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Abstract Rates of organic carbon accumulation and
changes in C:N ratio are reported for 10 New Zealand
soils converted to pastures from scrub. The data were
derived from archive papers originally published in
1964, but which did not report on changes in the C
contents of the soils. The soils had been sampled to
0-7.5, 7.5-15, and 15-30 cm depths and chronose-
quences of up to 66 years obtained by selecting sites
with differing times since pasture establishment. We
calculated changes in the mass of C and N in the
0-7.5 cm depth and compared that to the mass in the
0-30 cm depth of soil. The shortest time over which
organic matter change was assessed was 18 years and
the longest was 66 years. Nine of the ten soils showed
increases in the C contents of the 0-7.5 cm depth soil,
and a natural logarithmic curve generally gave a better
fit to the time course data than a linear fit. However,
when the full 0-30 cm depth was considered, only two
soils showed a significant increase in total C, changes
in the C contents of other soils were non-significant,
and two soils showed a decline in total C. The rates of
change in the C contents were averaged over
0-5 years, 5-25 years and 25-50 years. Across all 10
soils, the mean rates of accumulation of C in the
0-7.5 cm depth were 1.07 (between O and 5 years),
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0.27 (between 5 and 25 years) and 0.09 Mg C ha™'
year ' (between 25 and 50 years) and significantly
(P < 0.05) greater than zero. Very similar rates were
obtained for the 0-30 cm depth of soil with mean rates
across all soils 1.01 (0-5 years), 0.25 (5-25 years) and
0.09 Mg C ha™' year ~' (25-50 years), respectively.
In the 0-7.5 cm depth of soil, total Kjeldahl N (TKN)
increased significantly in seven of the 10 soils. When
expressed for the 0-30 cm depth of soil, only five soils
still showed significant increases in TKN contents over
time. Using the data for the 0-7.5 cm depth, the
predicted time (mean and standard error) for the soils to
reach a C:N ratio of <10 was 46 + 17 years. The soils
were originally sampled over 44 years ago, suggesting
that currently (2009), very few of them could be
expected to have capacity for further N storage in
organic matter in the surface soil unless there was an
increase in soil C. Changes in soil C and N in the
shallow upper soil layers are easily masked by the
relatively small changes in C and N contents and much
greater masses of soil at lower depths.

Keywords Soil organic C - N storage -
Sequestration - Deforestation -
Pasture chronosequence

Introduction

There is renewed interest in the amounts of organic
C and N in soil and their rates of accumulation and
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loss; both for the benefits that soil organic matter
has on soil properties but also because of the large
amounts of C and N sequestered in soil organic
matter which has significance for global C and N
balances. Organic matter accumulates slowly in
soils, typically taking many decades or hundreds of
years to reach equilibrium after disturbance (Powl-
son and Johnston 1994, Jenkinson et al. 1987;
Gregorich and Carter 1997, Tate et al. 2005). This
makes measuring accumulations and losses difficult
and not suited to short-term monitoring. The very
few long-term (>100 year) field experiments mainly
in Britain and the USA have been used to calibrate
C turnover models such as Rothamsted C (Jenkinson
et al. 1987) and CENTURY (Parton et al. 1987).
These models have been used to predict longer-term
changes in organic matter contents of New Zealand
soils (e.g., Parshotam and Hewitt 1993; Sparling
et al. 2003a). However, there is a great paucity of
New Zealand long-term data to validate the models,
with most reports measuring C and N changes in
soils only over 3-15 year periods and on a limited
number of sites (e.g., Ross et al. 1982, 1984; Hart
et al. 1999, Francis et al. 1999, Shepherd et al.
2001). Other authors have attempted to avoid the
problem of long-term monitoring by identifying
chronosequences of matched sites (Schipper et al.
2001; Sparling et al. 2003b) or resampling archive
sites (e.g., Schipper et al. 2007). The major
constraint of re-sampling sites or sampling chrono-
sequences is that changes in land management are
often poorly documented and determining causal
drivers of changes in C and N can be masked by
unknown management factors.

The amount of N stored in NZ agricultural soils
has been steadily increasing and the C:N ratio
declining over the past 150 years since the introduc-
tion of European agriculture (Sparling and Schipper
2004). On the assumption that the soil C:N ratio is
unlikely to fall below 9 (Batjes 1996), and that many
NZ pasture soils are not accumulating further C
(Schipper et al. 2007), it appears that some NZ soils
may be approaching maximum capacity to store N as
organic matter (Schipper et al. 2004). Such soils are
at greater risk of leaching inorganic and dissolved
organic N to waters; and also contributing to N,O
fluxes through denitrification because of greater
nitrate availability (Galloway et al. 2003; Conant
et al. 2005).
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During searches of New Zealand literature into
long-term changes in soil organic matter, we became
aware of two papers by Jackman (1964a, b) who
reported organic matter changes in chronosequences
of 10 New Zealand soils under introduced pasture.
The soils had originally been cleared of indigenous
native forest by European settlers between 1850 and
1900, with the intention of using the land for pastoral
farming, but these original clearances had reverted to
scrubland. The re-establishment of new pastures
involved clearing the reverting scrubland, cropping
for 1 year and resowing to new pasture. Jackman
identified sites that had been resown at different
times, establishing chronosequences on matched soils
of up to 66 years after pasture renewal. Responding
to topical issues for the time, Jackman (1964a, b)
focused on N, P and S accumulation in the top
0-7.5 cm of the soil and availability of these nutrients
during pasture development. However, he analysed
the soil in three depths, 0-7.5, 7.5-15 and 15-30 cm,
which allowed us to compare the surface 0-7.5 cm
soil with the 0-30 cm depth often used to report on C
stocks in soils. Concern has been expressed recently
by Blanco-Canqui and Lal (2008) that changes in the
surface soils may not reflect total changes in organic
C and N storage in deeper soil profiles. Jackman did
not calculate rates of change in soil C, but provided
data on %C and bulk density in graphs and tables
respectively. Pastoral agriculture accounts for about
half of the land use in New Zealand (Parliamentary
Commissioner for the Environment 2004), and these
data seem to be one of the few longer-term data sets
that could assist our understanding of how pasture
management practices might influence national C
accounting. With ongoing intensification for greater
food production, there is increasing short-term culti-
vation of pasture to control weeds and to establish
improved varieties of pasture grasses and clovers, and
for winter fodder crops. The periodic cultivation
could be expected initially to reduce soil C and N.
Information on rates of organic matter recovery
following occasional cultivation and pasture renewal
is lacking for New Zealand and generally scarce
globally (Conant et al. 2007). We have reworked
Jackman’s data to provide new estimates of the rates
of accumulation of C and also an assessment of how
much longer the soils can continue to accumulate N.
We compare changes in the surface 0-7.5 cm depth
with those over the 0-30 cm depth.
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Materials and methods

Chronosequences of up to 66 years were identified
for 10 soils, (7-19 samples in each chronosequence),
where pastures were developed on land formerly in
scrubland (Table 1). Site preparation was reported to
be generally the same for all 10 soils. The land had
been cleared from native broadleaf-podocarp forest
some years earlier and converted to pasture. The
pasture had subsequently reverted and the land
colonised by scrub and weeds including gorse (Ulex
europea), blackberry (Ribes spp.), bracken fern

(Pteridium aquilinum) and manuka (Leptospermum
scoparium). For pasture re-establishment, the sites
were ploughed, stumps removed, sown to a crop
(unspecified) for 1 year, re-ploughed and sown to
ryegrass-white clover pasture. The nature of the site
descriptions (ploughing and cropping prior to pas-
ture) suggests the landform was rolling or flat and not
at risk of erosion.

Soil samples were collected to 0-7.5, 7.5-15, and
15-30 cm depth using a 2 cm diameter auger. For
each soil and depth, 12 replicate cores were bulked,
air-dried at 35°C, and sieved <2 mm. A finely ground

Table 1 Soil names, number of samples, soil order, taxonomy, parent material, average rainfall, mean annual temperature, age of the
chronosequence and brief land use history of the soils used in the study

Soil and Soil Soil Parent Rainfall Mean Age of Land use history
number of Order® taxonomyb material (mm)  temperature chronosequence
samples in the (°C) (year)
chronosequence
Oropi sand (16) Pumice Vitric Rhyolitic 1,905  12.2 46 Former pasture invaded by gorse
Hapludand  pumice was sown to annual pasture,
ploughed and resown.
Taupo sandy Pumice Vitrandic Rhyolitic 1,143 11.1 26 Scrub and tussock were cleared
silt (11) Udorhent pumice from reverted land and resown
to pasture
Tiniroto loamy Pumice Vitric Rhyolitic 1,524  12.2 18 Reverted pasture was cleared of
sand (10) Hapludand  pumice bracken and blackberry,
ploughed, cropped for 1 year
and sown to pasture
Tirau sandy Allophanic Typic Rhyolitic 1,270  13.3 66 Previous pasture was ploughed,
loam (18) Hapludand  volcanic cropped for 1 year and resown
ash to pasture
New Plymouth Allophanic Typic Andesitic 2,159 122 28 Previous pasture was ploughed,
brown loam Hapludand  volcanic cropped for 1 year and resown
(10) ash to pasture
Egmont black/  Allophanic Typic Andesitic 1,219 12.2 19 Previous pasture was ploughed,
brown loam Hapludand  volcanic cropped for 1 year and resown
7 ash to pasture
Hamilton clay  Granular ~ Humic Andesitic 1,347  13.8 29 Previous pasture was ploughed,
loam (13) Hapludult volcanic cropped for 1 year and resown
ash to pasture
Matapiro silt Pallic Udic Sandstone 889  12.2 44 Previous pasture was ploughed,
loam (18) Haplustalf cropped for 1 year and resown
to pasture
Tokomaru silt  Pallic Typic Loess 991 12.8 20 Previous pasture was ploughed,
loam (13) Fragiaqualf cropped for 1 year and resown
to pasture
Waiotu friable  Oxidic Typic Basalt 1,524 138 45 Indigenous forest was cleared in
clay (19) Hapludox 1916, stumps were removed,

the land ploughed and resown
to pasture.

* Hewitt (1998) and ° Soil Survey Staff (2006)
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Table 2 Soil, age of chronosequence, and curve fitting statistics for the accumulation of total C (Mg C ha™") in the 0-7.5 cm and

0-30 cm depth of soil after conversion from scrub to pasture

0-7.5 cm depth

0-30 cm depth

Soil Age A (slope)* and B (Intercept) R? Significance P A (slope)* and B (Intercept) R? Significance P
(years) standard error and standard standard error and standard
error error
Oropi 46 3.50 + 0.71 36.5+ 2.0 0.64 <0.001 —7.23 £ 1.60* 1352 +£ 4.4 0.63 <0.001
Taupo 26 6.63 £ 1.53 19.6 £32 0.68 0.002 296 £2.03 643+43 0.19 0.179
Tiniroto 18 6.26 £ 1.18 262+£29 0.78 <0.001 7.59 £555 803 +£137 020 0.189
Tirau 66 0.38 £ 0.44 487 £12 0.04 0403 —2.67 £ 1.62* 116.8 =44 0.14 0.119
New Plymouth 28 1.36 £ 0.47 614 +13 051 0.019 6.03 £4.09 1424 +11.1 021 0.179
Egmont 19 297 £0977 49.0+ 18 0.65 0.028 549 £282 1285+53 041 0.108
Hamilton 29 257+ 0817 303+19 048 0.008 225 +271 737 +£64 0.06 0424
Matipiro 44 444 £1.037 249 +£27 054 <0.001 623 +246 71.0£6.5 0.29 0.022
Tokomaru 20 3.46 + 0.46 30.8 £ 09 0.60 0.002 637+ 136 772 +£27 0.67 <0.001
Waiotu 45 3.46 £ 0.90 42.1 £23 046 0.001 413 £240 1202 +£6.0 0.17 0.128

Figures in bold type indicate a significant (P < 0.05) change in total C content

* Note negative slope, indicating a decline in total C

* To fit a logarithmic model y = A In(x) + B, where y = total C in Mg C ha™!, x = time in years, and B is a constant (intercept).

Only P values in bold are significant at P < 0.05

subsample was used for soil chemical analyses. Total
C was measured using chromate oxidation and
represents soil organic C. Total soil N was deter-
mined by Kjeldahl digestion.

Numerical data were extracted from figures pre-
sented in Jackman (1964a, b) using the DataThief III
software (http://www.datathief.org/). The extracted
data for %C, %N, sampling depth and bulk density
were converted to SI units and the data expressed on
a Mg ha~! basis for the 0-7.5 cm, 7.5-15 cm and
15-30 cm depths. Jackman (1964a) presented only a
single bulk density figure for each soil and depth, but
stated specifically “The volume weights did not
change significantly with pasture age”. That was
consistent with the report by Schipper et al. (2007)
that there had been no change in soil bulk density in
New Zealand pastures sampled 20-30 years apart.
The masses of C and N for each sampled depth were
summed to obtain the 0-30 cm depth for each of the
10 soils for each year sampled. The C:N ratios were
also calculated for 0-30 cm depths. For each soil, the
least squares curve fitting method was applied to
determine whether significant change had occurred
during the sampled period. Changes in C and N were
determined for two soil depths: 0-7.5 cm and
0-30 cm, as inspection of the data suggested the
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surface layer was where most changes were occur-
ring. Curve fitting to the time course data, error fac-
tors and significance were obtained using fixed
nonlinear regression functions in Statistica V8 (Stat-
Soft, Inc. 2002). We compared the fits of linear and
natural logarithm. Only the logarithmic curve statis-
tics are reported because for the majority of soils the
logarithmic curve function gave a better fit to the data
(higher R?, and lower P values) than the linear model
for both the 0-7.5 cm and 0-30 cm depths (Table 2).
The curves were fitted to the function y=A
In(x) + B, where y = Total C in Mg Cha™ '
x = time in years, and B is a constant. Changes in C
and C:N ratio were considered significant when the
slope was significantly different from zero (two-tailed
test).

Results
Total C
The shortest time over which organic matter change
was assessed was 18 years (Tiniroto) and the longest

was 66 years (Tirau). Nine of the ten soils showed
increases in the C contents of the 0-7.5 cm depth
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soil, but when those data were combined with the two
deeper depths to obtain changes for the full 0-30 cm,
only two soils (Matapiro and Tokomaru) showed a
significant (P < 0.05) increase, changes in other soils
were non-significant, and two soils (Oropi and Tirau)
showed a loss in soil C (Table 2). A demonstration of
the contrasting trend obtained for C accumulation
from the 0-7.5 cm depth soil and the 0-30 cm depth
soil is shown for the Oropi soil in Fig. 1.

As indicated from the logarithmic fit to the data, the
rates of change in the C contents were not uniform but
declined through time. Rates of accumulation were
calculated as the averages over 0-5 years, 5-25 years
and 25-50 years (Tables 3). For the 0-7.5 cm depth,
the annual rates of increase between 0 and 5 years
ranged from 0.12 Mg C ha™' in the Tirau soil to
2.13 Mg C ha™! in the Taupo soil. In general, the
rates of accumulation between 5 and 25 years were
around one quarter of those between 0 and 5 years and
the rates at 25-50 years were about one tenth of those
between 0 and 5 years.
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Fig. 1 An example of the contrasting trends in total C content
of Oropi soil assessed by soil sampled to 7.5 cm or 30 cm
along a chronosequence after conversion from scrub to pasture

Data are also presented for the 0-30 cm depth of
soil although the fitted curves were generally non-
significant and two soils (Oropi and Tirau) appeared
to lose organic C over the chronosequence (Table 3).
Annual rates of accumulation in the remaining soils
ranged between 0.72 Mg C ha~' (Hamilton soil) and
2.56 Mg C ha~! (Tiniroto). Rates of C accumulation
in the 0-30 cm depth declined with time in the same
manner as the 0-7.5 cm depth samples (Table 3).

Averaged across all 10 soils, the rates of accumu-
lation of C in the 0-7.5 cm depth were 1.07, 0.27 and
0.09 Mg C ha™' year™" for periods 0-5, 5-25 and
25-50 years, respectively, and these averages were
significantly (P < 0.05) greater than zero. Very
similar rates were obtained for the 0-30 cm depth
of soil with mean rates across all soils for periods
0-5, 5-25 and 25-50 years being, 1.01, 0.25 and
0.09 Mg C ha ' year™! respectively, and these
averages were significantly greater (P < 0.05) than
zero (Table 3). The similarity of the mean accumu-
lation rates for the 0-7.5 cm depth soil and the
0-30 cm depth of soil suggested that virtually all the
change in C content occurred in the 0-7.5 cm depth
of soil.

Total N and C:N ratio

Data on total N were reported by Jackman (1964a, b)
and are not repeated here. In the top 7.5 cm of soil there
were significant increases in N contents over time of
seven of the 10 soils, with Tirau, New Plymouth and
Egmont showing non-significant change. When
expressed for the 0-30 cm depth of soil, the same
three soils, plus two others (Tiniroto and Tokomaru)
showed no significant change in total N content.

The initial C:N ratios of the soils were generally
low (data not presented). In general, the natural
logarithmic function gave a better fit to the C:N ratio
data than a linear function, indicating the rates of
change over time were not uniform. For the 0-7.5 cm
depth, seven of the 10 soils showed significant change,
with two soils (Matipiro and Tokomaru) showing an
increase in C:N ratio rather than the expected
decrease (Table 4). Increasing the sample depth to
0-30 cm masked the changes in the surface 0-7.5 cm
depth with only two soils (Oropi, and Tokomaru)
showing a significant change in C:N ratio. Three soils,
Tirau, New Plymouth and Waiotu all showed an
increase in C:N ratio; however, these soils all started
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Table 3 Rates of accumulation or loss in total C in 0-7.5 cm and 0-30 cm depths of 10 New Zealand soils estimated at 0-5, 5-25
and 25-50 years after re-establishing pastures on former scrubland land

Soil Rate of C accumulation (Mg C ha™' year™")

0-7.5 cm depth

0-30 cm depth

0-5 years 5-25 years 25-50 years 0-5 years 5-25 years 25-50 years
Oropi 1.13 0.28 0.10 —2.33 —0.58 —0.20
Taupo 2.13 0.53 0.18 0.95 0.24 0.08
Tiniroto 2.01 0.50 0.17 2.56 0.64 0.22
Tirau 0.12 0.03 0.01 —0.86 —0.21 —0.07
New Plymouth 0.44 0.11 0.04 1.94 0.49 0.17
Egmont 0.96 0.24 0.08 1.77 0.44 0.15
Hamilton 0.83 0.21 0.07 0.72 0.18 0.06
Matipiro 1.43 0.36 0.12 2.01 0.50 0.17
Tokomaru 0.59 0.15 0.05 2.05 0.51 0.18
Waiotu 1.11 0.28 0.10 1.33 0.33 0.11
Mean 1.07 0.27 0.09 1.01 0.25 0.09
Std Error 0.20 0.05 0.02 0.48 0.12 0.04

Negative numbers indicate a decrease in total C over the sampled period. Mean values in bold were significantly different from zero

(P < 0.05)

Table 4 Average annual rates of change in soil C:N ratio in 0-7.5 cm and 0-30 cm depths of 10 New Zealand soils estimated at 0—
5, 5-25 and 25-50 years after re-establishing pastures on reverted land

Soil Annual rate of change

0-7.5 cm depth

0-30 cm depth

0-5 years 5-25 years 25-50 years 0-5 years 5-25 years 25-50 years
Oropi —0.520 —0.130 0.104 —0.637 —0.159 —0.055
Taupo —0.288 —0.072 0.058 —0.189 —0.047 —0.016
Tiniroto —0.263 —0.066 0.053 —0.258 —0.065 —0.022
Tirau —0.025 —0.006 0.005 0.023 0.006 0.002
New Plymouth —0.032 —0.008 0.006 0.025 0.006 0.002
Egmont —0.025 —0.006 0.005 —0.020 —0.005 —0.002
Hamilton —0.158 —0.040 0.032 —0.144 —0.036 —0.012
Matipiro 0.075 0.019 —0.015 —0.042 —0.011 —0.004
Tokomaru —0.122 —0.030 0.024 —0.060 —0.015 —0.005
Waiotu 0.025 0.006 —0.005 0.187 0.047 0.016
Mean —0.133 —0.033 0.027 —0.112 —0.028 —0.010
Std. error 0.057 0.014 0.011 0.070 0.018 0.006

Negative numbers indicate a decrease in C:N ratio (an increase in N content and/or a decrease in C content) over the chronosequence.
Mean values in bold were significantly different from zero (P < 0.05)

with extremely low C:N ratios that were close to 10
even at the establishment of pasture.

Despite the lack of significant change in C:N ratio
in most individual soils, when the data from all soils
were combined, a plot of the rate of change in the
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C:N ratio against the starting C:N ratio (modeled
from the fitted curve) showed a strong linear trend,
and indicated that those soils with higher initial C:N
ratios showed a more rapid decrease in C:N ratio
(Fig. 2).
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Fig. 2 The relationship
between the rate of change
(decrease) in the soil C:N
ratio following pasture
establishment, and the
initial C:N ratio of the soil
(0-30 cm depth)

We calculated how many years it would take the
soils to reach a C:N ratio of <10 to meet our criterion
of being unable to store further N in the organic
matter pool, assuming that soil C had reached a
steady state or only very slowly changing (as was
indicated for the majority of reanalyzed soil chron-
osequences). Two of the soils (Taupo and Egmont)
already had a C:N ratio <10 at the start of the
chronosequence. It was not possible to make the
calculation for Tokomaru soil because the C:N ratio
rose over the chronosequence and so would never
reach a C:N ratio of <10. Excluding the Tokomaru
soil and using the data for the 0-7.5 cm depth, the
predicted time (mean and standard error) for the soils
to reach a C:N ratio of <10 was 46 & 17 years. The
soils were sampled over 45 years ago, suggesting that
if those initial trends have continued, then the
prediction for their present state (2009), would be
that only three of the soils (Oropi, Tiniroto and
Waiotu) would have any capacity for further N
storage in organic matter in the surface soil.

Discussion

Changes in total C and N and C:N ratio along the
chronosequences were readily detectable in the 0-7.5
depth of re-established pasture soil: usually the C
content increased and the C:N ratio decreased.
However, for individual soils, these changes were
often not significant when calculated over the
0-30 cm depth. This was because the changes in
the surface layer were masked by no detectable
change or contrary changes in the deeper depths. Tate

Rate of change C:N ratio (yr'1 )

0.5

0.0 >
-0.5
-1.01

-1.5 1

204 Rate of change = -0.21*initial C:N + 2.1 °
r2 =0.91, P<0.01

2.5 T T T T T
8 10 12 14 16 18 20

Initial C:N ratio (top 30 cm)

et al. (1997) sampled 43 New Zealand pasture sites
that had initially been measured some 40 years
earlier. They reported no change in total C contents
of the surface soil since the earlier sampling, except
for two organic soils that had been drained. However,
as shown from the Jackman data often the majority of
the change occurs in the initial years after pasture
establishment, and the rate of C accumulation
declines with time. The ability to detect change will
depend very much on the time since the original
sampling, spatial homogeneity of the soil and the
intensity of sampling. Data also needs to be corrected
if there have been any changes in soil bulk density.
The ability to be able to accurately measure soil C
contents at field and national scales is important for
national carbon accounting. Conant and Paustian
(2002) examined spatial variability in pastures and
concluded that over 5-10 year periods, and for a field
scale study, between 14 and 28 samples would be
adequate to detect changes greater than 2.3 Mg
C ha™'. That intensity of sampling is similar to that
used by Jackman (1964a). Even so, we were not able
to demonstrate consistent changes in organic C and N
when using the 0-30 cm depth data, although
changes were clear in the 0-7.5 cm depth. Blanco-
Canqui and Lal (2008) warned against drawing
conclusions about C storage based only on the top
0-10 depth of soil, and recommended the soil profile
be sampled down to 60 cm. When that was done,
Blanco-Canqui and Lal (2008) reported that there was
often no significant difference in total C storage in the
0-60 cm profiles between conventional and no-till
management, despite no-till management often being
advocated for increased C sequestration. We concur
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that the methodologies to assess C storage in soils
need careful scrutiny, particularly for the deeper soil
horizons which can have the effect of masking
changes in the surface horizons, as found in our
reworking of Jackman’s data.

By combining the data for all 10 chronosequences
we were able to show significant change in organic C
and N storage through time. The overall rates of
change in total C, for the 0-7.5 cm depth and the
0-30 cm depth were very similar, suggesting that on
these pasture soils virtually all the change in total C
was happening in the surface layer. The average rates
of accumulation of total C under pastures were about
1.0 Mg Cha 'year™' for the first 5 years after
conversion and about 0.25 Mg C ha ' year™'
between 5 and 25 years, which are similar to rates
of change estimated in other shorter term studies on
New Zealand soils. For example, we calculated that
the chronosequences sampled by Jackman (1964a)
had accumulated an extra 13.5 Mg C ha™' (0-30 cm)
50 years after conversion from scrub to pasture. This
value is very similar to the overall increase of 12 Mg
C ha™' calculated by Tate et al. (2005) for the
additional C storage in improved New Zealand
pasture soils converted from scrub. Conant et al.
(2001) reported average rates of C accumulation of
0.35 Mg C ha™' year™' after conversion of native
vegetation to pasture; and 3.04 Mg C ha™' year™' for
pastures with the introduction of improved grass
species (dates after conversions not specified).
Walker et al. (1959) reported an initial C accumula-
tion of 0.125 Mg C ha' year™' in the top 20 cm
(averaged over 25 years) following conversion of
New Zealand indigenous forests to pasture. However,
the accumulation reported by Walker (1959) may be
an overestimate because sampling was not done on an
equivalent soil mass basis and soil mass in the top
20 cm had increased from 846 to 1,236t ha™!
through the chronosequence.

We noted some discrepancies between our calcu-
lated values for C accumulation from the Jackman
(1964a, b) papers, and those reported in a paper by
Conant et al. (2005). These authors also reworked
Jackman’s data and presented a single rate of C
sequestration for each soil. Their range of values
(0.1-0.89 Mg C ha™' year™') is similar to ours, but
none of the values for each soil coincides with our
own, and they reported increases for all soils whereas
we found two soils had significant decreases over
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time. Conant et al. (2005) do not fully describe the
method used to obtain their figures, and at present we
are not able to explain this discrepancy.

Most studies of C storage in New Zealand pastures
completed between 1950 and 1990 suggest that
contents were at a steady state (see review by Tate
et al. 1997). However, more recent research (Schip-
per et al. 2007) suggest that this may no longer be the
case, particularly with pastures that are now under
much more intensive management with greater inputs
of fertilizer, higher stocking rates and larger inputs of
animal feed (Parliamentary Commissioner for the
Environment 2004). Some pastures soils had a
substantial loss of soil organic C and N of up to
1.06 Mg C ha' year™' and 0.091 Mg N ha™ year™'
since sampled 17-30 years earlier (Schipper et al.
2007). Thus, it may be the case that the original
pastures sampled by Jackman (1964a, b) over
40 years earlier, could now be losing C rather than
accumulating, particularly if they are under intensive
pastoral farming. To date, we have not been able to
locate the original sites to verify this conjecture.

The C:N ratio of most soils in the Jackman data set
declined, but only when measured in the 0-7.5 cm
depth, or by combining data (0-30 cm) from all 10
chronosequences. Declines in C:N ratio were depen-
dent on the starting C:N ratio (Fig. 2) with soils with
initially higher C:N ratios accumulating N faster than
soil with a low C:N ratio. Schipper et al. (2004)
suggested that at accumulation rates of 50 kg N
ha™! yearfl, and a minimum C:N ratio < 10, then
about half of the New Zealand soils surveyed would
reach their capacity to store further N in organic
matter within 50 years. The data from Jackman
(1964a) supports this suggestion. The current trend
for increased N loading to intensively used pastures
in New Zealand indicates that the loss of capacity to
store further N as organic matter may occur even
sooner than the calculation suggests. The above
argument assumes that soil C does not change. If soil
C increases further N could be stored; for every
1 t ha~! of additional C stored about 0.1 t ha™' of N
could be stored.

In general, the reanalysis of Jackman’s original
chronosequence data confirmed the traditional view
(Tate et al. 1997, 2005) that conversion of native
vegetation to pasture results in initially rapid accu-
mulation of soil C and N and within 20 years reaches
a new steady state after which C changes only slowly
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or not at all. In two cases, soils appeared to lose soil C
in the longer term. However, these changes occur
predominantly in the surface soil and when sampled
to deeper depths, it was difficult to detect change in
total C content of the profile. This steady state applies
to pastures under lower intensity farming than much
of contemporary dairy farming practice and there is
evidence that soils under intensive farming have lost
C and N in the past few decades (Schipper et al.,
2007). In Jackman’s chronosequences, changes in N
were proportionally greater than changes in C
resulting in declines in C:N ratio in soils that had
initially higher C:N ratios. The decline in C:N ratio of
these soils suggests that New Zealand soils are
reaching a point where net immobilization of N into
soil organic matter will no longer occur unless there
are further increases in soil C.
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