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Abstract
This paper outlines a methodology and the first national estimates of the soil carbon (C)
sequestration potential of full inversion tillage (FIT) pasture renewal in New Zealand.

Soils under long term permanent pastures have large topsoil C stocks. As such, the scope to
accumulate additional C in surface soil is limited. However, because C in pastoral soils declines
with depth, there may be potential for subsoil to sequester additional C. Grazed pastures in
New Zealand often require periodic renewal (re-seeding following shallow cultivation) to
maintain productivity.

To derive the first national estimates of the soil C sequestration potential of FIT pasture renewal
in New Zealand, we conducted a case study using soil C data obtained from 247 continuously
grazed pasture sites (five major soil Orders representing ~80% of the country’s improved
grassland area), a soil C accumulation and decomposition model and a geographic overlay of
land use, slope and soils information.

On average, prior to FIT the C concentration in the 0-15 cm layer across all soil Orders was
1.8 to 2.0 times that in the 15-30 cm layer, with the 0-15 cm layer containing around
25-30 t ha more C. Predicted changes in C stocks following (hypothetical) FIT pasture
renewal were considered to be driven by: 1) accumulation of C in the new 0-15 cm layer
(inverted subsoil), and 2) decomposition of C in the new 15-30 cm layer. Decomposition was
estimated using a two-pool model with decay rate constants (k) of 0.1 y for particulate organic
C and 0.02 y! for stable C. In the 20 years following FIT pasture renewal, the stock of soil C
was estimated to increase on average by between 12 (Pallic and Recent soils) and 16 t ha
(Allophanic soils), assuming that C in the surface 15 cm recovered to pre-FIT concentration.
Nationally, adoption of FIT for pasture renewal on all ploughable land currently under high
producing grasslands could potentially induce soil C sequestration of 36 Mt over 20 years.

Introduction

Global atmospheric concentrations of greenhouse gases are steadily increasing. Soil C
sequestration is considered a promising mitigation option to help offset these emissions (Lal,
2004).

New Zealand pastures, dominated by ryegrass and white clover swards, tend to have ~80% of
their root mass in the upper 15 cm of the soil profile (Crush et al. 2005). As such, these soils
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tend to have high topsoil C stocks, which decline rapidly with depth (Kelliher et al., 2012,
Schipper et al., 2007) (Figure 1). A recent review on management practices that may increase
soil C stocks in New Zealand (NZ) pastoral soils, identified deeper rooting pasture species,
biochar incorporation, and manipulation of the soil profile (i.e. FIT) as promising options
(Whitehead et al. 2018).

Our aim was to estimate the potential for FIT to sequester C in NZ soils. We hypothesised that
FIT would increase C storage by (1) exposing under-saturated subsoil to large inputs of C (i.e.,
roots, exudates, excreta), and (2) burying C-rich surface soil deeper in the soil profile may slow
its decomposition. To achieve our aim, we conducted a case study using soil C data obtained
from 247 continuously grazed pasture sites (five major soil Orders representing ~80% of the
country’s improved grassland area), developed a soil C accumulation and decomposition model
and utilised geographic overlays of land use, slope and soils information.
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Figure 1. Soil carbon stocks by depth for New Zealand soils. Adapted from Schipper et al.
2010.
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Methods

Soil organic carbon stocks and vertical stratification

Soil C stocks and stratification in New Zealand pastoral soils were assessed using a dataset
comprised of measurements from 247 long-term pasture sites, representing five soil Orders
(Table 1). Within each paddock, samples were collected from two depths (0-15 and 15-30 cm)
and analysed to determine soil C content, and bulk density.

Estimating C change following soil inversion

The effect of a one-time FIT event (0—30 cm) on soil C stocks was modelled for each of the
247 paddocks. To estimate how C stocks may change in the 20- year period post inversion,
the plough layer (0—30 cm) was divided into two sub-layers (0—15 cm and 15-30 cm depth
intervals). We assumed that changes in C stocks would be driven by: 1) accumulation of C in
the new 0-15 cm layer, and 2) decomposition of C in the 15-30 cm layer.

C accumulation in the 0-15 cm layer post inversion

Our assumptions were: (1) Soil C in the uppermost 15 cm would reach a new steady state
within 20 years of FIT based on the IPCC guideline (IPCC 1997) for attainment of steady
state soil C following a change in land management, (2) the maximum C stock achievable in
the new surface soil would be the same as that in the pre-inversion surface soil, (3) the rate of



soil C accumulation with time is linear, (4) that other nutrients that could influence C cycling
were ignored, and (5) any pasture renewal undertaken within 20-years of FIT would not
disturb soil below the upper 15 cm.

The maximum potential increase in soil C to 15 cm was estimated as: Pre-inversion soil C
stock (0-15 cm) - Post-inversion soil C stock (0—15cm).

C decomposition in the 15-30 cm layer post inversion

Our assumptions were: (1) inputs from pasture production following FIT would be sufficient
to maintain pre-FIT soil C stock, (2) decomposition of additional C (that above the pre-FIT soil
C stock) can be predicted using a two-pool model with decay rate constants (k) of 0.1 y* for
particulate organic C (labile C) and 0.02 y* for stable C (Skjemstad et al. 2004; Coleman &
Jenkinson, 2014). For example, if the C stock in the 15-30 cm layer increases from 40 to 60 t
hat when the soil is inverted, the additional 20 t ha* will not be sustainable and will gradually
decrease over time (eventually to a minimum of 40 t ha'l). Prior to, or on reaching the minimum
subsoil C stock FIT could be repeated.

Scaling C stock changes across New Zealand

To generate a national estimate of the C sequestration potential following FIT, we estimated
the area of ploughable land in each of the five soil orders (Table 1) equivalent to NZ’s total
land area under high producing exotic grassland from Land Cover Database v 4.1, 2012 land
cover time step (Landcare Research NZ Ltd, 2015), with Land Use Capability (LUC) classes
1-3 and slope class A, B or C (i.e. slope of less than 15 degrees) (Landcare Research Ltd,
2010a). These LUC classes were selected as they are considered suitable for grazed pastures
and FIT (Lynn et al. 2009), i.e., deep, ploughable soils. These data layers were overlaid with
soil Order information obtained from the ‘Fundamental soil layer ’ database (Landcare
Research Ltd, 2010b). Mean net soil C change (0-30 cm) for each Order was multiplied by
the ploughable land area, and summed to generate the national estimate.

Table 1. Numbers of long-term pasture sites sampled and ploughable land areas (ha) as
estimated from geographic overlays for each soil Order.

Soil Order Numbers of sites Ploughable land area (ha)
Allophanic 66 386,000
Brown 34 646,000
Gley 51 518,000
Pallic 64 682,000
Recent 32 397,000

Results & Discussion

Mean C stocks (0-30 cm), ranged between 80 and 135 t ha depending on soil Order (Figure
2). Soil C concentration in the uppermost 15 cm of long-term pasture soils was 1.8 to 2.0 times
that in the 15-30 cm layer, with the 0—15 c¢m layer containing about 25-30 t ha™* more C.

Figure 3 shows predicted C changes in C stocks for a hypothetical soil in the 20 years following
FIT. For this example, the mean pre-inversion soil C stocks for Brown soils were applied, 65
and 34 t C ha! for the 0-15 cm and 15-30 cm depths, respectively. Immediately following
simulated FIT, the 0-15 cm C stock decreased from 65 to 34 t ha. Thus, manipulation of the
soil profile via FIT creates the opportunity for 31 t C ha™* to be accumulated in the new topsoil
(mean accumulation rate of 1.4 t ha yr'* over the 20 year model simulation). We assume this
gain can be realised within a 20 year timeframe, in line with the IPCC guidelines for attainment



of steady state soil C following a change in land management (IPCC, 1997). Immediately
following FIT, C stocks in the 15-30 cm layer increase from 34 to 65 t ha™. As per our
assumptions, the original 34 t C ha* can be maintained by inputs of C from the new pasture,
while the additional 31 t C ha! deposited in this layer will decay at a rate dependent on the
proportions of particulate and stable C. Twenty years following FIT, we estimate ~85% of the
particulate organic carbon added to this depth will have decomposed, as would ~30% of the
stable C. Thus, of the additional 31 t C ha® in the 15-30 cm layer immediately following FIT,
15-16 t will remain after 20 years. Combining C changes estimated for the two depth
increments, the net effect of FIT is a gain of 14 t C ha™* (0-30 cm).
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Figure 2. Mean soil carbon stocks in New Zealand’s high producing grasslands (n=247). Bars
represent +/- one standard deviation from the mean.

A B

140 80

12
T 100 { —
< 2 Total C
E 80 E Stable C )
2 0-15¢m 2 k=0.02yr
5] 60 S
© 15-30 cm o
(@) (@)

40 20

20 [N

....... 1 e mmammme=== LabileC
0 ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ k=0.1yr"
0 10 20 0 10 20

Time (years)

Figure 3. Predicted changes in C stocks in the 0-15 and 15-30 cm layers in 20 years following
full inversion tillage (at time point zero) for a hypothetical soil with initial C stocks of 65 and
34 t ha?, in the 0-15 and 15-30 cm depths, respectively (A); and decay of C added to the 15—
30 cm increment (i.e., previous topsoil) by proportion of stable and labile C.

For the pastoral soils dataset (n=247), estimates of net soil C change ranged from -10 t C ha'*
to +41 t C hal (Figure 4); both extremes of this range occurring in Allophanic soil. Eighty



percent of paddocks had a net soil C change ranging between +6 and +22 t C hal. Mean net
change in soil C varied with soil Order, with average increases of between 12 (Pallic and Recent
soils) and 16 t ha (Allophanic soils). The greatest absolute increase in soil C stocks (per
hectare) was predicted for Allophanic soils; however, the highest proportional increases
relative to pre-inversion stocks were predicted for Recent soils. A net loss of C was predicted
for a small number of sites with little or no soil C stratification with depth pre-inversion.

Nationally, adoption of FIT for pasture renewal on ploughable grasslands (2.6 million ha) was
estimated to induce soil C sequestration by 36 Mt over 20 years (Table 2). During those 20
years it would offset approximately 17% of the total accumulated emissions (39 t COze /y over
20 years) from NZ agriculture. Thus, this potential management strategy to sequester soil C
warrants further investigation.
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Figure 4. Predicted net soil C change (0—30 cm) for 247 pasture soils, representing five soil
orders, 20 years after full inversion tillage (to 30 cm). Boxes represent the middle 50% of
values, with whiskers showing the 10" and 90™ percentiles.

Table 2. Estimates of net C sequestration 20 years following pasture renewal with full inversion
tillage (to 30 cm) on ploughable high-producing grasslands in five soil orders.

Soil Order Net gain (t C) |
Allophanic 6,325,000

Brown 9,243,000

Gley 7,095,000

Pallic 8,385,000

Recent 5,120,000

Total 36,168,000

The potential of FIT to sequester C relies on the rate of accumulation in new topsoil occurring
faster than the decomposition of the buried topsoil. There is considerable uncertainty regarding
the time needed for topsoil C stocks to return to pre-inversion levels. Future estimates of net C
change, should consider scenarios where topsoil C stocks do not fully recover to the pre-



inversion level. This paper also highlights that significant depth-stratification of C is essential
to achieve net soil C gain from FIT; further research is required to develop soil suitability
guidelines that address the conditions in which the practice is likely to have the greatest benefit.
Additionally, other factors, such as interactions between soils and seasonal climate (e.g. a
narrow window of opportunity for tillage, limited by soil moisture conditions, or susceptibility
of the seedbed to erosion by wind and intense rain), may limit the area suitable for
implementation of FIT pasture renewal for C sequestration. The results of field trials that are
investigating the agronomic and environmental benefits and trade-offs of FIT pasture renewal
are given by Beare et al. (2020), Calvelo-Pereira et al. (2020) and McNally et al. (2020).
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