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ABSTRACT ARTICLE HISTORY

Full inversion tillage (FIT) at pasture renewal is a management Received 1 September 2023
option aiming to increase carbon stocks in long-term pasture, to Accepted 13 June 2024
achieve carbon neutrality. This study investigated the effects of
FIT on carbon and nutrient distribution in the soil profile (0-7.5, Deep tillage; soil fertilty; soil
7.5-15, 15-22.5 and 22.5-30 cm depths) as well as nutrient test value: nutrient
uptake, and subsequent fodder crop and/or pasture yields across stratification; Andisol; Alfisol
three pasture renewal trials (Trials 1 and 3: Alfisol; Trial 2:

Andisol). These effects of FIT were assessed against standard

tillage treatments (no till, shallow till), and non-renewed pasture

within 8-18 months post-tillage. FIT changed soil carbon

stratification, causing 16%-46% reduction in topsoil (0-7.5 cm)

cation exchange capacity across the three trials. However,

nutrient levels after FIT remained within recommended ranges for

crop and/or pasture growth, avoiding any vyield reductions.

Topsoil fertility post-FIT depended on original degree of nutrient

stratification in the soil profile. At Trial 1, temporary deficiencies

caused by low subsoil P and K soil tests pre-FIT were anticipated

and corrected with fertiliser nutrients for the following break crop

and resown pasture. We conclude that soil testing the cultivation

depth prior to FIT at pasture renewal provides the necessary soil

test information to manage yield expectations.

KEYWORDS

Introduction

Soil organic matter (SOM) in agricultural land represents a large store of carbon (C). Increas-
ing soil organic C (SOC) stocks is one of the negative emissions technologies (NET) con-
sidered by the Intergovernmental Panel on Climate Change (IPCC 2014). Increasing SOC
storage in agricultural soils is considered a sustainable management option to mitigate
greenhouse gas (GHG) emissions, as it removes carbon dioxide (CO,) from the atmosphere,
contributing towards carbon neutrality (Rumpel et al. 2019; Soussana et al. 2019;
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Bai and Cotrufo 2022). Under long-term grazed pastures (e.g. those in New Zealand and
Ireland), SOC concentrations in the soil profile are highly stratified (Calvelo-Pereira et al.
2018; Lawrence-Smith et al. 2021; Madigan et al. 2022), thus limiting additional storage in
the topsoil, while subsoils remain relatively undersaturated.

High producing grassland management in New Zealand typically involves renewal
every 7-10 years to maintain high pasture quality and productivity (Dodd et al. 2018).
Renewal of the old pasture often includes different tillage systems, either no till (NT,
direct drill), shallow till (ST, shallow disc, or rotary hoe to approximately 5 cm depth)
or full cultivation (mouldboard ploughing or large disc plough to approximately 10-
20 cm depth). The NT and ST methods maintain the C stratification, with 2- to 4-fold
higher C concentration in topsoils (0-15 cm) than subsoils (20-30 cm) (Calvelo-
Pereira et al. 2022). A one-off tillage event may promote short-term losses of C (Rutledge
et al. 2014), but topsoil C stocks can be re-established over several years, through high
inputs (pasture litter and roots, dung decomposition) (Hedley et al. 2009; Rutledge
et al. 2014).

Lawrence-Smith et al. (2021) proposed the implementation of deeper tillage (or full
inversion tillage, FIT), using a modified mouldboard plough with a skimmer, to transfer
topsoil into the 25-40 cm soil depth. When performed infrequently (Alcantara et al.
2016; Schiedung et al. 2019), FIT (1) changes SOM stratification, (2) exposes undersatu-
rated C in subsoil to higher plant inputs, (3) promotes the storage of new C into the soil
(Calvelo-Pereira et al. 2018), whilst (4) the buried topsoil C decomposes more slowly
(Kirschbaum et al. 2021). Lawrence-Smith et al. (2021) estimated that there is an area
of 2.6 million ha of ploughable pasture in NZ that could sequester an additional 14
Mg C ha™" in the 0-30 cm depth over 20 years from the implementation of FIT at
pasture renewal.

Nutrients in grazed pasture soils are usually vertically stratified along with the SOM,
with the greatest proportion occurring in the topsoil, where roots are most dense and
active (Cayley et al. 2002), especially under shallow-rooted permanent pasture species
(e.g. Crush et al. 2005). There is concern amongst rural professionals and farmers that
the use of FIT could cause unintended changes in topsoil fertility, because of the redis-
tribution of nutrients along with the SOM transferred into depth. Topsoil is the main
zone for accumulation and recycling of nutrients (Monaghan et al. 2007) and pollutants
(Loganathan et al. 2001; Loganathan et al. 2007; Stafford et al. 2018) due to the surface
application of fertilisers, plant nutrient uptake, and return of livestock excreta. Soil fer-
tility diagnostics rely on a standard soil testing depth, shallower for pastures (0-7.5 cm)
than for crops (0-15 cm; Roberts and Morton 2016; Morton et al. 2020). Conventional
mouldboard ploughing of long-term pasture can decrease topsoil (0-7.5 cm) test
values (e.g. Olsen P concentrations, Zhang et al. 2009) and pollutant concentrations
(e.g. Fluorine and Cadmium, Loganathan et al. 2007; Stafford et al. 2018), resulting in
environmental benefits of reduced P run-off (McDowell and Smith 2023) and reducing
pollutant uptake by pastures (Peng et al. 2023). Milligan et al. (2017) found that FIT (~70
cm depth) reduced topsoil (0-12 cm) K, Mg, extractable P, and mineral N levels in ex-
arable fields. The decrease in topsoil soil test values after pasture renewal will be site-
specific and dependent upon (1) the degree of vertical stratification of SOM and nutrients
in the old pasture soil profile, and (2) the depth of tillage. In the studies of Zhang et al.
(2009) and Milligan et al. (2017), only a few selected major nutrients were studied and/or
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there was minimum information presented on the subsequent implication of the fertility
changes on nutrient uptake, and crop/pasture production. In addition, these authors did
not quantify the nutrient cycling processes, such as the gains and/or losses of nutrients
from the new plant root zone that could return soil test values towards their original
values. Gains or losses will be controlled by the selection of crop and pasture species,
their management, fertiliser use and the rate at which plant uptake and excreta return
by grazing animals recycle nutrients to the soil surface. More information is needed
on the sequence of changes in soil test values with depth when different tillage systems
are used for pasture renewal and whether these changes are reflected in subsequent
crop and new pasture yields, particularly if deeper mouldboard ploughing (25- 40 cm)
is adopted to sequester more C in grazed pasture soils or to mitigate high Cd concen-
trations in some pasture soils (Peng et al. 2023).

In New Zealand, several field-scale trials were set up to evaluate the influence of FIT,
NT, and ST at pasture renewal on soil C stocks, as well as agronomic and environmental
performance (e.g. changes in nitrate leaching, nitrous oxide emissions) of pastoral
systems (Beare et al. 2020; McNally et al. 2020; Calvelo-Pereira et al. 2022). Three of
these ongoing field experiments (Calvelo- Pereira et al. 2019; Calvelo-Pereira et al.
2022), in which crop and pasture yields have been measured, provide an opportunity
to measure the short-term impact of FIT on SOC stratification and nutrient redistribu-
tion, soil fertility, and subsequent crop/pasture nutrient uptake. It was hypothesised that
(1) in the short-term, pasture renewal using FIT causes greater reduction in soil test
values in the standard pasture soil sampling depth (0-7.5 cm) when compared to
pasture renewal using NT or ST, and (2) if topsoil test values drop below the critical
range recommended for optimum plant growth, yields and nutrient uptake by crops
and pasture will be reduced.

Materials and methods
Brief description of study sites, establishment, and monitoring

During 2016-2018, three replicated field trials (Trial 1-3) were established on commer-
cial farms with long-term pastures (a mixture of perennial ryegrass (Lolium perenne L.)
and white clover (Trifolium repens L.)) under livestock grazing management. The trials
were designed to study the impact of pasture renewal (with or without a crop phase) that
compare FIT with either (1) other tillage practices of contrasting intensity; and/or (2)
continuous pasture (CP, no renewal). A detailed description of each trial can be found
elsewhere (Calvelo- Pereira et al. 2019; Calvelo-Pereira et al. 2022). Figure 1 summarises
main management activities carried out at each trial site until December 2018. Table 1
summarises main soil properties prior to the start of each trial.

Trials 1 (40°23"46.79”S 175° 36”35.77"E) and 3 (40°23"46.79"S 175° 36"27.48"E) were
established at Massey University’s Dairy Farm 4 (approximately 5 km away from Palmer-
ston North, Manawatu Region), on an Alfisol soil, a Typic Fragiaqualf (Soil Survey Staff
2014). Mean annual rainfall and temperature at the Palmerston North Region (average 30
years) are 967 mm and 13°C, respectively (National Institute of Water and Atmospheric
Research 2024). Trial 2 was established on a commercial sheep and beef farm near
Maxwell (Taranaki/Whanganui Region; 39°47746.50”S 174°54"1.62"E) on an Andisol
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Figure 1. Management calendar describing main activities for all plots, including specific tillage oper-
ations at FIT plots. Fertility sampling (S) occurred following the renovation of pastures, approximately
18-, 13—, and 8-months following tillage for Trials 1, 2 and 3, respectively.

soil, a Typic Hapludand (Soil Survey Staft 2014). Mean annual rainfall and temperature at
the Taranaki/Whanganui Region (average 30 years) are 882 mm and 14°C, respectively
(National Institute of Water and Atmospheric Research 2024).

The management activities of the renewal practice included (Trial 1-3) spraying of the
old pasture with glyphosate prior to any tillage or sowing (either crop and/or pasture). All
sowing used a seed drill, with disc openers. At Trial 1, the renewal practice (starting in
October 2016) involved the planting of leafy turnips (hybrid Brassica campestris var.
Hunter) as a summer forage crop, and then an autumn pasture reseeding (Figure 1).
The tillage treatments used were: (1) NT, or direct drilling of seeds; (2) ST, which
involved rotary hoeing to a depth of approximately 5 cm prior to seed drilling; and (3)
FIT, which used a Clough, single-furrow (Trials 1 and 2) mouldboard plough fitted
with a disc coulter and skimmer in front of each mouldboard capable of ploughing to
approximately 25-30 cm depth. Both the disc coulter and skimmer were set to transfer
topsoil (5-7.5 cm) into the bottom of the furrow and then the mouldboard covered the
transferred topsoil with subsoil. A rotatiller was used to prepare and mix broadcast fer-
tiliser into the ST and FIT seedbeds. Tillage treatments were used for preparation of the
soil for sowing the turnip crop and were assigned randomly to replicated plots (NT and
FIT, n=5; ST, n =4) of ca. 0.09 ha size. At Trial 2, the renewal practice involved the same

Table 1. Soil chemical properties determined for each trial site prior to the tillage treatments and
fertility assessments (from Calvelo- Pereira et al. 2019; Calvelo-Pereira et al. 2022).

Parameters
Exchangeable basic
P-retention cations |
Depth Olsen P (%) Sulphate-S (cmol kg™) CEC
Trial/Soil type (em) pH  (mgkg™") (mg kg™") K Ca Mg Na (cmol kg™
Trial 1/Alfisol 0-7.5 6.15 32.7 18-24" 10.6 0.61 90 20 0.14 159
7.5-15 581 139 - 59 0.26 6.0 1.0 0.09 12.1
Trial 2/Andisol 0-5 5.70 53.7 78 235 117 119 14 - 26.9
5-10 5.70 28.7 85 16.3 0.65 93 0.7 - 244
10-15 5.70 139 88 26.0 1.69 43 03 - 189
Trial 3/Alfisol 0-7.5 574 31.3 18-24 11.7 0.72 66 21 0.21 15.0
7.5-15 5.59 22.7 - 13.7 0.34 54 14 0.14 125

Arange of values reported for the same soil type (Schofield et al. 1981; Bolan and Hedley 1998; Curtin and Syers 2001).
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grass-crop-grass rotation as in Trial 1, and preparation for the crop started in October
2017 (Figure 1). The tillage treatments (NT, ST, FIT as described above) were assigned
in three strips along a slope gradient and thereafter divided into 5 sampling blocks (n
=5, ca. 0.03 ha per experimental plot). At Trial 3, the pasture renewal practice involved
a grass-grass rotation, using a continuous pasture (CP) as control treatment, i.e. no
pasture renewal. Trial 3 included the NT and FIT tillage treatments described above;
however, the FIT treatment at Trial 3 employed a customised, Lemken Europal, three
furrow reversible mouldboard plough, capable of ploughing (furrow depth) to approxi-
mately 30-35 cm depth with disc coulters and skimmers set to transfer topsoil (0-7.5 cm)
into each furrow bottom. This is a lower depth than that achieved with the plough used in
Trials 1 and 2. Treatments (NT, FIT and CP) were assigned randomly to replicated exper-
imental plots (n=4) of ca. 0.06 ha size.

Crop and pasture growth (Trials 1 and 2) or pasture only growth (Trial 3) was mon-
itored regularly, and grazing management (including fertiliser addition) followed each
farm’s best practice (Figure 1, Table 3; see also Calvelo- Pereira et al. 2019; Calvelo-
Pereira et al. 2022).

Assessment of selected pasture fertility parameters, and changes in C and N

In order to assess the effect of tillage treatments (Figure 1) on changes in C and N stocks
as well as selected soil tests (cation exchange capacity (CEC), exchangeable basic cations,
soil pH and Olsen P), a soil sampling campaign was conducted during May to November
2018, approximately within 18, 13 and 8 months following the tillage treatments for
Trials 1, 2 and 3, respectively (Figure 1).

Table 3 . The amounts (kg ha™") of nutrients applied in fertiliser and transferred by grazing animals
during the periods of seedbed preparation and crop and pasture growth in Trial 1(grazed by dairy
cows), Trial 2 (grazed by young bulls and sheep), renewal: old pasture — summer leafy turnip crop
- new pasture, and Trial 3 (grazed by dairy cows), renewal: old pasture —new pasture.

Nutrients transferred to  Nutrients transferred to ~ Total nutrients applied

Trial/Treatment Fertiliser applied turnip paddock® new pasture area A and transferred
(kg ha™") (kg ha™") (kg ha™") (kg ha™")
Nov 2016-Sep
2017 Jan 2017-Mar 2017 Aug 2017-May 2018 Nov 2016-May 2018
Trial 1 N P K N P K Mg N P K Mg N P K Mg
NT 200 30 60 2 N 115 1 262 35 344 32 552 76 519 42
ST 200 30 60 117 14 146 13 270 38 369 34 586 82 575 48
FIT 200 60 120 131 16 167 15 250 33 356 32 581 109 643 47
Nov 2017-Oct Feb 2018-Mar 2018 Oct 2018-Nov 2018 Feb 2017-Nov 2018
2018
Trial 2 N P K Mg N P K Mg N P K Mg
NT 149 106 - 158 28 299 24 31 2 37 2 337 136 336 26
ST 149 106 - 150 16 216 23 32 3 40 2 332 125 255 25
FIT 149 106 - 184 21 340 30 22 2 28 1 355 129 368 31
Mar 2018- May 2018-Nov 2018 Mar 2018-Nov 2018
Trial 3 N P K Mg N P K Mg
NT 28 31 28 198 27 284 17 226 58 312 17
CcP 28 31 28 204 30 303 17 232 61 331 17
FIT 28 31 28 187 25 289 15 215 56 317 15

Aestimated by the modified model of Salazar et al. (2010).
-, K not applied.
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Soil sample collection and analyses

Soil sampling

A total of 12 plots (four replicate plots per treatment) were selected for soil sampling at
each trial. All soil cores were collected with a percussion corer to a depth below 30 cm.
Two diagonal transects were used when sampling each plot, with between four to six soil
samples collected along each transect to give a total of eight to twelve soil cores per plot.
Each soil core was then cut into 7.5 cm depth increments (0-7.5, 7.5-15, 15-22.5 and
22.5-30 cm) and placed in labelled plastic bags (one composite sample per depth incre-
ment). The composite samples were air-dried, gently crushed, sieved (<2-mm), and hom-
ogenised prior to all laboratory measurements.

Chemical analyses

Total C and N concentrations were determined, on ground (<0.5 mm) subsamples, with a
Vario MACRO cube elemental analyser (Elementar Analysensysteme GmbH, Hanau,
Germany). The total C and N stocks at each depth (Mg ha™") were calculated in an equiv-
alent soil mass (Ellert and Bettany 1995; Wendt and Hauser 2013), using the corresponding
soil bulk density (dried at 105°C), determined at each experimental plot. Exchangeable basic
cations, pH, and Olsen P were determined following standard techniques (Blakemore et al.
1987). The exchangeable basic cations (Calcium, Ca; Magnesium, Mg; Potassium, K and
Sodium, Na) and CEC were measured using the semi-micro leaching technique. Briefly,
50 mL of 1 M ammonium acetate solution (pH 7) was passed through a mixture of 1 g
soil and acid-washed silica sand packed in semi-micro leaching tubes with moist filter
paper plug. Leachates were collected, pH measured, and an aliquot taken for Ca, Mg, K
and Na concentrations to be measured using microwave-plasma atomic emission spec-
troscopy (4200 MP-AES, Agilent Technologies, Singapore). The pH change in the collected
leachate was used to calculate exchangeable acidity (Schollenberger and Simon 1945). The
CEC (cmol. kg™") was determined as the sum of the basic cations and exchangeable acidity
expressed as ‘H" ions’. Soil pH was measured using a soil: solution ratio of 1:2.5, involving
10 g of air-dried (<2 mm soil) and 25 mL of de-ionised water. Soil Olsen P concentration
was determined using the method described by Blakemore et al. (1987).

Nutrient recycling by grazing

For each trial, a modified version of the model of Salazar et al. (2010) was used to estimate
the rate of nutrient recycling from fodder crop and pasture grazing events in the period
between tillage and soil sampling. The model considers all components of the stock daily
diet (e.g. amounts of supplementary feeds, fodder crop and/or pasture intake) to calculate
the daily ingested nutrient load. Crop and pasture yields and nutrient contents were aver-
aged within a tillage treatment to estimate the effect of treatments on feed quantity and
amounts of nutrients ingested. Nutrient amounts in animal products (e.g. meat and milk)
are deducted from total intake, and the remaining nutrients are assumed to be deposited
in excreta, which is allocated to areas (raceways, yards, milking shed, and grazing areas
(turnip crop and pasture)) based on the time the animals typically spend in each area.
The daily data for the dairy cow locations and diets in Trials 1 and 3 were supplied by
staff of the Massey University Dairy Farm 4. For Trial 2, the turnip and the renewed
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pasture areas were rotationally grazed by sheep or young bulls, with animals spending
time only on these areas.

Statistical analyses

Minitab 18 statistical software (Minitab LLC, Pennsylvania, USA) was used for statistical
analyses; GraphPad Prism Version 7 (GraphPad Software, San Diego, USA) was used to
prepare the graphs. Total C and N concentrations and the soil fertility variables were ana-
lysed using a two-way ANOVA test involving treatments (Trial 1 and 2: NT, ST, and FIT;
Trial 3: NT, CP and FIT) and the four soil depths (0-7.5, 7.5-15, 15-22.5 and 22.5-30 cm).
For each trial, differences in total C and N stocks in the 0-7.5 cm or total 0-30 cm nominal
soil depths caused by the corresponding treatments were tested using a one-way ANOVA.
The relationship between soil C and CEC of the soils was established using a linear
regression model. All analyses were run at a 5% significance level and where means
were significantly (P < 0.05) different, Tukey’s HSD was used to separate the means.

Results
Changes in total soil C and N

At all three trials, the vertical distribution of both total C and N were significantly (P <
0.001) affected by the tillage treatments and permanent pasture, with the values for the
FIT treatment being more uniform with soil depth, compared with the other treatments
(Figure 2). At Trial 1, the average concentrations of C and N in the 0-7.5 cm soil depth
for the FIT treatment were 27.4 g Ckg™' and 2.9 g N kg™" soil, respectively, or 30% lower
compared to the NT treatment (Figure 2a). In this soil depth, these equate to differences
of 8.6 Mg C ha™" and 0.9 Mg N ha™" between NT and FIT (Table S1). However, average
C and N stocks for the 0-30 cm nominal depth at equivalent soil mass were unaffected by
tillage, being on average 96.3, 93.6 and 95.9 Mg C ha™' and 10.7, 10.6 and 10.6 Mg N ha™"
for NT, ST, and FIT treatments, respectively (Table S1). At Trial 2, tillage effect was only
significant for total C. The average concentration of soil C in the 0-7.5 cm soil depth
under the FIT treatment was 58.8 g C kg™ soil, or 16% lower compared to the NT treat-
ment, i.e. a difference of 4.4 Mg C ha™"; Figure 2b; Table S1). In Trial 2, the average C
stocks for the 0-30 cm nominal depth at equivalent soil mass did not change with
tillage and were 118.1, 124.6 and 123.4 Mg C ha™' for NT, ST, and FIT treatments,
respectively (Table S1). At Trial 3, the average concentration of C and N in the 0-7.5
cm soil depth under the FIT treatment were 21.2 g C kg™ and 2.4 g N kg™' soil,
which were 45% and 40% lower compared to the NT treatment, respectively, i.e. a differ-
ence of 9.4 Mg C ha—" and 0.8 Mg N ha™", respectively (Figure 2c; Table S1). As in Trials
1 and 2, the average C and N stocks for the 0-30 cm nominal depth at an equivalent soil
mass did not change with tillage and were 81.8, 78.7 and 85.6 Mg C ha™' and 9.3, 9.2 and
9.7 Mg N ha™" for NT, CP, and FIT treatments, respectively (Table S1).

Changes in soil pH

Across the three trials, values of soil pH were similar between treatments (Table 2). Soil
pH in the Alfisols (Trials 1 and 3) were not strongly stratified with depth (Table 2). At
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Figure 2. Distribution of total soil C and N concentrations with soil depth under tillage treatments and
CP at (a) Trial 1 (b) Trial 2 and (c) Trial 3. At a given trial and soil depth interval, plotted points (means
and standard error of mean) with the same letter(s) are not significantly (P > 0.05) different.

Trial 1, there was a general trend of pH increasing with depth for the FIT treatment and
decreasing with depth for the other two tillage treatments up to the 22.5 cm soil depth. At
the standard pasture soil sampling depth (0-7.5 cm), pH was 5.72, 5.70 and 5.64 for the
NT, ST, and FIT treatments, respectively, well below the pH measured prior to the estab-
lishment of the trials (6.15; Table 1). At Trial 2 (Andisol), there was a general trend of pH
decreasing with soil depth for all three treatments (Table 2).

Changes in cation exchange capacity

At Trials 1 and 2, the effect of tillage treatments on CEC was not significant at any of the
soil depths, while in general CEC values for the FIT treatments were less stratified than
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the other two treatments (Table 2). At Trial 3, the vertical distribution of CEC was
affected (P =0.002) by all treatments, with NT and CP showing a general trend of
decreasing CEC with soil depth, while values of CEC were less stratified for FIT
(Table 2). In the 0-7.5 cm depth, CEC for the FIT treatment was 12.8 cmol, kg"1 soil,
or 38% lower (P < 0.01) compared to the NT treatment. In both 15-22.5 and 22.5-30
cm soil depths, the CEC values for the FIT treatment were similar as in the NT treatment.
The CEC (0-7.5 cm) for the CP treatment was 17.5 cmol. kg™" soil, which was not sig-
nificantly different from the NT treatment (Table 2).

Changes in exchangeable basic cations

The vertical distribution of exchangeable cations was similar to that of CEC. Cation con-
centrations were particularly higher in the 0-7.5 cm depth, in the NT and CP treatments,
compared to the FIT treatment (Table 2). A significant (P < 0.05) effect of FIT reducing
topsoil exchangeable cation values was shown only for Mg (Trial 1, Trial 3) and for K
(Trial 3) (Table 2). The average exchangeable Mg value (0-7.5 cm depth) for the NT
treatments were 1.5-1.9 cmol. Mg kg~" soil, which were reduced by 29%-43% to 1.1
cmol. M kg_1 soil for the FIT treatments across these two trials. At Trial 3, the
average exchangeable K value (0-7.5 cm soil depth), for the NT treatment was 0.71
cmol. K kg™ soil, which was reduced by 65% to 0.25 cmol. K kg™' soil for the FIT
treatment.

Changes in Olsen P

At Trial 1, Olsen P concentrations decreased with depth and all tillage treatments showed
(1) similar concentrations and (2) a high degree of vertical stratification of P (Figure 4a).
In Trials 2 and 3 the distribution of Olsen P concentrations with depth was significantly
(P < 0.001) affected by the tillage treatments (Figure 4b and c). For the NT and ST (Trial
2) and for NT and CP treatments (Trial 3), Olsen P concentrations were similar, decreas-
ing with soil depth. In contrast, the concentrations of Olsen P were more uniform with
soil depth under FIT (Figure 4b and c). In the 0-7.5 cm soil depth, the average Olsen P
under the FIT treatment were 40%-51% lower (P =0.001) than that for NT treatment,
being 16.6 mg P kg ' soil compared to 27.7 mg P kg™ ' soil at Trial 2, and 21.2 mg P
kg™" soil compared to 42.9 mg P kg™" soil at Trial 3, respectively. In the 15-22.5 and
22.5-30 cm depths, however, the average Olsen P concentrations under the FIT treat-
ment were 65%-80% higher (P < 0.001) (Figure 4b and c). For Trial 2, Olsen P (22.5-
30 cm depth) was 20.8 mg P kg™' soil for the FIT treatment compared to 4.5 mg P
kg™" soil for the NT treatment; for Trial 3, these values were 18.8 and 6.6 mg P kg™'
soil, respectively. For Trial 3, the Olsen P concentration in the 15-22.5 cm soil depth
was also higher (P < 0.05) for the FIT treatment (29.6 mg P kg™' soil) compared to
the NT treatment (10.1 mg P kg_1 soil) (Figure 4b and c).

Return of nutrients by grazing

The estimated amounts of nutrients from the turnip crop that grazing management
returned in excreta to the soil surface prior to sowing the new grass are given in Table
3. For Trial one, 11 kg P, 115 kg K, and 11 kg Mg were returned per ha for the NT
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Figure 4. Distribution of Olsen P concentrations with soil depth under the tillage treatments and CP at
(a) Trial 1 (b) Trial 2 and (c) Trial 3. At a given Trial and soil depth interval, plotted points (mean and
standard error of mean) with the same or no letter(s) are not significantly (P > 0.05) different.

treatment, while 16 kg P, 167 kg K, and 15 kg Mg were returned per ha for the FIT treat-
ment. For Trial 2, 28 kg P, 299 kg K, and 24 kg Mg were returned per ha for the NT treat-
ment, and 21 kg P, 340 kg K, and 30 kg Mg were returned per ha for the FIT treatment
(Table 3).

The amounts of nutrients from the new grass that grazing management returned in
excreta to the soil surface were variable (Table 3). For Trial 1, 35 kg P, 344 kg K, and
32 kg Mg were returned per ha for the NT treatment, while 33 kg P, 167 kg K, and 32
kg Mg were returned per ha for the FIT treatment. For Trial 2, 2 kg P, 37 kg K, and 2
kg Mg were returned per ha for the NT treatment, and 2 kg P, 28 kg K, and 1 kg Mg
were returned per ha for the FIT treatment. For Trial 3, 27 kg P, 284 kg K, and 17 kg
Mg were returned per ha for the NT treatment, and 25 kg P, 289 kg K, and 15 kg Mg
were returned per ha for the FIT treatment (Table 3).

Discussion
Changes in total soil C and N contents

Pasture renewal using FIT changed the vertical redistribution of SOM, thus, reducing C
and N storage in the topsoil (Figure 2) but the stocks in the 0-30 cm nominal soil depth
remained similar (Table S1). Similar observations were made by Alcantara et al. (2017)
and Calvelo-Pereira et al. (2022). The Andisol (Trial 2) stored more C than the Alfisol
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(Trials 1 and 3), features also observed elsewhere under pasture on flat to rolling land in
New Zealand (Schipper et al. 2017) and attributed to organic matter bound to allophane
in Andisols (Percival et al. 2000). At Trial 3, the greater (45%) reduction in C concen-
tration (0-7.5 cm depth) for the FIT treatment, compared with Trials 1 and 2, was poss-
ibly due to the use of a different mouldboard plough to implement FIT at Trial 3, which
placed the topsoil in the furrow bottom to a lower soil depth (30-35 cm on average). In
any case, FIT has created a significant ‘gap’ in topsoil C and a significant ‘gain’ in subsoil
C stock (Figure 2). If, with time, both (1) the ‘gap’ is re-filled through C inputs (pasture
litter and roots, ruminant dung) to form new SOM (Bai and Cotrufo 2022), and (2) the
subsoil ‘gain’ in C has a slower turnover time (Kirschbaum et al. 2021), then there is
potential for increasing soil C sequestration (Lawrence-Smith et al. 2021). Whether
this extra C sequestration in pasture soils can be achieved without adverse effects on
agronomic production will depend on nutrient distribution and soil properties such as
pH and CEC (Curtin et al. 2015; Bertrand et al. 2019; Basile-Doelsch et al. 2020).

Changes in soil pH

In the Alfisol at Trial 1, processes such as nitrification (following enhanced mineralis-
ation from cultivation), N fertiliser addition and urine return on the newly established
grazed pastures during approximately 13 months (Table 1) caused soil acidification
(Bolan et al. 1991). Contrastingly, in the Alfisol at Trial 3, soil pH was relatively
unchanged, possibly due to less time (8 months) for acidification to occur. In addition,
the uniform distribution of pH with depth (0-30 cm) for the CP treatment would indi-
cate a limited potential for soil inversion to influence pH.

In the Andisol (Trial 2), the distribution of soil pH with depth was independent of
tillage treatments and showed stratification with depth (Table 2). The application of
3.1 t lime ha™" after the tillage treatments were conducted (Figure 1; Calvelo-Pereira
et al. 2022) explains the high pH values in the 0-7.5 cm soil depth for all treatments
(NT: 6.10, ST: 6.05; FIT: 6.32) compared to the pH measured prior to the commencement
of this trial (5.70; Table 1). In the Andisol, following FIT, pH buffering in the top 0-7.5
cm soil depth decreased due to reduction in soil C (see below; Curtin and Trolove 2013),
while soil inversion increased pH at depth.

Changes in soil pH stratification with tillage will be site-specific; in general, in this
study the original soil profiles showed mostly a uniform distribution of pH. In these con-
ditions, unless the sites had recently received lime application, FIT has little potential to
re-distribute soil pH and increase surface soil acidity. In addition, where FIT brings up
subsoil with a low pH buffer capacity (low C concentration), there may be a reduced lime
requirement to correct any soil acidity that subsequently develops.

Changes in cation exchange capacity

For crop and pasture growth and grazing animal health it is important that topsoil CEC can
retain sufficient available pools of K, Mg, Ca, and Na. The CEC values of the soils at each
trial site, similar to other New Zealand topsoils, are strongly related to their SOM content
(Figure 3) (Parfitt et al. 1995). There was a moderate to strong dependence (Trial 1: R*=
0.65; Trial 2: R*=0.67; Trial 3: R*=0.80; P <0.01) of CEC on soil C across trial sites
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(Figure 3). Different intercepts for Trial 2 compared to Trial 1 and 3 reflect differences in
soil mineralogy for the Andisol and Alfisol, respectively. The regression equations indicate
that reducing soil C by 1 kg decreases CEC by 290, 200 and 330 cmol. kg~ C at Trials 1, 2
and 3, respectively, which on average (273 cmol. kg™' C) is similar to the values of 300
cmol, kg™' C and 282 cmol. kg™' C reported by Curtin and Rostad (1997) and Helling
et al. (1964), respectively. In the current study, the contribution of soil C to CEC in the
topsoil (0-7.5 cm depth) ranged from 60%-68% of total CEC for the NT treatment,
which was reduced to 53%-59% for the FIT treatment across the three sites. The CEC
values from C alone were estimated to be 11.7, 14.0 and 12.9 cmol. kg_1 soil for the NT
treatment at Trials 1, 2 and 3, respectively. These values were reduced by 16%-46%
(2.2-5.9 cmol kg ™" soil) to 8.1, 11.8 and 7.0 cmol. kg™ soil at Trials 1, 2 and 3, respectively,
for the FIT treatment. Thus, by inverting the soil, FIT temporarily reduces cation retention
(Curtin et al. 1996) in the new topsoil. However, topsoil CEC is expected to return to pre-
vious levels as new C is stored in the root zone.

Changes in exchangeable basic cations

As expected, FIT temporarily reduces the topsoil nutrient cation concentration when
soils with a strong vertical stratification of cation concentration are ploughed (Table
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Figure 3. Regression outputs between CEC and soil C at (a) Trial 1 (b) Trial 2 and (c) Trial 3, using data
from the various depth intervals. **P < 0.07, ***P < 0.001.
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2). If this reduction is addressed with a fertiliser application (e.g. at Trial 1, where an
additional 60 kg K ha™' was applied to FIT treatment only, Table 3), then the impact
on crop and pasture yields can be minimised. If the nutrient reduction is not addressed
by fertiliser application, it can lead to low topsoil cation concentration (Trials 2 and 3,
Table 2), which, if sub-optimal, could impact subsequent plant yield. This effect will
be site-specific. In this study at Trial sites 1 and 2, soil test values for K and Mg in topsoils
(0-7.5 cm, Table 2) post-FIT were at or above soil test ranges recommended for optimum
pasture growth (0.35- 0.55 cmol. K kg™ soil for Alfisols, 0.50- 0.70 cmol. K kg™ " soil for
Andisols; 0.40- 0.50 cmol. Mg kg_1 soil for all soils, Roberts and Morton 2016). Deeper
in the profile, the soil test values for the subsoil (15-30 cm depth) commonly fell below
optimum values (Table 2). A factor to consider is that in the 18 months post tillage and
prior to soil testing at Trial 1, the in-situ grazing of the turnip crop by strip grazing cows
(4 h/day) plus nine pasture grazing events recycled (through plant uptake and excreta
return) large amounts of K (Table 3). In addition, an estimated average of 124 kg K
ha™! was added as fertiliser and recycled to the surface of the FIT plots (Table 3). This
would be expected to cause a relative change in the 0-7.5 cm depth soil tests of 0.10
cmol. K kg™" soil (Roberts and Morton 2016). This partly explains why the 0-7.5 cm
K value for the FIT treatment was in the range 0.50 cmol. K kg™ soil, as in other treat-
ments, and different from the low value (<0.30 cmol. K kg_l) of the subsoil pre-plough-
ing. In comparison, at Trial 3, in the 6 months prior to soil testing, there were only six
grazing events by dairy cows, which recycled less K than in Trial 1 (Table 3). No
additional amounts of K were recycled to the surface soil of the FIT plots before soil
testing (no K fertiliser added; Table 3), which partly explains why the topsoil exchange-
able K of the FIT treatment in Trial 3 remained around the lower end of the target range
for optimum pasture production (Table 2, Table 3). Conversely, the topsoil Mg value for
the FIT treatment at Trial 3 was well above the target range (0.40-0.50 cmol. Mg kg™
soil) required for optimum pasture production and within the ideal range of animal
health (1.0-1.2 cmol. Mg kg_1 soil, Table 2; Roberts and Morton 2016).

The lack of a significant difference for Ca is consistent with FIT receiving higher
amounts of Ca from applied fertilisers relative to the other tillage treatments at Trial 1
(Table 2, Table 3; 16% Ca applied when using Kynofos 21-mono dicalcium phosphate;
see Calvelo-Pereira et al. 2022) and the farmer’s application of lime approximately 8
months before sampling at Trial 2 (Figure 1). However, the higher Ca concentrations
for FIT below 7.5 cm depth are the result of soil inversion (Table 2).

Changes in Olsen P

In Trial 1, all topsoil (0-7.5 cm depth) Olsen P values (corrected for bulk density; Table 2)
remained above the optimum range for both pasture and Brassica growth (i.e. 20-25 mg P
L™, for sedimentary soils, Roberts and Morton 2016; Morton et al. 2020). An additional 30
kg P ha™" was added as basal fertiliser to FIT plots only (Table 3). This extra P could raise
Olsen P values by 5-8 units in an Alfisol topsoil (sedimentary soil, Roberts and Morton
2016), which partly explains the 0-7.5 cm depth Olsen P values (Figure 4). However, in
Trials 2 and 3, initial soil test suggested no additional fertiliser P was needed following
FIT (Table 3), and thus topsoil Olsen P (Figure 4b and c) reflects the low values (<20 mg
P kg™ soil) of the subsoil brought to the surface following FIT. Results for Trials 2 and 3
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are consistent with topsoil burial at depth in the FIT treatment, representing the transfer of a
substantial amount (about 21 mg P kg~ soil) of potentially plant available P from the stan-
dard soil sampling depth of 0-7.5 cm to lower soil depths.

As with the total C and N, relative changes described for Olsen P were the result of the
highly stratified nature of P in long-term pastures (Loganathan and Hedley 1997) and, for
Trial 3, the tillage effect of a plough customised to achieve a high degree of soil inversion.
The observations at Trials 2 and 3 are consistent with findings of Milligan et al. (2017),
Zhang et al. (2009) and McDowell and Smith (2023), who reported decreased surface soil
P concentrations following either FIT or standard mouldboard ploughing. It is acknowl-
edged that in the 7.5-15 cm soil depth, the Olsen P concentration under the FIT treat-
ment increased relative to the other two tillage treatments (Figure 4), and that this P
may also be available for uptake by crop and pasture roots. However, this P transferred
below 7.5 cm would not be measured in the standard pasture sampling depth and, there-
fore, unaccounted for when determining fertiliser requirements for pasture maintenance.
For example, in the 0-7.5 cm soil depth of Trial 2, the Olsen P concentration (~12 mg P
L~ ! soil, corrected for a bulk density of 763 kg m™%; Table 2) of the FIT plots is below the
recommended range for optimum pasture growth on Andisol soils (Ash soils, 20-30 mg
P L' soil; Morton and Roberts 2016). Using the relationship between Olsen P and rela-
tive pasture yield for “Volcanic soils * developed by Edmeades et al. (2006), it is predicted
that this Olsen P value of 12 mg P L™" soil would support a relative yield of 90%. To avoid
any pasture yield reduction in this high phosphate retaining soil (anion storage capacity
80%, Table 1), Morton and Roberts (2016) would recommend a minimum capital ferti-
liser P application of ~ 60 kg P ha™". In the case of Trial 3, the Olsen P value corrected for
a bulk density of 1312 kg m™~> (Table 2) for the FIT treatment was ~28 mg L™" and within
the optimum range (Sedimentary soils, Roberts and Morton 2016). Using relationships
between Olsen P and relative pasture yield for ‘Sedimentary soils’ developed by
Edmeades et al. (2006) and/or McDowell and Smith (2023), it is predicted that an
Olsen P value of 28 mg P L™" soil would support a relative yield of >97%, and then no
capital fertiliser P addition would be recommended. Overall, when topsoil nutrient con-
centrations, although decreased by FIT relative to NT and ST, stay within the agronomic
optimum ranges, they are unlikely to impact negatively on crop and pasture yields.
However, the Olsen P value of 43 mg P kg™ soil on the NT treatment at Trial 3 on
the Alfisol, represents a P runoff risk compared to the Olsen P value of 21 mg P kg™
soil on the FIT treatment (McDowell and Smith 2023). According to relationships
between Olsen P values and P concentrations in sub-surface and overland flow, devel-
oped by McDowell and Condron (2004), FIT would have reduced the P runoff risk by
49% and 35%, respectively, compared to NT.

Nutrient uptake by turnip crop and renewed pasture

The nutrient concentration of the plants in Trials 1 and 2 (Figure 5) was in general
within the recommended ranges (exceptions: percentage P in the NT treatment and
percentage Mg in most treatments, Trial 1) reported by Morton et al. (2020) for leafy
turnip in a series of trials conducted in New Zealand. There were also significant
tillage treatment effects on the percentage of P in turnip plants at 111 days of
growth at Trial 1, and the percentage N, P, and K at 65 days of growth at Trial
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Figure 5. Element concentration (%): (a) N, (b) P, (c) K, and (d) Mg for crop and pasture herbage
samples. For each element, the ranges of concentration highlighted correspond to normal range
for Brassica and optimum range for mixed pasture (Morton and Roberts 2016; Roberts and Morton
2016; Morton et al. 2020).

2 (Figure 5; Table S3). Given these leaf nutrient concentrations, and the 0-15 cm soil
test values (Figure 5; Table 2), which fell within the range recommended for Brassica
crops (Morton et al. 2020), suggest that FIT treatment is unlikely to constrain nutri-
ent supply to the deeper rooting crop. At Trials 1 and 2 (Table 4), FIT increased
turnip crop yields, as well as N, P, K and Mg uptake (Calvelo-Pereira et al. 2022).

At all trial sites, the first pasture harvest of the new grass showed herbage N concen-
trations below the recommended range for optimum growth (Figure 5), suggesting
limited supply of N. Contrastingly, the amounts of P, K and Mg from the crop returned
in excreta were relatively high (Table 3), which may explain why P, K and Mg
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concentrations of the new grass were within or above the recommended range for
optimum plant growth (Figure 5). For Trial 2, however, P and Mg concentrations
were lower than the recommended range.

Decisions on additional nutrient requirement associated with soil inversion

This research demonstrated that FIT redistributes SOC and nutrients within the soil
profile, which may have implications for future fertiliser requirements. For Trial 1,
after initial soil testing showed a highly stratified Olsen P and exchangeable K profile,
with sub-optimal P and K values in the subsoil, a low-risk approach was used to
ensure the that FIT did not result in sub-optimal nutrient availability in the new
seedbed. This involved using recognised methods (Roberts and Morton 2016) to calcu-
late the additional amounts of P and K fertiliser required during seedbed preparation to
adjust Olsen P and exchangeable K values to optimal levels for pasture establishment and
production. For Trial 2, soil test values were less stratified and hence no additional fer-
tiliser was needed during seedbed preparation. In Trial 3, the initial soil testing (Table 1)
indicated highly stratified nutrient availability in the soil profile, with low P and K con-
centrations in the subsoil which remained within the recommended ranges, and there-
fore no remedial addition P and K fertiliser was required during seedbed preparation.
For Trials 1 and 2 the Brassica crop grown after FIT had higher yield and nutrient
uptake (Table 4; Calvelo-Pereira et al. 2022) than the two other tillage treatments.
Pasture renewal that includes a summer forage crop following tillage may create advan-
tages for maintaining topsoil nutrient concentrations. The deeper rooting Brassica has
ability to recover nutrients from the buried topsoil (Calvelo-Pereira et al. 2022). Con-
trastingly, in Trial 3 (grass to grass renewal), nutrient recovery by the new grass was
lower for the FIT treatment than for the NT treatment (Table 4), and the yield of the
renewed pasture was reduced.

Table 4. Mean herbage dry matter (DM, kg ha™') and nutrient (N, P, K, Mg, kg ha™") accumulated in
the crop phase and first pasture grazing in Trial 1(grazed by dairy cows), Trial 2 (grazed by young bulls
and sheep), renewal: old pasture — summer leafy turnip crop — new pasture, and Trial 3 (grazed by
dairy cows), renewal: old pasture — new pasture. For each variable, considering either crop or
pasture and each trial independently, the effect of treatment (i.e. NT, ST, FIT, or CP) was tested
following a one-way ANOVA; at a given trial, herbage, and variable, means with no or same letter
(s) are not significantly (P > 0.05) different.

Herbage  Variable  Units Trial 1 Trial 2 Trial 3
NT ST FIT NT ST AT NT cp FIT
Crop DM (kg ha™")  6349° 7963°  9338° 6282° 7261°  9575° - - -
N (kg ha™") 161° 245  293° 186 200 244 - - -
p (kg ha™") 17¢ 27° 36° 35 26 34 - - -
K (kg ha™") 2192 312  386° 313 253 395 - - -
Mg (kg ha™") 14° 20° 22° 25° 28° 35° - - -
Pasture DM (kgha™") 3349 3241 2954 1295 1365 1736 36017  2439°  2905°
N (kg ha™") 95 94 79 35 37 44 160° 93¢ 133°
p (kgha™) 14 14° 11° 4 4 5 15 11° 1P
K (kg ha™") 125 128 112 36 40 49 1280 74° 17°
Mg (kg ha™) 6° 6° 40 2 2 2 9 6° 6°

Note: -, not applicable.
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Conclusions

In long-term grazed pastures, which have a high degree of SOC and nutrient stratification
within the ploughing depth, using FIT for pasture renewal can modify the vertical distri-
bution of soil C and N, exchangeable Mg and K, as well as Olsen P soil test values, com-
pared to no-till or shallow tillage methods. This redistribution of subsoil can result in
sub-optimal topsoil test values, for crop and pasture growth, but reduces the risk of P
loss to surface water. Whether FIT creates topsoils with sub-optimal soil test values is
site-specific and should be determined by pre-cultivation soil testing of the intended
ploughing depth. Where yield reduction is predicted from sub-optimal topsoil fertility
following FIT, fertiliser inputs during seedbed preparation can be used to adjust soil fer-
tility. In the current study, on well-maintained pastures, only moderate or nil increases in
fertiliser and lime were needed to achieve optimum soil test levels after FIT, compared to
no-till or shallow tillage methods. Therefore, the use of FIT for pasture renewal as a man-
agement option for C sequestration, is not expected to be constrained by added fertiliser
costs. A wider range of trials in contrasting pedoclimatic conditions are recommended to
investigate constraints to optimal seedbed preparation before FIT is implemented to
stimulate soil C sequestration in long-term pastures.
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