Urban g
5 e _— '“é‘uﬁ
: 80 4 80
&0 o - 60
40 A 40
20 - 20
0 - 0
- ? 3 3 2 2 A o)
N o & o & &
«6’ O‘* \-& Cfﬂdi ¥ O,‘EP ‘_EP o°d
& ¢ &

Figure 5. Percentage of soil quality indicators by land use falling above, below or within
recommended guideline ranges.

Most pasture sites also had soil macroporosities falling below recommended guidelines
indicating issues with soil compaction- as did a third of urban sites. Compacted soils have a
reduced volume of air pores which can impact on plant growth (Drewry et al., 2004). It also
reduces their ability to infiltrate water that can result in surface water ponding and increases
the risk of transferring nutrients and suspended sediment from land to water via surface
runoff e.g. Figure 6 (McDowell et al., 2008, Curran Cournane et al., 2011a). This is
exacerbated when a soil is excessively enriched with a contaminant, for example, excessive
P fertiliser applications, potentially causing additional environmental damage to the receiving
environment (Figure 6). Effects on water quality are marked from any eroded sediment alone
but exacerbated further when an eroded soil is enriched with P (e.g., erosional effects can
lead to lesser water clarity, reduced macrophyte growth, excessive sedimentation in
lacustrine and inter-tidal environments, sediment anoxia, internal nutrient release and
greater algal biomass). In urban environments, the lesser availability of pervious surfaces
means changes in soil macroporosity have disproportionate effects on runoff generation;
compaction resulting in greater peaks of stormwater discharged to streams and piped
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networks, increasing risks of bankside erosion, loss of aquatic habitat (by excessive flow and
associated secondary effects on erosion), flooding and reduced efficacy of stormwater
management devices (by reduced residence time in stormwater detention ponds and
wetlands).
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Figure 6. Schematic illustrating a) surface water ponding and pugging damage of grazed
pasture in Rodney, Auckland and b) the correlation of soil macroporosity (-10kPa) and
losses of concentrations and loads of P in surface runoff of a Pallic soil order.

While 67% of pasture and 33% of urban sites had low soil macroporosities, 27% of forestry
sites had soil macroporosities above target ranges. This proportion consisted of four sites,
three of which were located on Pinaki soils and one on a Red Hill soil. These soil types are
Typic Sandy Recent and Typic Sandy Brown soils, respectively, according to the NZ Soil
Classification. Soil with high macroporosities are typically excessively draining, susceptible
to climate extremes, particularly drought but also erosion (Mackay et al., 2006), and can
become hydrophobic. The risk of wind and water erosion increases as the soil becomes
more loose. This risk should be considered at harvest.

For concentrations of soil trace elements, the percentage of sites falling outside
recommended guideline ranges by land use are also presented in Table 5. All analytes that
failed to meet targets fell above recommended guideline ranges. Of the seven trace
elements, Pb most frequently exceeded guidance (predominantly in urban sites), followed by
Cd (predominantly in pastoral sites) and Cu (predominantly in horticulture sites). This will be
discussed in a later section with respect to differences in trace elements by land use and soll
order and in regard to a Contamination Index (Tables 6-8) but briefly:

o 81% of sites met all trace element target ranges
o 16% of sites met 6 trace element target ranges
o 1% of sites met 5 trace element target ranges

o 2% of sites met 4 trace element target ranges.
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The trace element most frequently above target ranges (by decreasing order) was Pb> Cd>
Cu> Ni> As with the breakdown as follows:

o 8.4% of sites fell above Pb recommended guideline ranges
o 8% of sites fell above Cd targets

o 5% of sites fell above Cu targets

o 2% of sites fell above Ni targets

o 1% of sites fell above As targets.
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3.2 Concentrations of soil parameters by land use and soil order
2013-2017

3.2.1 Soil quality

For the period 2013-2017, there were significant differences (P<0.001) for nearly all soil
parameters by land use (Table 6) and soil order (Table 7), excluding arsenic. There were
significant correlations between various soil parameters including log Olsen P and log Cd,
TC and TN (Figure 7a and b) as well between log TC and log AMN (R?=0.57 data not
displayed) and TC and bulk density (R?=0.45 data not displayed). These relationships have
been reported elsewhere e.g. (Hermans et al., 2017, Curran-Cournane et al., 2013) where
several soil parameters are usually correlated with each other (either negative or positive).
Therefore, instead of discussing results for each individual parameter in depth,
representative soil parameters will be considered.

Mean concentrations of Olsen P were highest for horticulture (109 mg/kg) and pasture (47
mg/kg) sites (Table 6). Concentrations of Olsen P at horticultural sites ranged from 11-361
mg/kg (Appendix 2). Similarly, mean concentrations of cadmium were highest for horticulture
and pasture sites (0.46mg/kg for both) (Table 6). There was a significant positive correlation
between concentrations of Olsen P and cadmium (Figure 7a) suggesting a shared origin in
fertiliser use (Canty et al., 2014). This relationship is an example of the importance of
analysing and reporting basic soil parameters in conjunction with trace elements to identify
potential contamination sources and inform options for mitigation. Management options to
address excessive fertility includes the reduction of excessive P fertiliser application.

Mean soil macroporosity was significantly different across land uses and was least for
pasture sites (Table 6), particularly for dairy sites followed by drystock, lifestyle block,
orchard+viticulture combined and outdoor vegetable production sites (Table 10). Reduced
macroporosity indicates soil compaction and can have both negative environmental and
agronomic effects. For example, Drewry et al., (2004) associated a 1.6% increase in spring
relative pasture yield with a unit increase in macroporosity (-10 kPa) at the 0-5cm soil depths
across four New Zealand soil orders. Land management also plays an important role on soil
quality with good management practices often effective at the mitigation of soil compaction
(Drewry, 2006). Macroporosity improvements include restricted grazing, reduced stocking
density and removing stock off pasture when bare soil is beginning to be exposed. However,
soil macroporosity results for pasture sites in particular indicate poor uptake of these
strategies by farmers.

Additionally, sampling was undertaken in September of each year so likely capturing a worst-
case scenario as soil macroporosity has been shown to have a strong annual cycle with
values generally better in summer than in late winter (Curran Cournane et al., 2011a).
Sampling during late winter-early spring means clay-based soils are fully swollen and soil
moisture is near or close to field capacity rendering the soil more vulnerable to pugging and
vehicle damage.

Macroporosity can also be strongly influenced by soil order (Taylor et al., 2017) which was
also observed in the current evaluation (Table 7). Macroporosity was least for the Gley and
Organic soil orders, but these had small sample sizes given their sparse representativeness
in Auckland. Additionally, most sites in these soil orders were located under pasture and
hence reflected the lower values of this land use (albeit noting that there were no significant
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differences between soil macroporosity and soil order when only pasture sites were
compared — Appendix 4).

It has previously been reported that some soil orders would struggle to meet recommended
guideline ranges even under ungrazed conditions and this was especially the case for the
clay-rich Ultic soils that are the predominant soil order in Auckland representing nearly 50%
of the region (Curran-Cournane et al., 2013). The Ultic soils are some of the oldest soils in
Aotearoa and it raises the question whether the guideline ranges should be revisited for this
soil order. However, a mean macroporosity of 14% was observed for the fifteen native Ultic
soil sites that were sampled in 2017 arguably suggesting the appropriateness of the
guidelines for this soil order. Additionally, when disturbed and the structure disrupted, the
high clay content of the Ultic soils can cause relatively high amounts of fine sediment to be
generated by surface erosion (Phillips et al., 2007) and being lost from land to water via
surface runoff. Their high-clay content can pose an additional environmental risk when
compared to silt and sand fractions being lost from land to water via surface runoff hence
disturbance of these clay-rich soils needs to be minimised.

The soil quality issues associated with high concentrations of Olsen P and low
macroporosities for dairy, drystock, cropping and orchards were also observed at the
national level (Ministry for the Environment and Statistics New Zealand, 2018). Significant
differences across land uses observed for some of the remaining soil quality parameters,
including TC, TN and AMN, will be discussed in a later section in relation to specific rural
land use activities.
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3.2.2 Trace elements

Trace elements are naturally present in soils but are significantly altered by anthropogenic
activity which can pose both environmental and human health risks (Longhurst et al., 2004,
Chen et al., 2005, Elless et al., 2007, Godt et al., 2006). While mean concentrations of all
trace elements were within guideline ranges, the analytes for individual sites that exceeded
targets on most occurrences were Pb (predominantly for urban sites), Cd (predominantly for
pasture sites), Cu (predominantly for horticulture and urban sites), and Ni (predominantly for
urban sites) (Table 5).

Mean concentrations of all soil trace elements were significantly different (P<0.001) across
land use (except for As) and soil order (Tables 6 and 7). Mean concentrations of Cd were
significantly higher for pasture and horticulture sites which is largely attributed to the
application of P fertiliser for these land uses (section 3.2.1). Mean concentrations of Cu were
significantly higher for horticulture sites, which is likely due to copper-based fungicides that
typically get applied to orchard and viticulture crops (Gaw et al., 2006). Copper is also used
in roofing, guttering, electronics and in car brake linings.

Urban land use was associated most frequently with the greatest mean trace element
concentrations [As (although insignificant), Cr, Ni, Pb and Zn] (Table 6) compared to other
land uses. High concentrations of Cr, Ni and Zn have been related to transportation; these
elements can be added to gasoline or contained in engines and galvanised parts, tyres and
lubricating oils (Ajmone-Marsan and Biasioli, 2010, Falahi-Ardakani, 1984). There are
multiple sources of Zn in the New Zealand environment including mineral and organic
fertilisers, 369 veterinary medicines, 35 registered pesticides, galvanised (Zn coated) iron, Zn
paint, tyre rubber and human sewage discharges (Taylor, 2016). Concentrations of Zn tend
to be greater in urban areas than for rural areas in most parts of the world and sources
include zinc-coated metal and car tyres (Councell et al., 2004). In New Zealand, Zn is
extensively used to prevent facial eczema. It is estimated that 5-8000 tonnes of zinc is now
being applied (with animal waste) to Waikato pasturelands each year (Kim and Taylor, 2017).

Urban state of environment monitoring sites were chosen to be sufficiently distant from
recreational sports fields, passive turf or flower gardens that receive routine maintenance
such as fertiliser, pesticide, re-seeding, etc., to ensure that all sampling sites were
representative of minimally disturbed conditions. Hence concentrations of trace elements for
urban monitoring sites would be mainly influenced by surrounding activities typical of an
urban environment, e.g. high levels of trace elements also originate from vehicle emissions,
coal and fuel combustion, paint, local industry (Elless et al., 2007, Chen et al., 2005).

As well as being significantly influenced by anthropogenic activity, trace elements are
naturally present in soils and are predominantly inherited from the soil’s parent material
(Longhurst et al., 2004). The mean spacing between each volcanic center in the Auckland
region is only 3km (Molloy, 1993). Volcanically derived soils are therefore prevalent in the
Auckland region and have naturally higher concentrations of cadmium (Cd) (Godt et al.,
2006, McDowell et al., 2013), chromium (Cr), copper (Cu), nickel (Ni) and zinc (Zn) (Chen et
al., 2005, Godt et al., 2006, Ward et al., 1977). Over 60% of the urban sites belonged to the
Allophanic and Anthropic soil orders® which would have been exposed to multiple sources of
trace elements within an urban environment. These two soil orders had the highest mean
concentrations of As (although not significant), Cr, Ni, Pb and Zn (Table 7). As well as being

8 The Anthropic soil order was only occupied by urban sites (n=10)
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the most predominant soil order occupying urban sites (n=11), the Allophanic soil order is
also a volcanically derived soil and this was reflected in the higher concentrations of Cr and
Ni observed for this soil, consistent with Curran-Cournane et al., 2015. Urban sites will be
analysed for trends when they are resampled in 2022 for the third time.

3.2.3 Contamination Index

To assess the soil environmental quality by using concentrations of trace elements, a
contamination index (Cl) was calculated for each analyte at each site [(adapted by (Chen et
al., 2005, Biasiolia et al., 2006)] (defined as the mean ratio of an analyte to the mean of the
corresponding analyte at native sites)’. The Cl was calculated for each site and classified as
low (Cl > 1), moderate (1< CI > 3) or high (CI 23) (Table 8). When Cls were combined and
averaged, an integrated pollution index (ICI) was calculated and classified as low (ICl >1),
moderate (1 <ICI >3) or high (ICI =3).

The regional mean CI was classified as high (Cl >3) for Cd only (mean 6.6) indicating that
soil concentrations of Cd were more than six time higher within non-native sites than
concentrations recorded at native soil sites. Moderate regional mean Cls (1< CI <3) were
calculated for (by decreasing Cl order) Ni>Zn>Pb>Cu>Cr>As. No regional mean CI| was
classified as low (i.e. Cl =1) indicating elevated levels for all seven trace elements for non-
native sites (Table 8).

When the mean Cls for each trace element at each site were combined and averaged across
all sites (unweighted by analyte), a whole-of-region-and-all-of-trace-element ICl was
calculated and deemed moderate measuring at 2.4 (range 0.4-10.1) (Table 8). Eighteen sites
were classified as having a low ICI, 70 sites as having a moderate ICI, and 31 sites as
having a high ICI. Most sites with a low ICI were forestry sites (n=10) albeit noting that there
were no significant differences between native and forestry sites for all seven trace elements
(Table 6). Most sites with a high ICI were urban sites (n=14), followed by horticulture (n=9)
and pasture sites (n=8). The site with the highest ICI of 10.1 was an urban site occupying an
Allophanic soil in a high traffic location. The ICI of this site was recorded as 9.25 when it was
first sampled in 2012. It is likely the change is less influenced by a specific land use activity
and more a case of a larger sample size of native soil sites and a more recent analysis of
urban sites in the current evaluation. Continuing future soil sampling will be important to
monitor any changes over time. The Cl and ICI are considered useful techniques for
interpreting data and they complement traditional ways of reporting concentrations of trace
elements.

7 Mean concentrations of trace elements by land use category in the current study (Table 6) confirmed
the conservative nature of the Cl approach identifying that mean concentrations of trace elements at
native sites were at the lower end of the corresponding analyte guideline range presented in Table 5
that was sourced from ARC (2001)
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Table 8. Statistical results of the contamination index (Cl) and integrated contamination
index (ICl) for concentrations of selected trace elements sampled across 119 pasture, urban,
forestry and horticulture sites 2013-2017.

(a) Contamination index Number of sites (n=119)

Mean Min Max Low Moderate High (CI>3)
(CI=1) (1<CI=s3)

As 1.3 0.1 5.7 51 64 4

Cd 6.6 1.0 40 0 38 81

Cr 1.4 0.1 7.8 54 55 10

Cu 1.5 0.1 8.6 61 46 12

Pb 1.6 0.13 14.0 62 42 15

Ni 2.8 0.1 39.8 57 39 23

Zn 1.9 0.2 13.3 33 68 18

(b)

Integrated ClI Mean Minimum Maximum

Low (ICI=1) 0.7 (n=18) 0.4 0.9

Moderate (1<ICI<3) 1.9 (n=70) 1.0 29

High (ICI>3) 4.6 (n=31) 3.0 10.1
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3.3 Soil parameters by rural land use activity

Rural land use has changed considerably in Auckland since the commencement of the soil
monitoring programme in 1995, that has resulted in the reduction of sites from traditional
commercial farming and an increase in the number of sites for lifestyle block living purposes.
Lifestyle blocks are a rapidly expanding land use activity in rural Auckland that is expected to
continue into the future (Fairgray, 2018). However, little is known about the soil quality of this
land use. The breakdown of farm land use by property size, as recorded by Auckland
Council’s rates assessment, are provided for the soil sites included in this programme (Table
9, Appendix 5).

Table 9. Property size of farmland uses for soil sites

Land use Mean (ha) Range (ha)

Dairy 62 8-106"

Drystock 78 10-216

Lifestyle 11 0.3-31
Orchards+viticulture 10 4.1-20

Outdoor vegetable production 13 6-19

"The smaller 8ha dairy property is that of a goat dairy operation. Other dairy properties are cow
operations.

The extent of land use change within rural Auckland has required the broad generalisation of
land use classification particularly when trend analysis are being conducted (e.g. pasture land
encompasses dairy, drystock and lifestyle block converted sites) otherwise it would require
removing a number of sites which would ultimately reduce the sample size of a land use
category (Appendix 3). While this approach is suitable for such trend analysis circumstances it
can neglect reporting on specific rural land use activities. In order to compare soil quality and
trace elements for specific pasture and horticulture land uses, sites that were sampled
between 2013-2015 were broken into dairy, drystock, lifestyle block, orchards+viticulture
combined and outdoor vegetable production categories (Tables 9 and 10).

Specifically, for pastoral sites, mean macroporosity were significantly different (P < 0.05 using
log transformed data) and were least for dairy sites (6% v/v; Table 10) but similar for drystock
and lifestyle blocks. There were no significant differences for the remaining six key soil quality
indicators across these three specific pastoral land uses (Appendix 6).

Mean concentrations of Olsen P, pH, TC, TN, AMN and macroporosity were significantly
different across rural land uses with Olsen P, pH and macroporosity being highest and TC, TN
and AMN least for outdoor vegetable production (Table 10). The mean concentrations of
Olsen P at these sites was 206 mg/kg, while the range was 48-361 mg/kg (Appendix 2), well
in excess of soil quality guidelines of 20-50mg/kg (Table 5). Additionally, outdoor vegetable
production is a very intensive land use activity where the soil is continuously being rearranged
by cultivation, e.g. ploughing, hoeing, harrowing, deep ripping. It can therefore be less subject
to activities that would result in soil compaction which can be further influenced by the
sampling design of the x3 averaged in-situ soil cores that could be collected across differing
soil surfaces ranging from the row, inter-row, wheel tracks or permanent traffic tracks.
Establishing permanent traffic tracks have been reported to provide an opportunity for growers
to limit compaction and reduce the amount of cultivation necessary between crop seasons
(Johnstone et al., 2011).

Soil organic matter (SOM) plays a significant role in the structural stability of soils as well as
provision of nitrogen and carbon for use by soil microbes and plants. The indicator for organic
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matter status is total carbon (TC). The very low mean concentrations of TC, TN and AMN of
2.7%, 0.25% and 21mg/kg, respectively (Table 10), observed for outdoor vegetable
production sites are consistent with losses of SOM. Constant soil disturbance associated with
outdoor vegetable production activity, previously described above, results in the loss of sail
carbon (Haynes and Tregurtha, 1999). Mean TC and AMN concentrations below
recommended guideline ranges (Table 10) indicate the soil may be less resilient with poorer
functioning due to reduced structure. Soils with poorer structure are more subject to erosion
and nutrient leaching (Basher et al., 1997). All the outdoor vegetable production sites were
located in Franklin where high levels of fertiliser application are common. Declines in soil
carbon in this area indicate an increased risk of contaminant leaching losses, particularly N
(Cathcart, 1996, Crush et al., 1997, Francis et al., 2003, Ledgard et al., 1997, Williams et al.,
2000). Issues with elevated nitrate concentrations in Franklin surface and groundwater
continue (Meijer et al., 2016) despite that strategies to improve these issues have been well
documented (Basher et al., 1997). Strategies, such as the use of cover crops to restore the
carbon content of the soil, minimal tillage practices, application of green manures, including at
least four years pasture in the crop rotation, etc, can result in both environmental and
agronomic benefits (Komatsuzaki and Wagger, 2015, Myers and Watts, 2015). However, soil
quality results indicate poor uptake of these strategies by farmers or there are other factors
not mitigated by the strategies.

There were significant differences between rural land uses for As, Cr, Cu, Ni, and Pb with
mean concentrations being highest for outdoor vegetable production sites for all these
analytes (Table 10). All the outdoor vegetable production sites were located on Patumahoe
clay loam soil which belong to the volcanically derived Granular soil order as a result of an
eruption in the central plateau 250,000 years ago (Lowe, 2010) which can explain the
inherently high mean concentrations of Cr and Ni. Mean concentrations of trace elements at
outdoor vegetable production sites were within guideline ranges but mean concentrations of
Cu are close to exceeding guidelines. Not only will future sampling be important to determine
any additional increases but soil results need to be shared and explained to landowners to
assist and help influence good land management practices for all soil parameters that are
close to or outside recommended guideline ranges.
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Table 10. Mean concentrations of soil parameters by rural land use activities in Auckland 2013-
2015. The standard error of difference (SED) and least significant difference (LSD) are presented
using un-transformed data and the P-value is presented using log transformed data. Significant
differences are highlighted in bold and ns denotes ‘not significant’. Soil parameters in red and
blue bold figures are mean values that are above and below recommended guidelines,
respectively.

Soil parameters

Land use Total Total N AMN pH Olsen Macroporosity Bulk

C% % mg/kg P -10kPa % density

mg/kg glem?
Dairy (n=12) 7.8 0.66 170 6.1 57 6 0.89
Drystock (n=23) 7.3 0.66 177 5.9 49 8 0.88
Lifestyle block (n=14) 6.5 0.56 140 6.0 36 9 0.94
Orchard+viticulture 5.2 0.43 84 6.2 55 12 1.04
(n=11)
Outdoor vegetable 2.7 0.25 21 6.6 206 22 1.04
(n=7)
SED 1.57 0.125 28.0 0.15 21.3 1.8 0.079
LSD 3.14 0.250 56.3 0.30 42.6 3.53 0.158
P value <0.001 <0.001 <0.001 0.001 <0.001 <0.001 ns
mg/kg

As Cd Cr Cu Ni Pb Zn
Dairy (n=12) 2.9 0.50 10 14 3.6 9 31
Drystock (n=23) 4.1 0.47 11 12 5.0 12 37
Lifestyle block (n=14) 4.9 0.40 15 22 4.5 22 38
Orchard+viticulture 3.2 0.43 13 34 4.2 12 38
(n=11)
Outdoor vegetable 8.0 0.52 24 44 8.9 33 49
(n=7)
SED 1.04 0.121 2.2 8.7 0.99 7.0 10.5
LSD 2.09 0.243 4.4 17.4 1.97 13.9 21.0
P value <0.01 ns <0.001 <0.001 <0.001 <0.001 ns

"In order to increase the sample size, ‘orchard+viticulture’ encompassed both orchard (n=6) and viticulture
sites (n=5). The broader horticulture land use category also encompassed one nursery site which was
excluded from the analysis as it was not considered appropriate to identify it as either an orchard+viticulture
or outdoor vegetable site
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3.4 Soil quality and trace element trend analysis for rural sites from
1995-2017

There were significant differences in mean concentrations of soil pH, TC, Olsen P, AMN,
macroporosity (-5kPa), bulk density and As across the three sampling periods 1995-2000, 2008-
2012 and 2013-2017 (Table 11). There were also significant differences in soil pH, TN, Olsen P,
macroporosity, bulk density, Cd, Cr and Ni for the factorial interaction of sampling period and land
use (Figure 8 and Table 12). That is, soil parameter changes over time varied significantly by land
use. Trend analysis across sampling period for soil sites on land uses that remained unconverted
are reported in Appendix 3 and while this analysis had the ability to split out dairy and drystock
sites the sampling size was reduced (47 and 30 repeat soil sites for soil quality and trace
elements, respectively) which needs to be considered when interpreting results.

Trend analysis showed no consistent trends except for significantly declining TC across the three
sampling periods (Table 11). Unlike levels specifically for outdoor vegetable production for the
most recent sampling period (Table 10), mean concentrations of TC were collectively within
acceptable guideline values across the three sampling periods (Table 11). However, trend
analysis were only subject to three sampling periods and future resampling will be important to
determine longer-term changes in soil TC.

For remaining indicators, mean soil parameters were all largely within recommended guideline
ranges, except for macroporosity (-5kPa) which was less in the second sampling period and
remained below recommended guidelines in the more recent sampling period (2013-2017) for
pasture sites compared to when these sites were first sampled in 1995-2000 (Table 12). Changes
in soil macroporosity could be attributed to some extent to sampling time as climatic conditions
may have significant seasonal effects on these measurements. Values for macroporosity are,
generally, higher in summer than in late winter (Curran Cournane et al., 2011a). Across the three
soil sampling events, sampling varied by up to three months (August-October), so it is not
possible to rule out climatic variability. Additionally, mean concentrations of Olsen P continued to
remain above guidelines for all three sampling periods for horticulture sites (Table 12).

Differences in soil quality and trace elements across land uses in Auckland 30



Table 11. Mean results of soil parameters across three sampling periods 1995-2000, 2008-2012
and 2013-2017. The standard error of difference (SED) and least significant difference (LSD) are
presented using un-transformed and the P-value is presented using log transformed data.
Significant differences are highlighted in bold and ns denotes ‘not significant’.

Soil parameter’ 1995- 2008- 2013- SED LSD P value
2000 2012 2017

Soil pH 5.86 5.96 5.87 0.046 0.090 <0.05
Total C (%) 7.3 6.9 6.4 0.22 0.43 <0.001
Total N (%) 0.54 0.54 0.52 0.016 0.032 ns
Olsen P (mg/kg) 37 44 42 3.3 6.6 <0.01
AMN (mg/kg) 145 151 132 6.8 13.3 <0.05
Macroporosity (-5kPa%)?> 12 8 9 0.7 1.3 <0.001
Bulk density (g/cm?3) 0.92 0.98 0.94 0.019 0.038 <0.001
Arsenic (mg/kg) 3.7 3.6 4.2 0.32 0.63 <0.001
Cadmium (mg/kg) 0.38 0.40 0.39 0.017 0.035 ns
Chromium (mg/kg) 12 12 12 0.6 1.2 ns
Copper (mg/kg) 15 16 16 1.5 3.0 ns
Nickel (mg/kg) 3.8 4.0 4.2 0.24 0.47 ns
Lead (mg/kg) 11.9 11.4 12.4 0.86 1.71 ns
Zinc (mg/kg) 31 34 34 2.5 5.0 ns

178 and 48 repeat sites were included in the soil quality and trace element analysis, respectively; the 30
remaining sites sampled between 1995-1998 did not have corresponding trace element data

2 Macroporosities are presented as -5kPa% (soil pores >60 microns) because -10kPa data was not available
for all sites sampled between 1995-2000 (Appendix 2). Macroporosity guideline range for -5kPa% is 8-30%
for horticulture and pastoral land uses
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Figure 8. Changes in mean macroporosity (-5kPa), bulk density, concentrations of Olsen P and
cadmium for three soil sampling periods by land use and sampling period. The least significant
difference (LSDgs using untransformed data) is given for land use, period and the interaction of
land use x period with ***, ** * indicating significance at the P<0.001, P<0.01 and P<0.0.05 level
(using log-transformed data), respectively.
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4.0 Conclusion

Soil quality indicators of most concern that fell outside recommended guideline ranges on most
occurrences were high Olsen P concentrations (an indicator for plant available phosphorus and
fertility) particularly for horticulture (outdoor vegetable production and orchards) and dairy sites;
low soil macroporosity (at -10kPa, an indicator of soil compaction) particularly for all pasture sites
(dairy, drystock and lifestyle blocks); and low total carbon (TC) for outdoor vegetable production
sites. These results indicate that phosphorus (P) fertiliser in excess of what is needed is being
applied to our land and that there are issues with soil compaction and losses of soil carbon,
respectively.

Compacted soils have a reduced volume of air pores which can impair plant growth and
productivity, as well as reduce the ability for water to infiltrate thereby causing greater surface
water ponding. Altered hydrology and plant uptake mean greater soil compaction is also
associated with greater surface runoff of nutrients and suspended sediment. Pastoral sites
exhibited elevated Olsen-P (relative to other land uses barring horticulture) and during the period
2008-2012 exceeded guideline ranges. Consequently, compacted pastoral soils appear to be of
higher risk to water quality from erosion of soil also already (excessively) P-enriched.

Soil macroporosity has been shown to have a strong annual cycle with values generally better in
summer than in late winter (Curran Cournane et al., 2011a). In Auckland, State of Environment
soil sampling is generally carried out in late-winter/early-spring, representing a worst-case
scenario (i.e., when the soil pores are water-filled and therefore more vulnerable to compaction
and pugging damage).

Similarly, to soil quality parameters, mean concentrations of trace elements were significantly
different by land use and soil order, but means fell within guideline ranges. Mean concentrations
of Cd and Cu for sampling period 2013-2017 were highest for horticulture sites; and pasture sites
for Cd. Mean concentrations of As, Cr, Ni, Pb, Zn were highest for sites within the urban
environment over the equivalent period.

To assess the soil environmental quality using concentrations of trace elements a contamination
index (Cl) was calculated for each analyte at each site i.e. it pools concentrations of trace
elements for sites across all land uses and soil orders together. The Cl was defined as the mean
ratio of an analyte to the mean of the corresponding analyte at native bush sites, the latter acting
as an indicator for conservative natural background conditions. The mean CI was classified as
high (CI >3) for Cd only (mean 6.6) indicating that concentrations of Cd were more than six times
higher than concentrations recorded at native soil sites. Moderate Cls (1< Cl <3) were calculated
for (by decreasing order) Ni>Zn>Pb>Cu>Cr>As. No mean Cl was classified as low (i.e. Cl £1)
indicating increased levels for all trace elements for non-native sites. The mean Cls for each
analyte were combined and averaged at each site, to create an integrated contamination index
(ICI). The region-wide combined mean ICI| across all sites was calculated as being moderate
measuring at 2.4 (ranging from 0.4-10.1). The CI and ICI are considered useful techniques for
interpreting data and they complement traditional ways of reporting concentrations of trace
elements for non-native sites.

Rural land use change was assessed by specifically comparing dairy (n=12), drystock (n=23),
lifestyle blocks (n=14), orchards+viticulture (n=11) and outdoor vegetable production (n=7) sites
for sampling years 2013-2015. Compaction, indicated by mean macroporosity, was greatest for
dairy operations (6% v/v at -10kPa), followed by drystock (8% v/v), lifestyle blocks (9% v/v),

Differences in soil quality and trace elements across land uses in Auckland 34



orchards+viticulture (12%v/v) and outdoor vegetable production (22% v/v) sites. Excessive
phosphorous, indicated by mean concentrations of Olsen P, were highest, and considerably
exceeded recommended guideline ranges for outdoor vegetable production (206mg/kg) followed
by dairy (57mg/kg), orchards+viticulture (55mg/kg), drystock (49mg/kg) and lifestyle blocks
(36mg/kg).

The intensive conventional nature of outdoor vegetable production is not only reflected in
considerably enriched Olsen-P (consequence of the large amount of P fertiliser applied) but the
very low mean concentrations of TC, TN and AMN of 2.7%, 0.25% and 21mg/kg, respectively.
Loss of soil carbon is most likely from continuous cultivation. Strategies to improve these issues
have been well documented which include, but not limited to the use of cover crops to restore the
carbon content of the soil, minimal tillage practices, application of green manures etc. that can
result in both environmental and agronomic benefits (Komatsuzaki and Wagger, 2015, Myers and
Watts, 2015, Basher et al., 1997).

Trend analysis showed no consistent trends except for significantly declining soil total carbon
(TC) across the three sampling periods albeit with mean concentrations collectively remaining
within acceptable recommended guidelines. While other mean soil parameters were also largely
within recommended guideline ranges across sampling periods, mean macroporosity (-5kPa) was
less in the second sampling period and remained below recommended guidelines in the more
recent sampling period (2013-2017) for pasture sites when compared with sites first sampled in
1995-2000. Across the three soil sampling events, sampling varied by up to three months
(August-October), so it is not possible to rule out climatic variability. Additionally, mean
concentrations of Olsen P continued to remain above guidelines for all three sampling periods for
horticulture sites.

Resources should be targeted towards land management strategies that improve soil ecosystem
health. To aid with alleviating soil compaction of pastoral sites (dairy, drystock and lifestyle
blocks) practices include restricted grazing, reduced stocking density and removing stock off
pasture when bare soil is beginning to be exposed (Drewry, 2006). This is particularly important
when grazing soils under wet winter-spring conditions (peak risk-period), rendering them more
erosion-prone, and even more so for soils that are predominantly clay-based which pose an
added environmental risk when lost from land to water [i.e. being a vector of other contaminants
including phosphorus and trace elements (Haygarth et al., 2006) and can present greater habitat
degradation from sedimentation (Bilotta and Brazier, 2008)].

Reducing P fertiliser application largely for horticulture (outdoor vegetable production and
orchards+viticulture) and dairy sites is recommended to reduce excessive P-enrichment of soils
which would otherwise be at risk of being lost from land to water via surface runoff during rainfall
events. The latter is exacerbated if the soil is also subject to compaction. Practices to ameliorate
the loss of soil carbon have also been well documented and include the use of cover crops to
restore the carbon content of the soil, minimal tillage practices, application of green manures etc.

Soil quality results for the latter specified indicators (macroporosity, Olsen P and TC) for
corresponding land uses documented in this evaluation indicate poor uptake of these strategies
by farmers which need to be reinforced and encouraged by land management advisors and rural
industry. This is particularly important if intentions to improve freshwater ecosystem health are to
be realised, the alternative being that these soil quality issues persist for another 20+ years. To
help assist land management and rural industry advisors, soil results need to be shared and
explained to landowners to help influence good land management practices for all soil parameters
that are close to or outside recommended guideline ranges which will complement any additional
soil testing that landowners undertake.
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As only three sampling periods were subject to trend analysis in the current report, it will be
important to continue to resample and monitor these soil sites to increase the size of the dataset
and improve the robustness of the trend analysis. Future sampling will also help determine any
improvements or deterioration and to ensure the functioning of the soil ecosystem. Additionally,
future sampling should consider the incorporation of biological indicators such as soil bacterial
communities which have previously been identified as being sensitive indicators of soil quality and
trace elements (Hermans et al., 2017). Future monitoring of soil sites will continue to inform policy
and science direction both regionally and nationally, the latter which would be aided by combining
regional long-term datasets to gain a comprehensive assessment of soil monitoring state and
trends for Aotearoa New Zealand. Continued monitoring and reporting will also fulfill legal
requirements under the Resource Management Act 1991 and its amendments.
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7.0 Appendices
Appendix 1: Soil sampling design by land uses from 1995-

2017
Sampling year | Land use category Sampling round
1995 subset of 78" sites across a variety of land uses | 1
1996 subset of 78 sites across a variety of land uses 1
1997 subset of 78 sites across a variety of land uses 1
1998 subset of 78 sites across a variety of land uses 1
1999 subset of 78 sites across a variety of land uses 1
2000 subset of 78 sites across a variety of land uses 1
2001-2007 no-sampling
2008 Horticulture 2
2009 Pastoral? (Dairy) 2
2010 Pastoral (Drystock) 2
2011 Forestry 2
2012 Native+Urban 2+1
2013 Horticulture 3
2014 Pastoral (Dairy + dairy converted sites) 3
2015 Pastoral (Drystock + drystock converted sites) 3
2016 Forestry 3
2017 Native+Urban 3+2

178 repeat sites for soil quality (48 for trace elements) were considered in the current trend analysis
as a few of the original sites were dropped from the monitoring programme for various reasons
including physical development obstructions, site access difficulties etc.

2 Pastoral land was specifically split and reported by dairy and drystock land uses up until 2011-2013
when the extent of land use change, in particular the conversion to lifestyle blocks, became apparent.
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Appendix 3. Trend analysis for soil sites on land uses that

remained unconverted

Mean results of soil parameters across three sampling periods 1995-2000, 2008-2012 and 2013-
2017 for soil sites on land uses that had remained unconverted. The standard error of difference
(SED) and least significant difference (LSD) are presented using un-transformed and the P-value
is presented using log transformed data. Significant differences are highlighted in bold and ns

denotes ‘not significant’.

Soil parameter’ 1995- 2008- 2013- SED LSD P value
2000 2012 2017

Soil pH 5.76 5.88 5.81 0.057 0.114 ns
Total C (%) 6.9 6.4 5.8 0.25 0.50 P<0.001
Total N (%) 0.48 0.46 0.43 0.018 0.035 P<0.05
Olsen P (mg/kg) 33 37 37 3.5 6.9 ns
AMN (mg/kg) 131 128 110 6.9 13.7 P<0.01
Macroporosity (-5kPa%)? 14 10 11 0.9 1.7 P<0.001
Bulk density (g/cm?®) 0.93 0.99 0.96 0.025 0.05 P<0.05
Arsenic (mg/kg) 3.6 3.6 4.4 0.24 0.48 P<0.01
Cadmium (mg/kg) 0.31 0.33 0.32 0.022 0.045 ns
Chromium (mg/kg) 11 11 12 0.9 1.7 ns
Copper (mg/kg) 16 16 17 23 4.7 ns
Nickel (mg/kg) 3.8 4.0 4.3 0.35 0.69 ns
Lead (mg/kg) 10.6 10.9 11.0 0.75 1.49 ns
Zinc (mg/kg) 29 31 32 3.3 6.7 ns

147 and 30 repeat sites were included in the soil quality and trace element analysis, respectively; the 17

remaining sites sampled between 1995-1998 did not have corresponding trace element data

2 Macroporosities are presented as -5kPa% (soil pores >60 microns) because -10kPa data was not
available for all sites sampled between 1995-2000 (Appendix 2). Macroporosity guideline range for -5kPa%
is 8-30% for horticulture and pastoral land uses

Differences in soil quality and trace elements across land uses in Auckland

65



99

pUEB[}ONY Ul S9SN puB| SSOJOB SIUBWI| dJBJ} pUe A}ljenb |10S Ul saoUaJaIQ

sasn pue |ejojsed pue ainynoiUoyY Joj %0¢-8 S! B4YG- Alisoiodoioeuw |10s Joy sbuel sulspinb ay] ,

9=U Y00}SAIp ‘C=U Allep ‘G=U BAIlBU ‘G=U 8IN}|N2ILO0Y ‘€=U AJ}SDI0} :SMO||0} SE aJe SISA|eue Juawa|e ao.l) J0) SB}IS 8SN pue| JO UMopXeald ay ]
0l=U320)sAip ‘2=u Allep ‘€=U 8AlJeu ‘Q|=u aJn}ndIJoy ‘/=u A1}S810} :SMOJ|0} Se aJe siskjeue Ajljenb |10S Jo} S8)Is 8sn pue| Jo umopyesiq ay] |

pouad x asnpue|

su G0°0> 100> su 10°0> su su 1L00'0> S0°0> su su su su su anjea 4

su su su su su su 100> G00> L000> LO0O> su su 100°0> su pouad anjeA 4
asnpue|

su su su 100> su 100> su su L00°0> 1L0°0> 1L00°0> 100°0> S0°0> 100°0> anjeA d

0'¢e S'9 9'¢ L 6 Geo 8¢ ¢6°0 9 LEL Ge Ly0 LG 08'G ZLlL-€10¢

8'€c €g Ve L 8 9€0 Ve €0l S €Ll L€ €50 8'G 88'G  ¢1-800¢

8'L¢c [ L€ L 0l Geo 9¢ 960 Ll €9l 0€ 050 6'G 8.'G 00-S661 yoo3shiq

'S¢ €9l 94 )% 145 8¥'0 v'G G6°0 € 6G1 96 190 6. €29 Ll-€l0¢

08¢ LGl A 4% €l 190 L'¢ L0°) € 29l 19 G690 9/ 0¢'9 ¢l-800¢

ooy €l 0'G 0]} 14" G9°0 6'Y .80 L Ll JAN ¥.°0 L8 1’9  00-S661 Aireq

€6c 80l 194 8 Ll 900 ov 16°0 Ll 90l 8 €0 LS 6€S LL-€10¢

L'0€ 80l 6'¢ )% bl 200 A 180 Gl 12 8 ov0 V'L 8G'G  ¢l-800¢

08 ¢Vl 8V 6 145 800 9¢ 680 91 acl (0]% (0140 G/ 6€'S 00-S661 SAllEN

Ovy C€l v'a 6€ 91 960 ov ¥6°0 145 68 €8 6¥°0 €9 619 LL-€10¢C

L'.€ 0OVl G'e 123 €l LGS0 0¢ co’l 8 88 €9 160 Ay 8€'9  ¢1-800¢

6G¢ 80l [ ce 4% 050 G¢ .60 Gl 8cl L. 050 ¢l 0€'9 00-S661 8In}NdNIo0H

€8l ¢'8 LcC S 9 600 99 €l 0¢ €9 ¢l ¢co 8¢ l9°'6  LL-€10Z

L'1c 6 v'S L 4% 00 0. 14N 6l 6. cc 20 6'€ 8€'G  ¢1-800¢

0’6l 89 L S 9 00 LS €60 €¢ JAS] %4 €€0 'S lZ’S  00-S661 Anysaiod

edAs d
uz dd IN no 10 PJ SvY ag -dN NNV  uss|O NL o) § Hd polad ,OSh pueT]

‘KjoAnoadsal ‘sauljapinb papuswiwiodal Mojaq pue aAoge

aJe 1ey) senjeA uesw ale sainbl) pjoq anjq pue paJ ul sislaweled |10S * Jueolyiubis Jou, Sejousp su pue pjog ul paybiybiy ale seousiaylp jueoniubig
"elep pawJojsued) Bo| Buisn pajuasaid sI anjeA-4 8| "S8lis PajdAUodUN o) 8sn pue| pue poliad Bulidwes Aq sisjawesed [10S JO SUOIIRIUSOUOD UBSJ\|



Appendix 4. Statistical outputs for soil macroporosity -10kPa
by soil order only for pasture sites (n=49) that were sampled
2013-2015

Analysis of variance

Variate: Air_filled_ MP_10kPa

Source of variation d.f. S.S. m.s. V.I. F pr.
NZSC_Order 6 41.61 6.93 0.64 0.701
Residual 42 457.99 10.90

Total 48 499.59

Message: the following units have large residuals.

*units* 41 10. approx. s.e. 3.

Tables of means

Variate: Air_filled_MP_10kPa

Grand mean 8.

NZSC_Order  Allophanic Brown Gley Granular Organic Recent

7. 8. 8. 8. 6. 10.

rep. 9 5 6 8 4 5
NZSC_Order Ultic
7.
rep. 12

Standard errors of differences of means

Table NZSC_Order
rep. unequal
d.f. 42
s.e.d. 2.3X min.rep
1.9 max-min
1.3X max.rep

(No comparisons in categories where s.e.d. marked with an X)

Least significant differences of means (5% level)

Table NZSC_Order
rep. unequal
d.f. 42
l.s.d. 4.7X min.rep
3.8 max-min
2.7X max.rep

(No comparisons in categories where |.s.d. marked with an X)
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Analysis of variance

Variate: LOG(Air_filled_MP_10kPa)

Source of variation d.f. S.S. m.s. V.I. F pr.
NZSC_Order 6 0.9118 0.1520 0.54 0.772
Residual 42 11.7315 0.2793

Total 48 12.6433

Message: the following units have large residuals.

*units* 16
*units* 23
Tables of means

Variate: LOG(Air_filled_MP_10kPa)

Grand mean 1.951

-1.772 approx. s.e. 0.489
-1.130 approx. s.e. 0.489

NZSC_Order  Allophanic Brown Gley Granular Organic Recent
1.772 1.993 2.064 2.092 1.692 2.099
rep. 9 5 6 8 4 5
NZSC_Order Ultic
1.942
rep. 12
Standard errors of differences of means
Table NZSC_Order
rep. unequal
d.f. 42
s.e.d. 0.3737X min.rep
0.3051 max-min
0.2158X max.rep
(No comparisons in categories where s.e.d. marked with an X)
Least significant differences of means (5% level)
Table NZSC_Order
rep. unequal
d.f. 42
l.s.d. 0.7542X min.rep
0.6158 max-min
0.4354X max.rep
(No comparisons in categories where |.s.d. marked with an X)
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Appendix 5. Property size (ha) by pastoral and horticulture

land use activity for soil sites according to Auckland

Council’s rates assessment.

Site number Land use/conversion Area (ha)
7 Dairy 51

8 Dairy 51

9 Dairy- Goat dairy 7.75"
28 Dairy 61.3
38 Dairy 76.9
62 Dairy 51.9
64 Dairy 40.6
121 Dairy 105.5
122 Dairy 105.5
123 Dairy 45.5
124 Dairy 45.5
125 Dairy 100
10 Vegetable production-Drystock 88

18 Drystock 87

21 Drystock 215.9
24 Drystock 215.9
25 Dairy-Drystock 215.9
27 Drystock 31.9
30 Drystock 69.6
33 Dairy-Drystock 104
35 Dairy-Drystock 104
42 Dairy-Horse stud 49
43 Dairy-Horse stud 49
46 Drystock 17.7
47 Dairy-Drystock 49.4
48 Drystock 149.5
50 Drystock 65

51 Drystock 65

53 Dairy-Drystock 31.9
55 Dairy-Drystock 31.9
68 Vegetable production-Drystock 53.5
73 Dairy-Drystock 40.4
74 Drystock 13.1
76 Drystock 9.5
84 Drystock 46.8
1 Vegetable production (outdoor) 14.5
41 Orchard 9.5
65 Orchard 4.1
67 Orchard 6.2
70 Vegetable production (outdoor) 19.3
71 Nursery 12.6
80 Viticulture 5.9
82 Orchard 20.3
86 Viticulture 104
87 Orchard 10.4
88 Orchard 10.4
113 Vegetable production (outdoor) 16.5
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Site number Land use/conversion Area (ha)
114 Vegetable production (outdoor) 8.1
115 Vegetable production (outdoor) 5.7
116 Vegetable production (outdoor) 14.9
117 Vegetable production (outdoor) 14.9
118 Viticulture 12.8
119 Viticulture 8.5
120 Viticulture 9.1
2 Drystock-Lifestyle block 14
12 Dairy-Lifestyle block 30.7
14 Orchard-Lifestyle block 2.8
20 Orchard-Lifestyle block 1.5
37 Vegetable production-Lifestyle 5
block
61 Drystock-Lifestyle block 2.6
63 Drystock-Lifestyle block 2.6
66 Dairy-Lifestyle block 11.4
69 Drystock-Lifestyle block 19.3
75 Dairy-Lifestyle block 0.25182
77 Dairy-Lifestyle block 25.8
78 Drystock-Lifestyle block 15.8
79 Vegetable production-Lifestyle 15.8
block
81 Orchard-Lifestyle block 15.6

" Converted to goat dairy

2 Lot size of property prior to rural subdivision cannot be sourced
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Appendix 6. Statistical outputs for soil quality parameters by
dairy, drystock and lifestyle block pastoral sites sampled
2014-2015 according to untransformed and log-transformed

data

Analysis of variance

Variate: Air_filled_MP_10kPa

Source of variation d.f.

Current_land_use
Residual
Total

S.S. m.s. V.r.
55.642 27.821 2.88
443.951 9.651
499.594

Message: the following units have large residuals.

*units* 41

Tables of means
Variate: Air_filled_ MP_10kPa

Grand mean 8.

Current_land_use Dairy
6.
rep. 12

F pr.
0.066

11. approx. s.e. 3.

Drystock Lifestyle
9. 8.
20 17

Standard errors of differences of means

Table Current_land_use
rep. unequal
d.f. 46
s.e.d. 1.3X
1.1

1.0X

min.rep
max-min
max.rep

(No comparisons in categories where s.e.d. marked with an X)

Least significant differences of means (5% level)

Table Current_land_use
rep. unequal
d.f. 46
l.s.d. 2.6X
2.3

2.0X

min.rep
max-min
max.rep

(No comparisons in categories where |.s.d. marked with an X)
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Analysis of variance

Variate: AMN_mg_kg w_w

Source of variation d.f.
Current_land_use 2
Residual 46
Total 48

S.s. m.s. V.I.
998. 499. 0.09

255006. 5544.

256004.

Message: the following units have large residuals.

*units* 20
*units* 21

Tables of means
Variate: AMN_mg_kg_ w_w

Grand mean 165.

Current_land_use Dairy
170.
rep. 12

177. approx. s.e.
195. approx. s.e.

Drystock Lifestyle
167. 159.
20 17

Standard errors of differences of means

Table Current_land_use
rep. unequal
d.f. 46
s.e.d. 30.4X
27.2

23.5X

min.rep
max-min
max.rep

(No comparisons in categories where s.e.d. marked with an X)

Least significant differences of means (5% level)

Table Current_land_use
rep. unequal
d.f. 46
l.s.d. 61.2X
54.7

47.4X

min.rep
max-min
max.rep

(No comparisons in categories where |.s.d. marked with an X)

F pr.
0.914

72.
72.
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Analysis of variance

Variate: BD_t m3_Mg_m3

Source of variation d.f.

Current_land_use
Residual
Total

Tables of means
Variate: BD_t m3_Mg_m3

Grand mean 0.90

Current_land_use Dairy
0.89
rep. 12

s.s. m.s.
0.00410 0.00205 0
1.53263 0.03332
1.53674

Drystock Lifestyle
0.91 0.89

20 17

Standard errors of differences of means

Table Current_land_use
rep. unequal
d.f. 46
s.e.d. 0.075X
0.067

0.058X

min.rep
max-min
max.rep

(No comparisons in categories where s.e.d. marked with an X)

Least significant differences of means (5% level)

Table Current_land_use
rep. unequal
d.f. 46
l.s.d. 0.150X
0.134

0.116X

min.rep
max-min
max.rep

(No comparisons in categories where |.s.d. marked with an X)

V.I.
.06

F pr.
0.940
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Analysis of variance

Variate: Olsen_P_mg_kg

Source of variation d.f.

Current_land_use
Residual
Total

S.s. m.s.
2100.7 1050.3 1
37958.5 825.2
40059.2

Message: the following units have large residuals.

*units* 2

Tables of means
Variate: Olsen_P_mg_kg

Grand mean 47.

Current_land_use Dairy
57.
rep. 12

V.I.
27

F pr.
0.290

122. approx. s.e. 28.

Drystock Lifestyle
48. 40.
20 17

Standard errors of differences of means

Table Current_land_use
rep. unequal
d.f. 46
s.e.d. 11.7X
10.5
9.1X

min.rep
max-min
max.rep

(No comparisons in categories where s.e.d. marked with an X)

Least significant differences of means (5% level)

Table Current_land_use
rep. unequal
d.f. 46
l.s.d. 23.6X
21.1

18.3X

min.rep
max-min
max.rep

(No comparisons in categories where |.s.d. marked with an X)
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Analysis of variance

Variate: pH

Source of variation d.f.

Current_land_use
Residual
Total

Tables of means

Variate: pH

Grand mean 5.971

Current_land_use Dairy
6.138
rep. 12

s.s. m.s.
0.46353 0.23177 2
451172 0.09808
497525

Drystock Lifestyle

5.894 5.944
20 17

Standard errors of differences of means

Table Current_land_use
rep. unequal
d.f. 46
s.e.d. 0.1279X
0.1144

0.0990X

min.rep
max-min
max.rep

(No comparisons in categories where s.e.d. marked with an X)

Least significant differences of means (5% level)

Table Current_land_use
rep. unequal
d.f. 46
l.s.d. 0.2574X
0.2302

0.1993X

min.rep
max-min
max.rep

(No comparisons in categories where |.s.d. marked with an X)

V.I.
.36

F pr.
0.105
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Analysis of variance

Variate: TC%

Source of variation d.f.
Current_land_use 2
Residual 46
Total 48

S.s. m.s. V.I.
47.34 23.67 1.65

661.07 14.37

708.40

Message: the following units have large residuals.

*units* 17
*units* 18
Tables of means

Variate: TC%

Grand mean 7.2

Current_land_use Dairy
7.8
rep. 12

15.6 approx. s.e.
10.2 approx. s.e.

Drystock Lifestyle
6.1 8.2
20 17

Standard errors of differences of means

Table Current_land_use
rep. unequal
d.f. 46
s.e.d. 1.55X
1.38

1.20X

min.rep
max-min
max.rep

(No comparisons in categories where s.e.d. marked with an X)

Least significant differences of means (5% level)

Table Current_land_use
rep. unequal
d.f. 46
l.s.d. 3.12X
2.79

2.41X

min.rep
max-min
max.rep

(No comparisons in categories where |.s.d. marked with an X)

F pr.
0.204

3.7
3.7

Differences in soil quality and trace elements across land uses in Auckland

76



Analysis of variance

Variate: TN%

Source of variation d.f.
Current_land_use 2
Residual 46
Total 48

S.s. m.s. V.I.
0.17918 0.08959 0.99
4.14450 0.09010
4.32369

Message: the following units have large residuals.

*units* 17
*units* 18
Tables of means

Variate: TN%

Grand mean 0.63

Current_land_use Dairy
0.66
rep. 12

1.15 approx. s.e.
0.88 approx. s.e.

Drystock Lifestyle
0.56 0.69
20 17

Standard errors of differences of means

Table Current_land_use
rep. unequal
d.f. 46
s.e.d. 0.123X
0.110

0.095X

min.rep
max-min
max.rep

(No comparisons in categories where s.e.d. marked with an X)

Least significant differences of means (5% level)

Table Current_land_use
rep. unequal
d.f. 46
l.s.d. 0.247X
0.221

0.191X

min.rep
max-min
max.rep

(No comparisons in categories where |.s.d. marked with an X)

F pr.
0.378

0.29
0.29
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Analysis of variance

Variate: LOG(Air_filled_MP_10kPa)

Source of variation d.f.

Current_land_use
Residual
Total

S.s. m.s.
1.6008 0.8004 3
11.0425 0.2401
12.6433

Message: the following units have large residuals.

*units* 16

Tables of means

Variate: LOG(AIr_filled_MP_10kPa)

Grand mean 1.951

Current_land_use Dairy
1.635
rep. 12

V.I.
.33

F pr.
0.044

-1.635 approx. s.e. 0.475

Drystock Lifestyle
2.073 2.030
20 17

Standard errors of differences of means

Table Current_land_use
rep. unequal
d.f. 46
s.e.d. 0.2000X
0.1789

0.1549X

min.rep
max-min
max.rep

(No comparisons in categories where s.e.d. marked with an X)

Least significant differences of means (5% level)

Table Current_land_use
rep. unequal
d.f. 46
l.s.d. 0.4026X
0.3601

0.3119X

min.rep
max-min
max.rep

(No comparisons in categories where |.s.d. marked with an X)
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Analysis of variance

Variate: LOG(AMN_mg_kg_w_w)

Source of variation d.f.

Current_land_use
Residual
Total

S.s. m.s.
0.0201 0.0100 0
9.1942 0.1999
9.2143

Message: the following units have large residuals.

*units* 1

Tables of means
Variate: LOG(AMN_mg_kg_w_w)

Grand mean 5.013

Current_land_use Dairy
5.045
rep. 12

V.I.
.05

F pr.
0.951

-1.074 approx. s.e. 0.433

Drystock Lifestyle
5.012 4.991
20 17

Standard errors of differences of means

Table Current_land_use
rep. unequal
d.f. 46
s.e.d. 0.1825X
0.1632

0.1414X

min.rep
max-min
max.rep

(No comparisons in categories where s.e.d. marked with an X)

Least significant differences of means (5% level)

Table Current_land_use
rep. unequal
d.f. 46
l.s.d. 0.3674X
0.3286

0.2846X

min.rep
max-min
max.rep

(No comparisons in categories where |.s.d. marked with an X)
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Analysis of variance

Variate: LOG(BD_t_m3_Mg_m3)

Source of variation d.f.

Current_land_use
Residual
Total

S.s. m.s.
0.00315 0.00157 0
2.13516 0.04642
2.13831

Message: the following units have large residuals.

*units* 20

Tables of means
Variate: LOG(BD_t m3_Mg_m3)

Grand mean -0.125

Current_land_use Dairy
-0.133
rep. 12

V.I.
.03

F pr.
0.967

-0.519 approx. s.e. 0.209

Drystock Lifestyle
-0.116 -0.130
20 17

Standard errors of differences of means

Table Current_land_use
rep. unequal
d.f. 46
s.e.d. 0.0880X
0.0787

0.0681X

min.rep
max-min
max.rep

(No comparisons in categories where s.e.d. marked with an X)

Least significant differences of means (5% level)

Table Current_land_use
rep. unequal
d.f. 46
l.s.d. 0.1770X
0.1584

0.1371X

min.rep
max-min
max.rep

(No comparisons in categories where |.s.d. marked with an X)
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Analysis of variance

Variate: LOG(Olsen_P_mg_kg)

Source of variation d.f.
Current_land_use 2
Residual 46
Total 48

S.s. m.s. v.r.
2.6169 1.3084 3.14
19.1835 0.4170
21.8004

Message: the following units have large residuals.

*units* 2
*units* 13
Tables of means

Variate: LOG(Olsen_P_mg_kg)

Grand mean 3.658

Current_land_use Dairy
3.902
rep. 12

1.734 approx. s.e.
-1.653 approx. s.e.

Drystock Lifestyle
3.775 3.349
20 17

Standard errors of differences of means

Table Current_land_use
rep. unequal
d.f. 46
s.e.d. 0.2636X
0.2358

0.2042X

min.rep
max-min
max.rep

(No comparisons in categories where s.e.d. marked with an X)

Least significant differences of means (5% level)

Table Current_land_use
rep. unequal
d.f. 46
l.s.d. 0.5307X
0.4747

0.4111X

min.rep
max-min
max.rep

(No comparisons in categories where |.s.d. marked with an X)

F pr.
0.053

0.626
0.626
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Analysis of variance

Variate: LOG(pH)

Source of variation d.f.

Current_land_use
Residual
Total

Tables of means

Variate: LOG(pH)

Grand mean 1.7855

Current_land_use Dairy
1.8130
rep. 12

s.s. m.s.
0.012940 0.006470 2
0.125807 0.002735
0.138747

Drystock Lifestyle

1.7720 1.7819
20 17

Standard errors of differences of means

Table Current_land_use
rep. unequal
d.f. 46
s.e.d. 0.02135X
0.01910

0.01654X

min.rep
max-min
max.rep

(No comparisons in categories where s.e.d. marked with an X)

Least significant differences of means (5% level)

Table Current_land_use
rep. unequal
d.f. 46
l.s.d. 0.04298X
0.03844

0.03329X

min.rep
max-min
max.rep

(No comparisons in categories where |.s.d. marked with an X)

V.I.
37

F pr.
0.105
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Analysis of variance

Variate: LOG(TC%)

Source of variation d.f.
Current_land_use 2
Residual 46
Total 48

S.s. m.s. V.I.
0.6585 0.3293 1.86
8.1254 0.1766
8.7839

Message: the following units have large residuals.

*units* 17
*units* 18
Tables of means

Variate: LOG(TC%)

Grand mean 1.876

Current_land_use Dairy
1.984
rep. 12

1.206 approx. s.e.
0.949 approx. s.e.

Drystock Lifestyle
1.737 1.964
20 17

Standard errors of differences of means

Table Current_land_use
rep. unequal
d.f. 46
s.e.d. 0.1716X
0.1535

0.1329X

min.rep
max-min
max.rep

(No comparisons in categories where s.e.d. marked with an X)

Least significant differences of means (5% level)

Table Current_land_use
rep. unequal
d.f. 46
l.s.d. 0.3454X
0.3089

0.2675X

min.rep
max-min
max.rep

(No comparisons in categories where |.s.d. marked with an X)

F pr.
0.167

0.407
0.407
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Analysis of variance

Variate: LOG(TN%)

Source of variation d.f.
Current_land_use 2
Residual 46
Total 48

S.s. m.s. V.I.
0.2900 0.1450 0.88
7.5924 0.1651
7.8824

Message: the following units have large residuals.

*units* 17
*units* 18
Tables of means

Variate: LOG(TN%)

Grand mean -0.547

Current_land_use Dairy
-0.482
rep. 12

1.096 approx. s.e.
0.935 approx. s.e.

Drystock Lifestyle
-0.640 -0.484
20 17

Standard errors of differences of means

Table Current_land_use
rep. unequal
d.f. 46
s.e.d. 0.1659X
0.1483

0.1285X

min.rep
max-min
max.rep

(No comparisons in categories where s.e.d. marked with an X)

Least significant differences of means (5% level)

Table Current_land_use
rep. unequal
d.f. 46
l.s.d. 0.3339X
0.2986

0.2586X

min.rep
max-min
max.rep

(No comparisons in categories where |.s.d. marked with an X)

F pr.
0.422

0.394
0.394
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