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As part of state-of-environment reporting, soil quality monitoring in Auckland has indicated
that decreasing macroporosity is a concern for grazed pasture. This prompted a more intensive
study undertaken in 2011 to resample the original 35 sites. Comparisons were made between Soil
Orders and land uses, with soil samples taken from all repeat sites and under adjacent/ungrazed
fence-lines to act as a control. Macroporosity was significantly less for grazed/tread (7%) than
ungrazed/control (15%) treatments. However, macroporosity in the control treatment was only
just within recommended guidelines for the Ultic Soil Order, representing >40% of Auckland’s
soils. The study found that what were originally described as two land use categories; dairy and
drystock, increased to four categories; dairy, dairy-drystock conversion, drystock, and lifestyle
conversion. Although 83% of dairy sites occupied what would be considered prime land, a large
proportion of prime land was also occupied by lifestyle sites (64%), followed by dairy-drystock
(38%) and drystock (30%). Such information raises two concerns: first, that a large proportion
of prime land is not being used for commercial primary production; and second, the difficulty in

developing soil quality trends as a result of land use changes.
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Introduction

Over recent years, the detrimental impacts on
soil physical quality resulting from livestock
grazing have become of increasing concern in
New Zealand (e.g. Drewry et al. 2008; Curran-
Cournane 2010; Houlbrooke et al. 2011) and
worldwide (e.g. Bilotta et al. 2007; Savadogo
et al. 2007; Cattle & Southorn 2010; Kumbasli
et al. 2010). The implications of declining soil
physical quality are well documented and have
both environmental and agronomic repercus-
sions. Hoof action can deplete pasture density,
particularly when soil is close to or above field
capacity, and a depleted sward is less able to
trap soil particles (Nash & Halliwell 1999). This
promotes the generation of soil erosion and
associated contaminants in surface runoff and

subsequently deteriorates surface water quality
(McDowell et al. 2008). Livestock grazing can
also compact soil, reducing subsequent re-
growth and yield potential (Edmond 1966;
Drewry et al. 2008).

Macroporosity, a measurement of large pore
space in soil and therefore soil compaction, has
proven to be the most sensitive indicator for
both environmental and agronomic responses.
Relationships between macroporosity and con-
centrations of phosphorus and suspended sedi-
ment in surface runoff have been reported
(McDowell et al. 2003; Curran Cournane et al.
2011a). Furthermore, Drewry et al. (2004)
associated a 1.6% increase in spring relative
pasture yield with a unit increase in macropor-
osity (—10 kPa) at a soil depth of 0—5cm for
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four New Zealand Soil Orders, namely Brown,
Gley, Pallic and Recent.

Macroporosity is also a key soil quality
indicator as part of the 500 Soils Project’
instigated in 1995 for regional councils nation-
wide to undertake as part of the state-of-
environment (SoE) reporting (Hill et al. 2003).
Other key soil quality indicators include total
carbon (TC), total nitrogen (TN), Olsen P, bulk
density, pH and anaerobic mineralizable nitro-
gen. For pastoral-based systems within the
Auckland region, a recurring concern is soil
compaction indicated by macroporosity (deter-
mined at both —5and — 10 kPa). Macroporos-
ity averaged 4% at —5 kPa and 8% at —10 kPa
for combined dairy and drystock sites
sampled during 2009-10 (Stevenson 2010;
Fraser & Stevenson 2011). Macroporosity at
the same sites sampled between 1995 and 2000
averaged 10% at —5kPa (—10kPahad not been
measured during these periods) (Sparling 2009).
The decreasing trend in soil physical quality
in Auckland is of concern, particularly given
that the mean values for macroporosity
— 10 kPa fall below the 10% v/v recommended
guideline for both environmental and pasture
health. The recommended guideline for macro-
porosity —5kPais 8% v/v (Sparling et al. 2003).

Many reports have been published on soil
physical quality across several regions in New
Zealand including Northland (Singleton et al.
2000), Waikato (Singleton & Addison 1999;
Singleton et al. 2000; Zegwaard et al. 2000;
Drewry 2003, et al. 2004; Taylor et al. 2010),
Hawkes Bay (Betteridge et al. 1999), Manawatu
(Climo & Richardson 1984), Canterbury
(Drewry et al. 2001), North Otago (Houlbrooke
et al. 2009, 2011; Curran Cournane et al. 2011b)
and Otago and Southland (Drewry et al. 2000,
2004; Curran Cournane et al. 2010a,b). In
contrast, very little has been published on soil
physical quality within the Auckland region, a
region where about 90% of area is rural land.

Although there has been a pronounced
change in land use over the past 20 years with
the conversion of sheep farms to dairy farms
across many parts of New Zealand (Monaghan

et al. 2005), the picture is quite different within
the Auckland region. The State of the Auckland
Region (Auckland Regional Council 2010) re-
ported that dairy cattle numbers declined by
23%, dairy farms by 33%, and dairy farmed
land area (ha) declined by 25% between 2002
and 2008. Changes were also apparent for beef
cattle and sheep numbers which have declined
by 16% and 28%, respectively, from 2002 to
2008. Andrew & Dymond (2012) reported that
lifestyle blocks have expanded and cover 187,000
ha of land including 10% of New Zealand’s
high-class land, something that was also high-
lighted in the State of the Auckland Region
report (Auckland Regional Council 2010).

The degree of soil physical damage is depen-
dent on a range of factors such as antecedent soil
moisture at time of grazing, livestock loading
and inherent soil characteristics. Therefore, Soil
Order has proven to be an indicator of the likely
soil susceptibility to treading damage (Drewry
et al. 2004; Curran Cournane et al. 2010b). In
this study, sampling sites were located across
seven contrasting Soil Orders, representative
of the Auckland Region. The objective of this
paper is to compare soil quality for grazed
pasture over time (particularly soil physical
quality) and to determine soil quality for both
grazed and ungrazed conditions.

Material and methods

Study sites

This study took place across 35 sites within the
Auckland region, located on 28 pastoral grazed,
privately owned properties. The sites were
visited from 03-19 October 2011. Twenty-one
sites were located within North Auckland and
14 within South Auckland. The combination of
sites represented seven contrasting Soil Orders,
namely (with number of sites sampled in par-
entheses) Allophanic (3), Brown (6), Gley (4),
Granular (7), Organic (4), Recent (2) and Ultic
(9) and consisted of 18 genetic soil series (Table
1) (Hewitt 1998). Sites were chosen on these
particular soils because they are representative
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Table 1 Soil Series (with number of sites in parentheses), New Zealand Soil Classification (NZSC), S-map
(family/sibling code), parent material and origin, soil drainage class, and site category (with number of sites in
parentheses) (Hewitt 1998; Lilburne et al. 2011, Taylor 1954).

Soil profile material
S-map family  class/ Parent material

Soil Series NZSC code! origin Drainage Site category
Karaka (n =2) Typic Orthic Otor_21 + 54  Tephric/ Tephra Well/ Dairy (n=1),
Allophanic moderately Lifestyle (n =1)
well
Otao (n=1) Typic Orthic Danvk_36 Tephric/ Tephra Well Dairy (n=1)
Allophanic
Patumahoe (n=3) NOT (n=2)+  Putum_1+ Tephric/ Tephra Well/ Lifestyle (n =3)
NOM (n =1)? Brow_ 5 Imperfect
Cornwallis (n=1)  Typic Oxidic Guys_7 Tephric/ Highly Well Drystock (n=1)
Granular weathered rock
Ararimu Typic Orthic Kauae_5 Tephric/ Lacustrine Imperfect Drystock (n=1),
n=2) Granular Dairy-drystock
(n=1)
Parau (n=1) Mottled Orthic ~ Parau_2 Stony/ Moderately Imperfect Lifestyle (n =1)
Granular weathered rock
Red Hill Typic Sandy Wiku_25+ 12 Stoneless/ Aeolian Sand Well Drystock (n=1),
n=2) Brown Dairy-drystock
(n=1)
Matakawau (n =2)° BFL+ BFT* Matek_1 + Tephric/ Tephra over ~ Well Dairy (n=1),
N_370 2 highly weathered rock Lifestyle (n =1)
Waitemata (n =1)>  Acid Orthic Glad_54 Stoneless/ Alluvium Moderately Dairy-drystock
Brown well n=1)
Marua (n=1) Typic Orthic Ketu_6 Stoneless/ Highly Moderately Drystock (n=1)
Brown weathered rock well
Pinaki (n =2) Typic Sandy Paran_2 Stoneless/ Aeolian Sand Well Drystock (n=2)
Recent
Ardmore (n =2) Mellow Humic  Moka_6 Deep organic/ Peat Very poorly Lifestyle (n =2)
Organic
Ruakaka (n =2) Mellow Humic ~ Utuh_35 Other organic/ Peat Poor Dairy (n=2)
Organic
Warkworth (n=4) Typic Yellow Wark_3 Stoneless/ Highly Moderately Dairy-drystock
Ultic weathered rock well (n=2), Lifestyle
(n=2)
Whangaripo (n =3) Mottled Yellow Fanga_15 Stoneless/ Highly Imperfect Dairy (n=1),
Ultic weathered rock Drystock (n=2)
Aponga (n =2) Mottled Yellow Fanga 10 Stoneless/ Highly Imperfect Dairy-drystock
Ultic weathered rock n=2)
Kaipara (n =2) Acidic Orthic Inver_1 Stoneless/ Marine Poorly Drystock (n=1),
Gley Dairy-drystock
(n=1)
Albany (n =2) Typic Orthic Temu_52 + Stoneless/ Alluvium Poorly Drystock (n=1),
Gley Flax_97 Lifestyle (n=1)

! Family name and factsheet where available in http://smap.landcareresearch.co.nz/factsheet.

2 NOT + NOM denote Typic Orthic Granular and Mottled Orthic Granular, respectively.

3 Reclassification of Soil Order since Stevenson (2010) and Fraser & Stevenson (2011) according to NZSC.
4 BFL + BFT denote Allophanic Firm Brown and Typic Firm Brown, respectively.
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of grazing land within the Auckland region
(Hicks 1995).

At the time of sampling in October 2011, 20
sites were ungrazed for >2 weeks, six sites
ungrazed for >1 week and nine sites had been
grazed within a week of sampling. Site land use
and grazing management history were obtained
for each site from landowners. Stocking rates
varied between 9-18 stocking units/ha (Flem-
ing 2003) across the 35 sites. Fence-lines
adjacent to sampling sites were also sampled
provided they had been established for more
than 5 years (with one exception established
approximately 3 years previously) and were no
further than 40 m from the paired grazed site.
Vegetation was predominantly a mix of rye-
grass (Lolium sp.)/clover (Trifolium sp.) with
kikuyu (Pennisetum sp.) pasture at some sites
and moss species were apparent under some
fence-lines. Grazed and fence-line sampled sites
are hereafter referred to as tread and control
treatments, respectively.

Tread pastoral sites are those previously
monitored for soil quality as part of the
nationwide ‘500 Soils Project” (Hill & Sparling
2009) and had originally been sampled between
1995 and 2000 (hereafter referred to as 1995/00)
and resampled during 2009-10 (hereafter
referred to as 2009/10). These two sampling
events were conducted in late winter/early
spring in accordance with the Land and Soil
Monitoring Guidelines (Hill & Sparling 2009).
A pedologist involved in the original site
selection helped to relocate sites in some
instances while a GPS was used in 2009/10 to
reference the sites for later sampling events. The
pedologist also ascribed a land use capability
(LUC) class to each of the sampled sites (Lynn
et al. 2009). Nineteen of the 35 sites were
reported as dairy land use and 16 as drystock
during the original 1995/00 site selection pro-
cess. When sites were resampled in the current
study only six of the original 19 dairy sites
were still dairy and only 10 of the original
16 drystock sites were still drystock. Eight of
the 19 former dairy sites had been converted to
drystock operations and five to lifestyle blocks.

Similarly, six of the original 16 drystock sites
had been converted to lifestyle blocks. The
11 lifestyle blocks were grazed predominantly
by beef cattle alternating with horses and mixed
livestock. One lifestyle site had been ungrazed
by stock for more than 2 years. As a result of
land use change, sites were divided into four
categories for the current study: (i) dairy (n =6),
(i1) dairy-drystock conversion (n =38), (iii) dry-
stock (n=10), and (iv) lifestyle (n=11), the
latter reflecting dairy and drystock conversions
to lifestyle blocks. In the current study, dairy
and drystock sites are defined as sites being
grazed for commercial income, whereas lifestyle
sites are defined as land being grazed for other
purposes than commercial gain.

Sample collection and analysis

The soil sampling methodology was similar to
that reported in the Land and Soil Monitoring
Guidelines whereby composite soil chemistry
samples of 2.5 cm diameter were collected every
2 m along a 50 m transect at a 0—10 cm soil
depth. Soil physical analyses were sampled
from the insertion of stainless steel rings
(10 cm diameter and 7.5 cm depth) for deter-
mination of macroporosity at —5 and — 10 kPa
(% v/v) (volumetric percentage of pores
>60 um and >30 um, respectively) and bulk
density (g/cm?). Data presented from 1995/00
and 2009/10 sampling events were collected in
accordance with Hill & Sparling (2009) where-
by a stainless steel ring was taken at 15, 30 and
45 m intervals along a 50 m transect for soil
physical analysis. However, in the current study,
five stainless steel rings were collected at 10 m
intervals along the 50 m transect in order to
increase the number of replicates.

All analyses were carried out at Landcare
Research TANZ-accredited laboratories (Ha-
milton for physical analysis and Palmerston
North for chemical analyses) according to the
Land and Soil Monitoring Guidelines (Hill &
Sparling 2009). There were a total of 70 com-
posite samples for chemical analysis, 35 for both
tread and control treatments. The composite
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samples were well mixed, air-dried and sieved
(<2 mm) for Olsen P (Olsen et al. 1954). High
temperature combustion methods were used for
total carbon (TC) and total nitrogen (TN)
analyses (Blakemore et al. 1987). There were a
total of 350 intact soil cores collected for soil
physical analysis, 175 for both tread and
control treatments. In the laboratory, smaller
stainless steel rings (5.5 cm width and 3 cm
depth) were used to subsample the larger rings
by pressing into the larger core using a bench-
mounted drill press. The subsampling of the
larger rings is to correct for any sampling error
or bias between field staff and to ensure the
measurement of a fully intact soil core. The
smaller cores were saturated and equilibrated
at both —5 and —10 kPa on ceramic tension
plates to determine volumetric pore sizes
>60 um and >30 um, respectively (macro-
porosity). Dry bulk densities were calculated
from oven dry weights (105 °C). Chemical
analyses are presented on a gravimetric basis
to align with target guidelines for soil quality
(Sparling et al. 2003).

Statistical analysis

Concentrations of Olsen P, macroporosity at
—10 kPa, bulk density, TC and TN were tested
for normality and log transformed if necessary
before being subjected to ANOVA fitting terms
for treatment, Soil Order, land use and the
factorial interaction of treatment and Soil
Order, and treatment and land use, all based
on the 2011 sampling event data. Macroporos-
ity —10 kPa is only described in the 2011
sampling event data when comparing against
Soil Order and land use since macroporosity
—5 kPa and —10 kPa trends are very similar.
Blocking was used when comparing between
the three sampling periods (1995/00, 2009/10
and 2011) and site number used as the blocking
factor. Mean replicate data were used when
comparing soil physical quality (macroprosity
—5 kPa and bulk density) between the three
sampling periods to correct for replicate varia-
tion, and macroporosity —5 kPa was log trans-

formed when comparing between the sampling
periods. For the 2011 sampling event only tread
treatment data were used when comparing bet-
ween the three sampling periods. The correlation
coefficients between mean bulk density and TC
or TN based on the 2011 sampling event data
were determined by fitting linear regressions and
the level of significance was determined using
the F-statistic. Where used, the mean standard
error of difference (SED) and F-statistic are
presented in tabular form while specific compar-
isons in graphs are made with the mean least
significant difference (LSD) at P =0.05. All
analyses were carried out using the statistical
package Genstat 14 (2011) and graphical pack-
age Sigmaplot 11 (2008).

Results and discussion

Changes in soil quality over time

There were significant differences (P <0.001) in
soil quality for mean macroporosity (—5 kPa),
bulk density and Olsen P between the three
sampling events that took place in 1995/00,
2009/10 and 2011 (Fig. 1). Both Olsen P and
bulk density increased significantly in the
second sampling event and decreased in 2011.
Based on log transformed data, mean macro-
porosity (— 5 kPa) decreased significantly in the
second sampling event and neither increased
nor decreased in 2011 sampling. The observed
changes in bulk density are likely to have
implications on measured TC and TN stocks
in the 0—10 cm soil depth, but since a large
focus of the study was to explore the low
macroporosity, TC and TN contents are pre-
sented on a gravimetric basis. There were no
significant changes in TC and TN over time.
Mean TC contents were 8%, 7.8% and 7.8%
for sampling events 1995/00, 2009/10 and 2011,
respectively, and mean TN contents were
0.66%, 0.69% and 0.68%, respectively (data
not shown). Mean TC and TN were within the
recommended guideline range for Soil Order
and land use across all three sampling events
(Sparling et al. 2003).
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Figure 1 Changes in mean Olsen P concentrations,
bulk density and macroporosity (—5 kPa), for three
soil sampling periods. The boxes represent the inter-
quartile range (25th to 75th percentile) and the
whiskers show the range of values that fall within
the inner fences. « = outliers. The median is shown
as a line in each box.

Although there were several outliers for
median bulk density and Olsen P concentrations
(Fig. 1), the majority of sites were within the
recommended guideline range (Sparling et al.
2003; Taylor 2011). There was a significant
decrease in macroporosity (—5 kPa). The
guideline for macroporosity is 8% v/v for
—5 kPa (Sparling et al. 2003) and 10% v/v
for —10 kPa (Mackay et al. 2006) for pastoral

land. Macroporosity ( —5 kPa) in the Auckland
region is a cause for concern considering that
median values were just within the guideline
range for soil quality of 8% v/v in the 1995/00
sampling event but had dropped by half in
2009/10 and remained low in the current study
(Fig. 1). Soil compaction is also an issue for the
Waikato region for dairy and drystock sites
with macroporosities below target guidelines
(Taylor et al. 2010). Changes in soil physical
quality could be attributed to some extent to
sampling time given that there is a strong
annual cycle of compaction and soil recovery,
with soil physical quality generally better in
summer than in late winter (Curran Cournane
et al. 2011a). Across the three soil sampling
events, sampling varied at most by 2—3 months
(August—October), but as climatic conditions
may have significant seasonal effects on these
measurements, it is not possible to rule out
climatic variability. The sampling timeframe is
also likely to capture a worst case scenario for
soil physical quality when soil moisture is more
likely to be near or close to field capacity.

Influence of treatment on soil quality

There were significant differences between
tread and control treatments for macroporosity
(—10 kPa) and Olsen P concentrations (Table 2).
Macroporosity (—10 kPa) was significantly
greater (P <0.001) and Olsen P significantly
lower (P <0.001) for control treatments
(Table 2). There were no significant differences
for bulk density, TC and TN between treat-
ments. Singleton et al. (2000) reported mean
macroporosities (—10 kPa) 14%, 10% and
10% for never trodden (NT; taken underneath
fence-lines), usual (U; average pasture and
paddock condition) and previously pugged
(PP) treatments, respectively, at the 5-10 cm
soil depth. Mean macroporosities (—5 kPa)
were recorded as 11%, 7% and 8% for NT, U
and PP treatments, respectively, sampled at the
same soil depth and representing Allophanic,
Gley, Podzol and Ultic soils (Singleton et al.
2000). Bearing in mind the variation in sampling
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Table 2 Concentrations of Olsen P (mg/kg), total carbon (%), total nitrogen (%), bulk density (g/cm®) and
macroporosity —5 and —10 kPa (% v/v) for control and tread treatments. Standard error of difference
(SED) is given for comparison between treatments. ™ and *** denote not significant and significant at the

P <0.001 level, respectively.

Treatment Olsen P TC TN Bulk density Macroporosity (—10 kPa)
Control 34 7.7 0.63 0.84 15

Tread 44 7.8 0.68 0.86 7

SEDystreatment 2.6%%* 0.41™ 0.031™ 0.019"° 0.6%**

TC = total carbon.
TN = total nitrogen.

depth, the findings reported by these authors
(5-10 cm soil depth) are similar in range for
tread and control treatments in the current trial
(0-7.5 cm soil depth) although values are at the
lower end of the scale for the tread treatment in
the current study.

Cattle & Southorn (2010) also reported that
macroporosities, defined as pores between
65—150 um and > 150 um using image analysis,
were greatest under pasture cages and least
under set-stocked Merino sheep from a pasture
trial in New South Wales, Australia. These
authors found no significant differences in bulk
density and carbon content between treatments
over a 3-year trial, reiterating the sensitivity of
macroporosity as a key soil quality indicator.
In south-east Ireland, Kurz et al. (2006) re-
ported both lower macroporosity and higher
bulk density in arcas where cattle had free
access to graze, than in areas where they could
graze but could neither walk nor defecate on
the plot area. In the current study, it was both
physically and visually apparent that the ma-
jority of fence-lines were well established;
physically given the cores were a lot easier to
push into the soil, and visually given that soil
surface height was higher in level under the
fence-line than the surrounding grazed area at
the majority of sites. Zegwaard (2000) also
reported that soil under a well-established
fence-line was 40-80 mm higher than the
surrounding grazed area as a result of treading.

Sources of phosphorus (P) in grazed pasture
are soil, plant, fertilizer and faecal in origin

(Nash & Halliwell 1999). Soil quality is likely to
be at its least compacted state under and near
fence-lines with cattle and sheep preferring to
walk on camps and easy contoured areas
(Sheath & Carlson 1998; Niu et al. 2009).
This is in contrast to deer grazing where they
have a tendency to pace fence-lines causing soil
compaction and increased P loss (McDowell
et al. 2004). Such camp site activity may have
contributed to increased concentrations of
Olsen P for the tread treatment for some sites
in the current trial, particularly lifestyle and
drystock, although it is less likely on dairy sites.
Olsen P concentrations in grazed pasture could
equally be a result of daily grazing and
continuous defecation considering that cattle
and sheep have been reported to defecate 11-16
and 7-26 times a day, respectively (Haynes &
Williams 1993). Concentrations of Olsen P in
grazed pasture may also be an artefact of P top-
dressing, as bulk spreaders operate in paddocks
and away from fence-lines.

Influence of Soil Order on soil quality

There were significant differences for combined
treatments between Soil Order for all soil
measurements (Table 3) and significant differ-
ences for the interaction of Soil Order and
treatment for macroporosity ( —10 kPa), Olsen
P and TC (Fig. 2). The Recent Soil Order had
greatest macroporosity (—10 kPa) and bulk
density towards the upper limit. The Recent
Soil Order was represented by the Pinaki sand
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Table 3 Concentrations of Olsen P (mg/kg), total carbon (%) and total nitrogen (%), bulk density (g/cm?),
macroporosity —5 and —10 kPa (% v/v) for Soil Order. Standard error of difference (SED) is given for
comparison between Soil Orders for combined control and tread treatments. *** denotes significant at the

P <0.001 level.

Soil Order Olsen P TC N Bulk density Macroporosity (—10 kPa)
Allophanic (n =3) 55 6.6 0.55 0.96 10

Brown (n =6) 31 5.8 0.53 0.97 12

Gley (n=4) 47 6.9 0.60 0.84 9

Granular (n =7) 28 7.1 0.60 0.83 11

Organic (n =4) 55 16.5 1.29 0.65 10

Recent (n=2) 24 4.1 0.34 1.02 25

Ultic (n =9) 40 7.4 0.61 0.78 9
SEDgstreatment 5.6%%* 0.51%** 0.042%** 0.036%** 1.5%%*

TC = total carbon.
TN = total nitrogen.

soil series, a young, weakly weathered sand of
aeolian origin (Claridge 1961). Typically, high
macroporosities are linked with low bulk den-
sities and vice versa (Curran Cournane et al.
2010a,b), albeit being subject to soil texture.
However, Pinaki sands on the western coasts of
Auckland contain heavy minerals, such as
magnetite (Claridge 1961) so high bulk density
does not necessarily indicate soil compaction
but is a distinctive characteristic of this soil
series. Given that Recent soils are young soils
they have not had enough time to develop sig-
nificant amounts of organic material (Claridge
1961) and this is reflected in their TC and TN
contents (Table 3 and Fig. 2).

Unsurprisingly, Organic soils had greatest
TC and TN contents being dominated by
organic matter with characteristically low bulk
densities (Molloy 1993; Hewitt 1998). Total C
and TN have been reported to be positively
correlated (Schipper et al. 2007), and similarly,
correlated well in the current trial (+°=0.96).
Furthermore, there was a significant negative
correlation for bulk density and TC (Fig. 3a)
and for bulk density and TN (Fig. 3b). Organic
soils typically have >15% total C (Sparling
et al. 2003) and up to 70% organic matter
(Hewitt 1998). As a result, C content has been
reported to be an inappropriate soil quality
indicator for this Soil Order (Sparling et al.

2003). When Organic soil was excluded from
the dataset, significant differences continued to
be observed for TC content and Soil Order and,
also for the factorial interaction of Soil Order
and treatment (Fig. 2), so Organic soil re-
mained in the analysis (Table 3).

Ultic soils had second-highest TC and TN
contents (Table 3 and Fig. 2). This was largely
associated with two Ultic soil sites being
located where kikuyu pasture was dominant,
a pasture species that originates in South
Africa, with characteristically deep rooting
systems. Milne & Haynes (2004) also reported
that soil organic carbon (OC) was significantly
greater under kikuyu pasture than that under
ryegrass and that OC was negatively correlated
with bulk density.

Although the Organic soils had high TC
content and low bulk density (Table 3), these
soils had the greatest difference between tread
and control treatments for macroporosity
(Fig. 2). However, Ultic and Gley soils were
most compact overall measured by macropor-
osity (—10 kPa) (Table 3 and Fig. 2). These
soils are typically regarded as having drainage
impediments and being susceptible to treading
damage (Hewitt 1998; Singleton et al. 2000;
Curran Cournane et al. 2010a,b). For the tread
treatment, all Soil Orders failed to meet the
macroporosity (—10 kPa) guideline except for
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Figure 2 Concentrations of Olsen P (mg/kg), total
carbon (%) and macroporosity — 10 kPa (% v/v) for
the interaction of control and tread treatments with
Soil Order. The least significant difference (LSDys) is
given for the interaction of control and tread
treatments and Soil Orders.

Recent soils. For the control treatment, macro-
porosity ( —10 kPa) varied between 11% and
30% across the seven Soil Orders (Fig. 2).
Macroporosity was just within the target range
for the Gley and Ultic soils for the control
treatment (11% and 12%, respectively) and
therefore unlikely to meet the recommended
guidelines under livestock treading. Given that

about 40% of the area in Auckland is currently
mapped as Ultic soil (NZLRI 2010), which is
also reflected in the number of soil quality sites
located on these soils (Table 3), the overall
issues with soil compaction in rural Auckland
are largely influenced by the extent of this Soil
Order. Extra care should be taken when grazing
these soils by implementing practices such as
restricted grazing, reduced stocking densities
and/or off-site grazing facilities for periods of
high soil moisture. More research is required to
establish the impact of such issues both agro-
nomically and environmentally.

There were significant differences for con-
centrations of Olsen P and Soil Order with
concentrations being greatest for Allophanic
and Organic soils (Table 3). The majority of
Allophanic and Organic soils in the current
study were occupied by dairy sites (Table 1) and
the high Olsen P concentrations observed for
these soils largely reflect the intensification
associated with dairying. There was also a
significant difference for the factorial interac-
tion of Soil Order and treatment (Fig. 2), but
when Organic soils was excluded from the
dataset, significance was only apparent for
Soil Order and not the factorial interaction of
Soil Order and treatment.

Influence of land use on soil quality

There were significant land use differences for
all soil measurements for combined tread and
control treatments (Table 4) and significant
differences for the interaction of land use and
treatment for macroporosity (—10 kPa) and
Olsen P (Fig. 4). For combined treatments,
macroporosity (—10 kPa) was greater for dry-
stock sites and lower for dairy, dairy-drystock
and lifestyle sites. There was very little differ-
ence between dairy-drystock conversion and
lifestyle sites with regard to bulk density, but
soil under dairy pasture had clearly higher bulk
density (Table 4). Macroporosity (—10 kPa)
was also within the recommended guideline
range (10%-30% v/v) for soil health for the
combination of treatments (Mackay et al. 2006;
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Figure 3 Correlations between bulk density (g/cm®) and (A) total carbon (%) and (B) total nitrogen (%).
There was no significant difference between regression lines for control and tread treatments for the
correlation between bulk density and total carbon, therefore only a single line was fitted (A). There was a
significant difference between regression lines for control and tread treatments for the correlation between
bulk density and TN and therefore two lines were fitted (B).

Table 4 Concentrations of Olsen P (mg/kg), total carbon (%) and total nitrogen (%), bulk density (g/cm?)
and macroporosity —5 and —10 kPa (% v/v) for land use for combined control and tread treatments.
Standard error of difference (SED) is given for comparison between treatments. * and *** denote significance
at the P <0.05 and P <0.001 levels, respectively.

Land use Olsen P TC TN Bulk density Macroporosity (—10 kPa)
Dairy 52 8.3 0.65 0.92 10
Dairy-drystock 46 7.0 0.61 0.83 10

Drystock 36 6.3 0.56 0.86 14

Lifestyle 29 9.3 0.77 0.80 10
SEDgstreatment 3.7Hx* 0.58%** 0.045%** 0.028%** [.1***

TC = total carbon.
TN = total nitrogen.

Hill & Sparling 2009). However, for the tread
treatment, compaction measured by macropor-
osity — 10 kPa was below recommended guide-
lines for all but drystock sites, and was most
apparent for dairy sites followed by lifestyle
and dairy-drystock conversion sites (Fig. 4). In
New Zealand there has been pronounced change
in land use with the conversion of many sheep
farms to dairy farms over the past 20 years
(Monaghan et al. 2005). However, the picture is
quite different within the Auckland region. The
State of the Auckland Region (Auckland Re-

gional Council 2010) reported that dairy cattle
numbers declined by 23%, dairy farms by 33%
and dairy farmed area (ha) by 25% between
2002 and 2008, while beef cattle and sheep
numbers declined by 16% and 28%, respec-
tively. Despite the average dairy herd size
increasing by 21% between 2002 and 2008 in
the Auckland region (Auckland Regional Coun-
cil 2010), average herd sizes remain small by
New Zealand standards (LIC 2011). In the
current study, the degree of intensification
associated with dairying was apparent in the
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Figure 4 Concentrations of Olsen P (mg/kg) and
macroporosity —10 kPa (% v/v) for control and
tread treatments for land use types. The least
significant difference (LSDys) is given for the inter-
action of control and tread treatments and land use

types.

low macroporosity and the high Olsen P con-
centrations for dairy sites (Table 4 and Fig. 4).
Although Olsen P concentrations were least for
lifestyle sites, reflecting their lesser intensive land
use, these sites were the second most compacted
land use in terms of macroporosity. It will be
important to determine if improved macropor-
osity is detected for these lesser intensive sites at
later sampling events. Significant differences for
the interaction of land use and treatment effect
for Olsen P concentrations were only apparent
for dairy and dairy-drystock sites (Fig. 4).
Total C and TN contents were greatest for
lifestyle > dairy > dairy-drystock > drystock
sites (Table 4). Lifestyle blocks were the largest
land use category in the current study repre-
senting 11 sites (31%). Andrew & Dymond

(2012) reported that in Auckland 21% of lifestyle
blocks are on high-class land which amounts
to 35% of all high-class land in the region.
Currently, lifestyle blocks cover about 10% of
the Auckland region and represent 64% of land
parcels (AssureQuality 2012). In comparison,
drystock and dairy farms cover 49% and 14%
of the Auckland region, respectively, and ac-
count for 17% and 2%, respectively, of land
parcels (AssureQuality 2012). Although 83% of
dairy sites in the current study occupied elite or
prime land (defined as LUC classes 1-3 in the
Auckland Regional Policy Statement [Auckland
Regional Council 2008]), a large proportion of
lifestyle sites (64%) were also on high-class land
followed by dairy-drystock (38%) and drystock
(30%). Such information raises two concerns:
first, that a large proportion of elite or prime
land in the current study is not solely being used
for commercial primary production; and second,
the difficulty in developing soil quality trends for
dairy and drystock sites over time as a result of
the extent of land use change that is being
experienced within the Auckland region. The
latter should not deter continuing soil quality
monitoring across the Auckland region because
landowners were advised of their soil quality
results, either in person or by letter, and best
management practices were recommended, with
particular attention to macroporosity. It will be
important to determine if a response is detected
in future reporting.

Conclusions

There were significant differences in mean
changes for macroporosity (—5 kPa), bulk
density and Olsen P across sampling events
1995/00, 2009/10 and 2011 for grazed pasture.
Bulk density and Olsen P increased in the
second sampling event, then reverted close to
original values in 2011, whereas macroporosity
decreased in the second sampling event and
remained low in 2011. Olsen P and bulk density
across grazed sites were within the recom-
mended guidelines for soil health but macro-
porosity was below the recommended guideline,
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indicating soil compaction. When tread and
control treatments were compared, significant
differences were observed for macroporosity
(—10 kPa) and Olsen P with the former being
less and the latter being greater for the tread
treatment. Soil Order had a significant effect on
all soil measurements. Significant differences
for the interaction of Soil Order and treatment
were observed for macroporosity (—10 kPa),
Olsen P and TC. For the tread treatment, all
Soil Orders failed to meet the macroporosity
(—10 kPa) guideline except for Recent soils.
For combined treatments, macroporosity was
least for Ultic and Gley soils. For the control
treatment macroporosity was just within the
target range for Ultic and Gley soils. Ultic soils
represent about 40% of the soils within rural
Auckland and land management issues with
low macroporosity are largely influenced by
this Soil Order.

The degree of land use change was also very
apparent in the study. What were originally
described as two land use categories across the
35 sites (dairy, n=19; and drystock, n=16)
increased to four land use categories: dairy (n =
6), dairy-drystock (n =8), drystock (n =10) and
lifestyle sites (n =11), of which five were dairy-
lifestyle and six drystock-lifestyle conversions
for the latter. Consequently, land use had a
significant impact on all soil measurements.
Macroporosity was least and Olsen P greatest
for grazed dairy sites reflecting the intensifica-
tion associated with this land use. Lifestyle sites
had greatest TC and TN contents followed by
dairy > dairy-drystock > drystock sites. Dairy,
lifestyle, dairy-drystock and drystock sites oc-
cupied 83%, 64%, 38% and 30%, respectively,
of what is considered to be elite or prime land
which raises two concerns: first, that a large
proportion of elite or prime land in the current
study is not solely being used for commercial
primary production; and second, the difficulty
in developing soil quality trends for dairy and
drystock sites over time given the rapid land use
change within the Auckland region.
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