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Abstract

In New Zealand, nitrogen (N) inputs and losses have increased dramatically
following establishment (and subsequent intensification) of European style
pastoral agriculture from the 1800s. An indicator that could identify soils which
are most vulnerable to N loss would be useful to help target management practices
aimed at reducing unwanted N losses. The natural abundance of "N relative to
"N (6"°N) in soils is one potential indicator of N loss, because during most N
transformations in soils, '*N is preferentially processed and lost (e.g. via ammonia
volatilisation, denitrification or nitrate leaching). Therefore the overarching
hypothesis for this thesis was that pastoral soils under intensive management
regimes (with high N inputs, cycling and losses) would become progressively
enriched with N relative to soils under less intensive management. This
hypothesis was tested by measuring 6"°N in soils from four forest-to-pasture
chronosequences, and in archived soils from six long-term (4-57 year) grazed

field trials with different fertiliser or irrigation regimes.

Three of the forest-to-pasture chronosequences were on pumice soils where pine
forests had been converted to dairy pastures. The fourth chronosequence was on a
podzol soil in Northland, where native scrub had been converted to sheep grazed
pastures. Surface soil §°N on the pumice soil increased significantly from pine
forests (2 %o) to long-term pastures (4.1 %o). In contrast, there was no clear
relationship between pasture age and soil §°N for the chronosequence on the
podzol soil. The Northland soil displayed extreme podzolization and weathering,
and had been previously disturbed by gum diggers, implying results could be

relatively unique to this soil.

The two longest field trials were at Winchmore on the Canterbury plains, where
different rates of superphosphate and irrigation had been applied for ~50 years.
Soil §°N increased more in treatments receiving higher rates of superphosphate or
more frequent irrigation, and there were significant positive correlations between
the average rate of change in soil &°N, and total pasture production, clover

production (thus N fixation) and calculated N losses.



v

Soil 6"°N was also measured in archived soils from three long-term (15-25 year)
superphosphate trials on North Island hill country. In these trials there were no
consistent differences in soil 5N between treatments. The shorter duration of the
hill country trials (compared to the Winchmore trials), combined with smaller
differences in pasture production between treatments and higher variability due to
complex topography, may have contributed to the lack of observed differences
between treatments. Indeed, slope and aspect did have a significant influence on
soil 8"°N with higher values on sheltered east facing slopes, and on easy slopes

than steep slopes.

The final trial studied was a N fertiliser trial, in which N rates ranging from 0 to
750 kg ha™' y' were applied to hill country pastures over a 4 year period. Soil
5" N increased significantly with time in treatments receiving >100 kg N ha™' y ',
and the increase was more rapid as N rate increased. There was also a positive

correlation between the rate of change in soil 5'°N and nitrate leaching (p<0.001).

In general, results from this thesis showed that soil & N under intensively
managed pastures (i.e. those receiving higher rates of fertiliser or irrigation) was
higher than under less intensively managed pastures. It was concluded that higher
soil 8°N in the more intensively managed pastures was most likely due to the
influence that fertiliser or irrigation had on pasture production, N fixation by
clover, and the flow on effects this had on animal stocking rates and N cycling
and isotope fractionating loss processes. However, results from the hill country
superphosphate trials and the chronosequence on the podzol soil, demonstrated
that other factors (such as slope and aspect) can overwhelm or suppress the
expected increases in 6N in some situations. Therefore soil 6"°N will probably
be most accurate as an indicator of long-term management intensity, and
management induced N losses, at sites with the same (or similar) topography,

soils and climate.

Average rates of change in soil 8 N over the duration of the trials investigated in
this thesis, ranged from —0.007 %o y ' to 0.35 %o y ', with rates of change being
<0.1 %o y " in all trials except the N rate trial (where N inputs were very high).



This suggests that under ‘typical’ pastoral management regimes, any changes in

bulk soil 5°N will probably only be detectable at decadal time scales.

A preliminary indicator of past management intensity and N inputs and losses was
proposed for New Zealand soils, based on surface soil 6N values. (1) Soils with
SN values <3 %o will be from extensively managed pastures, forests, or other
natural ecosystems with low N inputs and losses. (2) Soils with intermediate 6N
values (3—5 %o) will be from sites which have been under moderate management
intensity, with moderate N inputs and losses. (3) Soils with 6"’ N values >5 %o will
be from sites which have been intensively managed for a number of decades and
subject to high N inputs and losses (e.g. N inputs >100 kg ha™' y'). More research
will be required to further test the usefulness of this indicator. Key areas for future
research include: gaining a better understanding of the effect of topography and
soil type on soil 8°N, and making more direct measurements of the isotopic
composition of different N inputs and outputs to more clearly identify

mechanisms driving changes in soil §°N in pastoral systems.
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This appendix contains a published journal paper (Stevenson et al., 2010), on which
Paul Mudge was a co-author. This paper was produced during the mid-stages of this
PhD, and reports G°N values from soils under a range of land uses in New Zealand.
The paper is not directly part of work conducted for this PhD, but was directly
aligned and is therefore provided for context. Paul Mudge supplied the lead author
(Stevenson) with a literature review on soil G°N under different land uses, and
contributed to interpretation of results and writing of the manuscript.
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Table 1
Reported fractionation factors and per mil fractionations resulting from ecosystem
N process [from Hégberg, 1997; Robinson, 2001].

N cycle process Fractionation Fractionation
factor (%)
N; fixation via nitrogenase 0.998-1.020 0-6

NH; volatilization 1.029 40-60

N30 and NO production during NH,* 35-60
oxidation (nitrification)

N30 and Nz production during NOs~ 1.000-1.033 28-33
reduction (denitrification)

NO;~ assimilation into organic N by plants  1.000-1.020 0-19

NH4* assimilation into organic N by plants ~ 1.000-1.020 9-18

NO;~ or organic N assimilation by 13
microbes

NHs* assimilation by microbes 14-20

NH4* production from organic matter 1.000 0-5
decomposition (ammenification)

N0~ preduction during nitrification 1.015-1.035 15-35

Organic N assimilation by animals 1.000-1.020 1-6

(deamination and transamination)

forest ecosystems investigating the relationship between 8'°N of
soil and vegetation and measures of N availability (e.g., total N, C/N,
N mineralization). Enriched (more positive) 81°N in soil, litter and
vegetation has often been associated with higher total N content,
lower C/Nratios and greater N losses (Hégberg, 1990; Hogberg and
Johannisson, 1993; Hogberg et al., 1996; Pardo et al., 2002). This
work has lead to 8!°N being regarded as a useful indicator of N
saturation or risk of N loss from forest ecosystems (Pardo et al.,
2006).

Fewer studies have investigated the difference in soil 8!°N
between agronomic land uses (particularly pastoral) where N
inputs and outputs can vary dramatically and N cycling pathways
have potentially been modified. Some studies have shown increas-
ing 81N with increasing land-use intensity (Riga et al., 1971; Selles
et al., 1986; Frank and Evans, 1997; Aranibar et al., 2008), while
others have not (Piccolo et al., 1996; Cook, 2001; Han et al., 2008;
Eshetu and Hogberg, 2000; Golluscio et al., 2009).

In New Zealand, indigenous vegetation was partly cleared
within the past 100-150 years, and other land uses established.
Since that time, conversion of native vegetation to managed land
uses has largely ceased, and this allows the effects of land-use
change on N cycling processes to be studied. In forestry for exam-
ple, there is typically little addition of nutrients but there has been
manipulation of the system by clearing and alteration of the soil
during planting of seedlings and tree harvest. New Zealand pastoral
land uses are largely rye grass/clover in composition, but drystock
(sheep or sheep/beef) pasture has generally been reliant on bio-
logical N fixation from clover (fertilized with P and S to enhance
N fixation), whereas dairy pasture is characterised by high inputs
of N (in the form of urea) and P, K and S. Grazing intensity also
differs between drystock and dairy systems and grazing can redis-
tribute and cycle N much more rapidly because a urine patch from
a dairy cow in fertilized pasture can contain the equivalent of up to
1000 kg N ha=" (Haynes and Williams, 1993). Management of crops
involves the addition of N fertilizer and cultivation which alters soil
structure and soil biochemistry.

We hypothesised that soil 8'°N values would increase with
the intensity of land use, because the three main fractionating N
loss pathways—ammonia volatilization, denitrification, and nitrate
leaching, are to a large degree driven by land-use intensity. New
Zealand is an ideal place to evaluate this hypothesis because N-
fixation and urea dominate N inputs (Parfitt et al., 2006) and both
are generally near 0%. (Hégberg, 1997 Choi et al., 2002; Bateman
and Kelly, 2007), providing a stable N input isotope ratio against
which to measure increases in 81°N from fractionating losses. We
concentrated on the 0-100 mm depth as the greatest enrichment

associated with changes in N inputs or land use typically tends
to occur in the upper mineral soil horizon (Hobbie and Ouimette,
2009: Amundson et al., 2003).

In an initial test of our hypothesis, 210 soils from different geo-
graphic regions and land uses (in increasing order of intensity
of land use management from indigenous systems to plantation
forestry, drystock pasture, dairy pasture and cropping) across New
Zealand were analysed for 8'°N and measures of N availability
(total soil C and N, soil C/N ratio, and 56-day N mineralization).
Other soil and environmental parameters (e.g., pH and mean annual
precipitation) were also included in the data set as they can poten-
tially affect overall microbial activity andfor magnitude of the
various N fractionating pathways.

2, Methods
2.1. Site selection and field sampling

The sites selected encompassed the major land uses in New
Zealand: indigenous forest (largely native broadleaf and podocarp
forest), production forestry { primarily Pinus radiata), drystock pas-
ture (largely sheep but also sheep/beef), dairy pasture, and arable
cropping (predominantly maize). Samples were initially selected
from archived soils (0-100mm depth) used to assess soil qual-
ity across New Zealand where 56-day N mineralization had been
analysed on the fresh soils. Twenty-five 25 mm diameter soil cores
(0-100 mm depth) were sampled every 2 m along a 50-m transect
and bulked for soil analyses. This sampling strategy, as described
in detail in Sparling and Schipper (2002), Sparling and Schipper
(2004), and Sparling et al. (2004) has proven effective in dif-
ferentiating land use effects on soil characteristics. Bulk density
measurements were averaged from three 100 mm diameter soil
cores taken from the 0-100mm depth from points equidistant
along the transect.

Archived soils from other field experiment were also included
if depth of sampling and soil analyses were similar. Samples from
published studies included Parfitt et al. (2009, 2005), Richardson
et al. (2004), and Stevenson (2004). For the few cases where bulk
density measurements were not known, an estimated value based
on the soil type and land use was used.

Sites were selected from both the North and South Islands of
New Zealand, but greater numbers of archived soils resulted in
selection of ~75% of sites being located from the North Island. There
is likely to be some bias related to soil order and land form associ-
ated with land-use classes. Efforts were made to include data from
as many soil orders as possible within each land use, but ultimately
we were constrained by the data available from archived samples
Approximately 60 additional archived samples that did not include
56-day aerobic net N mineralization data (but did include pH, total
C, and total N) were analysed for 8!°N to increase the geographic
range, distribution of soil types, and number of samples for each
land use (particularly for the cropping and forestry land uses). We
did not attempt to separate land usefsoil type interactions, but
mention such interactions where appropriate.

2.2. Laboratory methods

Measurement of soil pH, and soil ammonium-N and nitrate-N
followed the procedure outlined in Blakemore et al. (1987). In brief,
soll pH was measured using a combination electrode from a 1:2.5
soil to water extract. Net N mineralization was measured in the
laboratory on freshly collected soils (refrigerated at 4 °Cuntil analy-
sis) by subtracting final from initial 2 M KCl extractable ammonium
and nitrate from soil incubated aerobically at —5kPa moisture con-
tent for 56 days at 25°C. Total carbon (C) and nitrogen (N) were
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determined by dry combustion on air-dried, sieved (<2 mm) and 7 d
finely ground soils using a Leco 2000 CNS analyser (St Joseph, MI, (40)
USA). s c
Isotopic analysis was on air-dried, sieved (<2 mm) soils that (50)
: . —
were finely ground using mortar and pestle and any organic or < 5
root fragments visible to the naked eye removed. Measurement of 3
soil 1N was performed at the University of Waikato Stable Isotope Z 4 (50)
Unit on a Europa Scientific 20-20 Stable Isotope Analyser with a o a*
Europa Scientific ANCA-SL inlet system (precision of 1N analyses 5 (30)
was ~0.05%o). Isotopic measurements are presented in the delta (3) ©@ 3 @0)
notation:
2
15 Rsample
PN = | =22 _ 1| % 1000 m
Rud 1

where Rl is the 13N/14N ratio in the sample and Ryq is the
15N/14N ratio of the standard (atmospheric N;) expressed as parts
per thousand (%.).

Where applicable, soil measurements were reported on a vol-
umetric basis for comparison across different soil types and land
uses where bulk density may differ (Reganold and Palmer, 1995).

2.3. Statistical analyses

Statistical analyses were performed on Genstat v 10 (Lawes Agri-
cultural Trust, 2007 ).

Datadid not meet assumptions of equal variance even after nor-
mal transformations were used (indigenous and forestry groups
had much higher variance than other land use groups). Normal
parametric means tests, Fishers protected lIsd following ANOVA
for comparisons between sequential land-use intensity pairs (e.g.,
indigenous and forestry or drystock and dairy) and the Bonfer-
roni correction for all other multiple pairwise comparisons, were
used as a general guide to assessing differences between land use
groups. As an added check, sequential pairwise comparisons were
analysed with an unequal variance ¢ test (one tailed at o =0.05 for
815N since we specifically hypothesised that 81N would increase
with increasing intensity of land use, and two tailed for other
parameters). Any differences between the two methods are noted
in the text. To assess the relationship between all sets of vari-
ables, Spearman’s Rank Correlation test was performed on all data
as this non-parametric approach makes no assumption of linear-
ity between groups. Regression analysis was then used to further
explore the relationship between 8>N and specific soil character-
istics of interest.

3. Results

Mean soil 8!>N differed significantly between nearly all land
use combinations (Fig. 1). Indigenous and forestry land uses were
significantly different (P<0.05) using the Isd means test but only
marginally so (P=0.058) using the unequal variance ¢ test. Indige-
nous systems had the lowest mean soil 8!°N value followed by
plantation forests, drystock pasture, dairy pasture, and cropping.
Other measures of soil chemical and biological characteristics also
differed significantly withland use (Table 2 ). Meansoil C concentra-

® N &
& S ) ) &
Qdé@ & @QQ\

Fig. 1. Mean soil 8'°N (0-100mm) for New Zealand land uses. Error bars repre-
sent one standard error of the mean. Differing letter above bars indicate significant
differences (P< 0.05) between land uses. Numbers in parenthesis indicate the num-
ber of samples for each land use. *Indigenous and forestry sites were significantly
different by Isd but only marginally so (P=0.058) using an unequal variance t test.

tion decreased in the order of: dairy, indigenous, drystock, forestry,
and cropping.

Measures of N availability (total N, C/N ratic and N mineraliza-
tion) all showed dairy soils as having the highest overall N status,
but the order in which these measures changed with land use dif-
fered somewhat (Table 2). Mean total N concentration decreased
in the order of dairy, drystock, indigenous, cropping, and forestry,
whereas the mean soil C/N ratio increased in the order of dairy,
cropping, drystock, indigenous, and forestry. Mean 56-day N min-
eralization on dairy and drystock sites was approximately twice
that of indigenous, forestry and cropping sites.

Soil C{Nratio (= —0.73) and precipitation (p = —0.45) were neg-
atively correlated with 8!°N, whereas total N (£=0.22) and pH
(p=0.45) were positively correlated with 81°N (Table 3). Though
statistically significant, Spearman’s Rank correlation coefficients
(except for C/N) were generally weak (less than 0.50). Other trans-
formed measures of N status (1/total N and natural log total N)
commonly plotted against 81°N also showed low correlations with
315N (data not shown).

Plots of C/N against 81>N are shown in Fig. 2. Using all land uses,
linear regression was highly significant (P<0.001) but the 2 value
wasrelativelylow (0.32) and assumption of homoscedasticity tech-
nically not met. The relationship between C/N and §'>N was more
variable in the cropping land use and sites with higher C/N values
(approximately >18). After excluding the cropping land use and
sites with soil C/N>18, the 12 value for linear regression of C/N
against 81°N (N=140) increased to 0.56 (P<0.001).

4. Discussion

The increases in mean §'°N values across land uses (native
vegetation < forestry < drystock < dairy < cropped soils) support our

Table 2

Mean soil (0-100mm) characteristics by land use (one standard error of the mean in parentheses).
Land use No. of sites Total C({mgcm™) Total N (mg cm~?) C/N ratio pH 56-day N Min{pgcm?) BN (%)
Crop 40 40.3(2.6) 3.43 (0.20)a 11.8 (0.3)ab 6.30(0.08)a 52 (T)a 6.2 (0.2)a
Dairy 50 65.7(2.6)b 6.00 (0.25)b 11.0(0.2)a 587 (0.05)b 131(8)b 5.4(0.2)b
Drys tock 50 54.8(2.1)c 443 (0.19)c 125 (0.2)b 5.70(0.05)b 127(10)b 3.8 (0.1)c
Forestry 30 46.8(3.3)ac 2.80 (0.28)d 182 (0.7 557(0.10)c 65 (3)a 2.8(0.3)d
Indigenous 40 64.1(8.1)bc 3.85 (0.34)ac 165 (0.5)c 504(0.12)b 69 (9)a 2.1(03)d°

* Comparison of mean d!°N between forestry and indigenous land uses were significant using 1sd but only marginally significant (P= 0.058 ) using unequal variance t test.
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Table 3
Spearmen’s Rank Correlation coefficient (o) between soil variables.
3N 1
C/N -073" 1
TotC -0.10 0.00 1
TotN 022" -0.42 0.88" 1
N Min 0.15 —-028" 0.36™ 046" 1
pH 0457 -048™ -0.19" 0.04 0.09 1
Precipitation -0.45" 0537 0.20° -0.07 -0.34" -0.28" 1
S15N C/N TotC TotN N Min pH Precip
* P<0.05.
* p<0.01.
" P<0.001.

hypothesis that intensifying land use management results in
increased soil 31°N values. The strong correlation between C/N and
815N suggests that N availability is a primary factor in explaining
the increases in 81°N across land uses. Pardo et al. (2006) also con-
cluded from a large-scale study that forest floor 8!°N appears to be
indicative of N status in forest systems. Reported isotopic values
for N fixation (Hogberg, 1997)and urea (Choi et al., 2002; Bateman
and Kelly, 2007), the major N inputs into New Zealand systems,
are near 0%. (several urea samples we analysed in New Zealand
averaged —1.1%.) and this also suggests that enrichment in soil
815N was generally a result of fractionating N losses within these
systems.

Data on N loss for individual sites were not available, so the
relationship between increasing 8'>N values and the magnitude
of fractionating N losses was made by using average values for
the different land uses. N cycles in most New Zealand land uses
have been reasonably well studied, particularly for pastoral land
uses (see for instance Monaghan et al., 2005; Bolan et al., 2004;
Houlbooke et al., 2003; Power et al., 2002; Ledgard et al., 1999;
Ruz Jerez, 1991; Carran et al., 1982; Neary et al., 1978). Estimates
for magnitude of total N loss {and the major N loss pathways) are
shown in Table 4. While these are generalised estimates (based

21a s Dairy
o Drystock
10 o~ [ v Forestry
4 Indigenous
8 = Cropping
is v
£y
o
2
0
-2
8 10 12 14 16 18 20 22 24 26 28 30
C/N ratio
10 b
* ® Dairy
8 o Drystock
bt v Forestry
6 ‘e o?;'. & Indigenous
—_
£,
Z
A
o 2
5 v
0 " =0.56, P <0.001 a sa AA A
a
-2
8 10 12 14 16 18 20
C/N

Fig.2. Relationship between C/N and 31°N for (a)all land uses and (b) excluding the
cropping land use and sites where C/N> 18,

both on field measurements and the OVERSEER™ nutrient bud-
gets model), we believe they are sufficient to qualitatively compare
815N to N loss across the various land uses.

Indigenous systems have undergone the least alteration (partic-
ularly since atmospheric N deposition in New Zealand is low) and
are used as a baseline to compare the effects of land-use change on
soil 31°N values. The generally low 31°N values for the indigenous
land use is consistent with most other studies of forest systems
(see for instance Pardo et al., 2006; Hogberg, 1997) and generally
reflect low Nlosses (Table4)that are typically associated with tight
N cycling in N limited systems.

Plantation forestry (predominantly P. radiata) had a marginally
greater mean 8°N value than indigenous forests possibly because
plantation forests in New Zealand have often been planted onto
pasture and the slightly higher 81°N values may be a relict fea-
ture (see, for instance, Parfitt et al., 2003). Alternatively, many of
the plantation forests sampled were second or third rotation forests
and some >N enrichment could be due to increased mineralization
rates and nitrate leaching (Pardo et al., 2002) andfor soil distur-
bance and mixing during harvest and replanting.

Therewas greater variation in §1°N for theindigenous and exotic
forests land uses (Table 1). Chronosequence studies have shown
that as forest systems age and become more nutrient limited, foliar
nutrients are more closely linked to cycling of organic nutrients
(e.g., forest floor material) rather than mineral soil (Vitousek, 1998;
Chadwick et al., 1999; Parfitt et al., 2005). We surmise that differ-
ences in development of forest systems was responsible for the
increased variance, and was the reason there was a better rela-
tionship between C/N and §'°N in sites where C/N was less than 18
(Fig. 2). Additionally, N mineralization did not correlate as highly in
our study across multiple land uses as has generally been reported
for forest systems (Pardo et al., 2006).

Mean drystock pasture 815N was 1.7%. enriched and dairy pas-
ture 3.3%cenriched above indigenous systems. N inputs and outputs
were also progressively larger in drystock and dairy land uses than
in indigenous systems (Table 4). Urine deposition in particular is
likely to have contributed to elevated 81N in the pasture systems
compared to the forests, because urine patches have been shown
to cause large losses of N, both from gaseous N losses (primar-
ily ammonia volatilization) and increased leaching (Decau et al.,
2003; Clough et al.,, 1998; Robertson, 1993). In a natural system
grazed by ungulates, Frank and Evans (1997) found that soil >N
from under dung and urine patches was significantly higher than
adjacent areas without dung or urine. In the same system, Frank
et al. (2004) demonstrated that ammonia volatilization from arti-
ficial urine patches caused isotopic fractionation, which led to a
measurable increase in soil 815N after 10 days.

Several comparisons of grazed vs non-grazed systems (some
long-term) in non-fertilized grasslands have shown enrichment in
grazed systems in the range of 0.7-1.5%. (Chenget al., 2009; Neilson
et al., 1998; Frank and Evans, 1997), similar to the enrichment in
our drystock land use compared withindigenous forest. Total Nwas
greater and C/N ratio lower in the dairy land use in comparison to
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Tahle 4
Typical N inputs and outputs (kg N ha-! year—1) for New Zealand land uses.
Indigenous? Forestry? Drys tack? Dairy?* Maize®
Animal stock units per ha 12 24
N inputs
Deposition 2 2 3 5 5
N fixation 2 7 60 100 0
Fertilizer 0 140 230
N outputs
Products© 0 4 11 70 230
Leaching 2 3 12 40 30
All gaseous losses 2 2 14 75 40
Transfer to soil, tracks, etc. 26 60 —-65

2 Adapted from Parfitt et al. (2006) and OVERSEER® model.
b Adapted from Kirschbaum et al. (2008 ).

¢ Includes vegetation or animal products (e.g., wood, crop, meat or dairy products ) exported from the system.

the drystock land use. The higher 81°N in dairy pastures compared
to drystock pastures of the current study can be attributed to the
larger N losses resulting from greater N inputs (Table 4), which in
conjunction with increased grazing intensity would provide more
opportunity for isotopic fractionation. Mineralization rates, how-
ever, were about the same for these twoland uses (but significantly
greater than all other land uses), and the poor correlation of N min-
eralization to 813N values suggests this measure of the labile N pool
alone was not an indicator of system leakiness.

The cropping land use had the highest 81N values, which was
likely a result of losses of both C and N from cropped soils. Car-
bon content of the cropping soils was approximately a third less
than indigenous sites, which is consistent with lower C content
of cultivated land in comparison to indigenous forest within indi-
vidual soil types (Schipper and Sparling, 2000). Carbon loss in
the surface soil horizon of intensively cultivated soils is a widely
noted phenomenon and recent research has suggested that syn-
thetic N fertilization (in excess of crop production) in cultivated
lands can decrease SOM-N (Mulvaney et al., 2009). There was no
record of organic fertilizer use at sites monitored in our study and
the decrease in soil C values suggests losses of soil organic matter
(and associated N) were as much responsible for the increase in
B1°N values as N availability itself (particularly as there appeared
to be greater variation around the C/N vs 81°N regression line for
cropping than for most other land uses).

Cropping soils were generallyon lower landscape positions, and
the cropping land use was the one land use that was dominated by
clayey soils. Differences in texture and the lower landscape position
(which may resultin higher soil water content and larger gaseous N
losses) may have also contributed to the large enrichment in 31°N
inthisland use. Land use/soil type interactions were not specifically
explored in our study, and this is an areawhere further study would
be beneficial. We are confident that observed trends in 81N were
largely due to land use affects rather than soil type. For the most
common New Zealand soils group, the Brown Soils, 8'°N increased
from 1.3%. in indigenous soils to 3.7%. in drystock soils and 6.1%-in
dairysoils. However, specific soil types are likely to react differently
to land-use intensification and it is important to understand these
differences for determining how landscapes will react to intensify-
ing land-use pressures.

5. Conclusion

In New Zealand systems, we show that intensifying land use
increased soil 81°N values and that the increasing soil 81°N val-
ues were negatively correlated to the soil C/N ratio. We posited
that land-use intensity largely drives the three main fractionat-
ing N loss pathways (nitrate leaching, denitrification and ammonia

volatilization) and typical N balances for each land use indicated
that total N loss (and in particular losses from ammonia volatiliza-
tion and nitrate leaching) also increased with increasing land-use
intensity. Cropping systems were a minor exception in that soil
C loss appeared to be partially responsible for the high 31°N val-
ues in that system and highlights the need to consider changes
in internal processes as well as inputs and outputs in managed
systems.

The soil 31°N of managed systems appears to be a useful indi-
cator of systems that are losing N, particularly in combination with
more typical measures of N status such as the /N ratio. Further
work is required to quantify fractionating losses from intensive
land-use systems to determine which processes contribute most
to increases in soil 31°N. The ability of different soil types to store
added N, and the response of scil types in relation to fractionat-
ing N losses under intensifying land use are particular questions to
address.
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