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Abstract

Heterotrophic decomposition of organic matter dictates that substrate supply rate, including energy and nutrients,
can limit soil microbial activity. In New Zealand, soils are naturally deficient in nitrogen and phosphorus. Fertiliser
application is a part of pastoral agriculture, the country’s most widespread land use. We postulated that organic
soils under grazed pasture and pristine forest would be at the extremes of substrate quality and supply rate, and
thus potential microbial response to food opportunities. Soil microbial responses to the addition of fresh energy
(sucrose) were determined by laboratory experiments with root-free samples and intact cores including roots.
Responses were quantified by respiration and respired carbon (C) isotope (δ13C) enrichment measurements. A
supra-trace sucrose dose (0.002 mol kg−1 (soil)) caused the forest soil’s microbial respiration rate to nearly double
within 2 h. The peak response took 20 h, and saturation occurred beyond a sucrose dose of 0.05 mol kg−1 (soil).
Intact soil cores from the forest had similar respiration rates and responses. For root-free soil samples from the
grazed pasture, respiration response to sucrose was nearly immediate, dose dependent, and there was up to a 9-
fold increase in the rate. Intact cores from the pasture had much higher respiration rates, but a similar response to
sucrose. For both soils, the similarity of sucrose application effects on respiration and relative δ13C enrichment of
the respired carbon was striking.

Introduction

The poor quality of carbon generally limits the amount
of energy available to soil microbes (Fontaine et al.,
2003; Vance et al., 2001). These microbes are, how-
ever, poised in a state of ‘metabolic alertness’ to seize
every food opportunity (De Nobili et al., 2001). Ad-
dition of organic matter to soils has long been used
to examine the substrate limitation to soil microbial
activity (e.g., Bingeman et al., 1953; Löhnis, 1926),
and more recently the fate of added carbon has been
traced using isotope techniques (e.g., Hobbie et al.,
2003; Högberg and Ekblad, 1996). Tracer experiments
sometimes suggest an increase in the soil organic mat-
ter decomposition rate after addition of fresh organic
matter such as simple sugars, green manure or straw.
The mechanisms of this so-called priming effect are
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poorly understood, but recent work (Fontaine et al.,
2003) suggests that competition between microbes
specialised in decomposition of fresh organic matter
and those feeding on polymerised soil organic matter
may explain the wide variability of responses reported.
Fontaine et al. (2003) highlight the importance of nu-
trient availability in determining microbial response to
added carbon, a point raised by DeNobili et al. (2001)
and investigated by Ekblad and Nordgren (2002).

Energy and nutrient availabilities to soil microbes
can vary widely with land use and management.
Ecosystem productivity and sustainability are at stake,
and although increasingly rare, pristine sites are valu-
able for comparison (Price et al., 2003; Vance and
Chapin, 2001). In New Zealand, soils are naturally
deficient in nitrogen and phosphorus (McLaren and
Cameron, 1996). For the country’s second most wide-
spread land use, native forest over 6 M ha, soils are
mostly pristine with a high carbon content near the
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surface and a significant, stable humus fraction (Tate
et al., 1993). For New Zealand’s primary land use of
pastoral agriculture (over 13 M ha), carbon content is
also high near the surface. These soils have often been
amended with phosphorous and nitrogen fertilisers,
although legumes in the pasture are also used for ni-
trogen fixation. Moreover, for these soils, up to around
85 million grazing animals ingest, excrete and thus
regularly cycle vast quantities of carbon and nitrogen.

For this paper, we compare the microbial response
to food opportunities of two soils representing ex-
tremes of substrate quality and supply rate. Microbes
in soil beneath a grazed pasture, with high nutrient
availability and substrate quality, were expected to
be quickly and highly responsive to the addition of
a simple carbohydrate. Slower and lesser responses
to such addition was expected of microbes in soil
beneath a pristine forest, with naturally low fertility
and poorer quality substrate. To test this hypothe-
sis, we sampled organic soils at two sites that were
formed beneath swamp forest vegetation. The natural
forest has remained pristine for about 12,000 years
at one site, while the other was drained and devel-
oped for grazed pasture about 140 years ago. Forest
litter and pasture herbage samples were collected at
the two sites and analysed to assess substrate quality.
Laboratory experiments were conducted to determine
responses of the two soil microbial communities to
sucrose application. The responses were quantified
by measurements of respiration and evolved carbon
dioxide isotope enrichment.

Materials and methods

Description of sites

Samples of litter, pasture herbage and soil were col-
lected at native forest and grazed pasture sites located
about 200 km apart. The two sites were at a similar
latitude, but near the west and east coasts of New
Zealand’s South Island. Historically, both of the site’s
organic soils were developed under swamp forest veg-
etation. To the west, Okarito Forest was established
around 12,000 years ago (Vandergoes and Fitzsimons,
2003). It has been pristine since then, and is domi-
nated by rimu (Dacrydium cupressinum Lamb.) trees
between 100 to 400 year-old. The forest site was lo-
cated about 7 km east of the Tasman Sea near the
hamlet of Okarito (43.2◦ S, 170.3◦ E, 50 m above sea
level). Annual rainfall, average air temperature and

air temperature range are about 3.4 m, 11 ◦C, and
9 ◦C, respectively. High rainfall and poor drainage
means the site’s soil, known as Okarito peaty silt loam,
is often very wet. The peat is highly decomposed,
and the soil’s USDA classification great group level
is Haplosaprist.

The grazed pasture site, at Wainui Farm in an area
known as Ladbrooks, is 11 km west of Governor’s
Bay and the Pacific Ocean (43.6◦ S, 172.6◦ E, about
10 m above sea level). At nearby Lincoln, annual rain-
fall, average air temperature and air temperature range
average about 0.7 m, 11 ◦C, and 21 ◦C, respectively.
The farm is a remnant of the former swamp forest, be-
ing mostly low lying, springs from an artesian system
supplied water to the slightly higher ground. This for-
est was probably established around 10,000 years ago
(McGlone et al., 1993), but dominated by kahikatea
(Dacrycarpus dacrydioides (A. Rich.) de Laub) trees
(Colin Meurk, personal communication). The forest
was undisturbed until burnt by Polynesian settlers
around 700 years ago (McGlone et al., 1994), and
buried charcoal is common at the farm. The vegetation
naturally regenerated to raupo, a rush plant (Typha
orientalis C. Presl; Cox, 1978). After European set-
tlement during the 1860s, the raupo was cleared and
open drains dug although soils still became very wet
in winter. The vegetation at Wainui Farm before the
1860s meant that the peat formed was naturally more
fertile than that at Okarito Forest. Further, drainage
would have enhanced the carbon and nutrient miner-
alisation rates. Perennial ryegrass (Lolium perenne L.)
and other grass species were sown after the 1860s for
dairy pasture, and vegetables have also been grown
near Wainui Farm. However, Wainui is a stud farm that
produces cattle for the dairy industry, and the site’s
land use for the past 25 years has been grazed pasture
(Murray Stone, personal communication). The pasture
was grazed on 50 days each year at a stocking of 31
cattle per hectare (Murray Stone, personal communi-
cation). The soil is known as Waimairi peaty loam, and
is classified as a Haplosaprist.

Soil sampling and biochemical analyses

Soil and litter or pasture herbage were sampled from
both sites for assessment of substrate quality and soil
properties. Methods for the determination of pH in
water, total C and N, extractable C, microbial C and N
concentrations were described by Ross et al. (1999).
To calculate microbial C from the (0.5 M K2SO4)
extractable-C flush value in the fumigation-extraction
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method, a kEC-factor of 0.41 was applied, based on
the value in Sparling et al. (1990) and adjusted for
determination of extracted C using a Shimadzu TOC-
5000 total C analyser rather than dichromate oxida-
tion. Cellulose and lignin contents of forest litter and
pasture were determined by isolation using an acid-
detergent fibre pre-extraction and cellulose hydrolysis
with sulphuric acid (Rowland and Roberts, 1994).

Response of soil microbial respiration to sucrose
application

Microbial response to applied sucrose concentration
was assessed by applying a range of sucrose doses
(0 to 1.75 mol (sucrose) kg−1 (soil)) to root-free soil
placed in glass jars and measuring the microbial res-
piration rate using a portable chamber system (PP
Systems, Ltd., Model SRC-1 chamber and EGM-3
gas analyser, Hitchin, UK) (Law et al., 2001). Soil
for this experiment was collected from over a depth
of 0–100 mm on 5 December 2001 at Okarito Forest
and 19 February 2002 at Wainui farm. From each site,
samples were collected at a single location, returned
to the laboratory, roots were gently removed by hand,
and the root-free soil was stored at 4 ◦C for up to 3
days.

Soils were packed into jars in a field-moist state
and left for 24 h to pre-incubate in the laboratory
(20 ◦C). At sampling, a well at the forest site indi-
cated that the water table was 80 mm below the soil
surface. This wet condition and that of the so-called
field capacity water content (upon the completion of
drainage following thorough wetting by rainfall; see
below) were characteristic of soil at this site. Each of
the fifteen jars included 24 g of root-free soil and 76 g
of water. Sucrose solution was applied at rates of 0,
0.002, 0.01, 0.05 and 0.16 mol kg−1 (soil) to 3 repli-
cate jars after pre-treatment respiration rates had been
measured. Soil from the grazed pasture site had also
been thoroughly wetted by rainfall prior to sampling,
and each of twenty jars included 52 g of root-free soil
and 48 g of water. Sucrose solution was applied at rates
of 0, 0.01, 0.02, 0.10 and 0.14 mol kg−1 (soil) to 4
replicate jars after pre-treatment respiration rates had
been measured. Post-treatment respiration rates were
measured 2 to 2.5, 20 to 26 and 45 to 50 h after sucrose
application.

Tracing the fate of applied sucrose using stable
isotope ratios of respired CO2

Isotopes have long been recognised as valuable tracers
in a wide range of experimental systems. In this exper-
iment we exploit natural variation in the stable isotope
ratio of carbon in organic matter to trace the fate of
applied sucrose. Soil samples for this experiment were
collected from a single location at the Okarito forest
on 12 February 2002. On this occasion, the water table
was 160 mm below the surface indicating the soil had
reached its field capacity. Intact soil cores, of 0.18 m3

volume (including roots), were removed from the for-
est and grazed pasture soils collected in February and
placed in jars in the laboratory. From the forest, each
of three jars contained 24 g of soil and 19 g of water.
From the grazed pasture, each of three jars contained
55 g of soil and 30 g of water. Sucrose (5 mL of 0.2 M
aqueous solution) was applied at rates of 0.04 and
0.02 mol kg−1 (soil) to the forest and grazed pasture
soil cores, respectively.

To distinquish the catabolism of isotopically dis-
tinct carbon substrates in soil samples, we measured
respiration rate, as before, and collected respired car-
bon dioxide before and 2 and 20 h after sucrose ap-
plication. This was done using a closed-loop chamber,
pump and infrared gas analyser (LICOR, model 6262,
Lincoln, Nebraska). Part of the loop contained soda
lime, and we began by reducing CO2 concentration in
the chamber to zero. After switching off the soda lime
CO2 trap, soil respiration returned the chamber CO2
concentration to the ambient level in about 2 minutes.
A chamber gas sample was then collected in a 30 mL
evacuated flask, after passing the gas line through a
160 mL Mg(ClO4)2 water trap for at least 2 min. The
chamber lid was sealed with silicone grease and the
chamber placed into a water bath so that the bottom
edge of the lid sat below the water level, providing
both a good seal between the chamber and the lid and
a constant temperature inside the chamber. The system
was leak tested with an empty chamber and a steep
CO2 concentration gradient (at least 500 ppm CO2
difference between outside and inside the chamber).
No significant change in CO2 concentration of the air
within the system was observed over 15 min.

The samples were analysed for δ13C at the Na-
tional Institute of Water and Atmospheric Research
(NIWA) using a Finnigan MAT 252 mass spectrome-
ter (Finnigan Mat, Brenan, Germany) as described by
Ferretti et al. (2000). The δ13C of CO2 is expressed
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relative to the Pee Dee belemnite (PDB) standard;

δ13C = (Rs/Rr) − 1, (1)

where R is the 13C/12C ratio and subscripts s and r are
for sample and reference, respectively.

The stable carbon isotope ratio of three repli-
cate samples of sucrose, forest leaf litter and pasture
herbage were analysed at the Research School of
Biological Sciences, Australian National University
(ANU) using a Carlo-Erba elemental analyser linked
to a stable isotope mass spectrometer (Micromass
Isochrom; VG Isotech, Middlewich, UK). Isotope
ratios are also expressed relative to the PDB standard.

Statistical analysis

Respiration rate and isotope measurements are re-
ported as means of the three replicates ± standard
errors of the mean. These were computed by con-
ventional procedures for normally distributed data.
Response to sucrose application was determined for
individual replicates in two ways; namely, by calcu-
lation of the difference between measurements made
before and after sucrose application and by the ratio of
these two measurements. The latter is known as a rel-
ative response. Responses are also reported as means
of the three replicates ± standard errors of the mean.
The response error calculations recognised that mea-
surements made before and after sucrose application
were not independent. This meant the conventional
procedure was used for the standard error of the mean
response determined by difference. The standard error
of the mean response determined by ratio was calcu-
lated differently. The required variance is the square
of the standard error of the mean response multiplied
by

√
n − 1 where n is the number of replicates. This

variance (V), designating b and a to represent respira-
tion rate or δ13C before and after sucrose application,
was determined following Stuart and Ord (1987) as:

V (a/b) = [V (a)/b̄2] + [(ā2V (b))/b̄4]
−[(2āCV (a, b))/b̄3], (2)

where an overbar designates the arithmetic mean and
CV denotes the covariance of a and b.

Results

Forest litter, pasture herbage and soil biochemical
properties

The pristine forest litter and grazed pasture herbage
had similar cellulose contents (Table 1). However, the
forest litter’s lignin content was much higher, and it’s
total nitrogen (N) and phosphorus contents lower. The
forest litter’s total-N to phosphorus ratio of 26 was
near the maximum measured in New Zealand (Roger
Parfitt, personal communication). The forest has not
been fertilised. The farm is regularly fertilised. The
pasture herbage’s low lignin content and relative high
N and phosphorus contents reflect its use as feed for
cattle.

The forest soil was acidic. The pasture soil had a
much higher pH with about 70 times more hydroxyl
ions. The pasture soil’s total C, extractable C, mi-
crobial C and total N contents also averaged 1.6 to
3.8 times higher. In the forest soil, the percentages
of microbial C in total C and microbial N in total N
were 0.9 and 4.4%, respectively, and the microbial-
C to microbial-N ratio was 4.3. In the pasture soil,
the corresponding percentages were lower at 1.2 and
2.7%, and the ratio higher at 6.7.

Sucrose application and respiration response of
root-free soil samples

Prior to sucrose application, the root-free forest soil
had a microbial respiration rate of 0.53 ± 0.06 µmol
CO2 kg−1 s−1 at 20 ◦C. During 2 to 2.5 h after an
application of 0.002 mol kg−1, this soil’s respiration
rate nearly doubled (Figure 1a). After 20 to 26 h, the
relative response was halved (Figure 1b) and respira-
tion had returned to the pre-application rate after 45 to
50 h (data not show, but see Figure 2a).

Over 2 h, sucrose doses ≥ 0.012 mol kg−1 corre-
sponded with a 2.6-fold increase in the forest soil’s
microbial respiration rate and a saturating response.
Twenty hours after sucrose application, respiration
had increased 8.3-fold relative to the pre-application
rate, and it was saturated for doses ≥ 0.012 mol kg−1.

Prior to sucrose application, the root-free pas-
ture soil had a microbial respiration rate of 0.06 ±
0.01 µmol CO2 kg−1 s−1. After 2–2.5 h, this soil’s
respiration had increased up to 9-fold relative to the
pre-application rate, and the response was dose depen-
dent without saturation (Figure 1c). After 20–26 and
45–50 h, the responses had not changed significantly
(Figures 1d and 2b).
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Table 1. Properties of litter, herbage and soil (0–0.1 m depth) samples from pristine forest and grazed
pasture sites. The data are mean ± standard error of the mean (n = 3). No error is given when it was
negligible

Forest litter and farm pasture herbage

Site Cellulose Lignin Total nitrogen Phosphorus

(g kg−1) (g kg−1) (g kg−1) (g kg−1)

Pristine forest 255 464 ± 8 5.1 ± 0.1 0.2

Grazed pasture 204 ± 8 26 ± 4 41.1 ± 3.3 5.6 ± 0.2

Soil

Site pH Total Extractable Microbial Total Microbial

carbon carbon carbon nitrogen nitrogen

(g kg−1) (mg kg−1) (mg kg−1) (g kg−1) (mg kg−1)

Pristine forest 3.8 188 ± 4 171 ± 6 1709 ± 104 9.0 ± 0.2 400 ± 84

Grazed pasture 5.6 295 643 ± 34 3570 ± 291 19.5 532 ± 5

Figure 1. The relative responses of microbial respiration rate following four rates of sucrose application (mol (sucrose) kg−1 (soil)) to root-free
soil samples from pristine forest (a, b) and grazed pasture (c, d) sites. Responses are shown 2–2.5 (a, c) and 20–26 (b, d) hours after application.
Pre-application respiration rates averaged 0.53 ± 0.06 and 0.06 ± 0.01 µmol CO2 kg−1 s−1 for the forest (n = 12) and pasture (n = 16) soils,
respectively.

Sucrose application, respiration response of intact
soil, including roots, and carbon isotope enrichment

Prior to sucrose application, the forest and pasture
soils, including roots, had respiration rates of 0.55 ±
0.06 and 0.40 ± 0.05 µmol CO2 kg−1 s−1, respec-
tively, at 20 ◦C (Table 2). The forest soil’s root density
was 10.5 ± 0.4 kg (biomass) m−3 (soil), all roots
were woody, most had mycorrhizal nodules (Russell

et al., 2002), and 91 ± 2% had a diameter greater
than 0.5 mm. The pasture soil’s root density was 8.9
± 0.9 kg (biomass) m−3 (soil) with 74 ± 8% of roots
having a diameter greater than 0.5 mm.

The δ13C of the applied sucrose was −11.9�, typ-
ical of a C4 plant. For the forest litter and pasture
herbage, δ13C was −30.7 and −31.2�, respectively.
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Figure 2. The relative responses of microbial respiration rate fol-
lowing sucrose application to root-free soil samples (0.01 mol
(sucrose) kg−1 (soil)) from pristine forest (a) and grazed pasture
(c) sites. Responses are shown for three periods after application.
Pre-application respiration rates averaged 0.54 ± 0.19 and 0.09 ±
0.02 µmol CO2 kg−1 s−1 for the forest (n = 3) and pasture (n = 4)
soils, respectively.

For the forest soil, 2 and 20 h after sucrose ap-
plication, the respiration rate had increased 0.67 ±
0.29 and 1.35 ± 0.01 µmol CO2 kg−1 s−1, respec-
tively (Table 2). The time-dependent relative increases
were thus 2.2 ± 0.5 and 3.5 ± 0.3. After sucrose
application, δ13C of the respired carbon was rela-
tively enriched because the microbes catabolised the
sucrose. Thus, 2 and 20 h after sucrose application,
enrichment was 3.2 ± 0.2 and 7.1 ± 0.2�.

For the pasture soil, 2 and 20 h after sucrose ap-
plication, the respiration had increased 0.52 ± 0.15
and 0.66 ± 0.26 µmol CO2 kg−1 s−1, respectively, or
relatively by 2.4 ± 0.5 and 2.7 ± 0.7. The response
was thus relatively constant. At 2 h after sucrose ap-
plication, δ13C of the respired carbon was relatively
enriched by 6.7 ± 0.9�. The relative enrichment was
virtually identical 20 h after application (6.5 ± 1.8�).
Like the respiration response, relative enrichment, as
a measure of the applied sucrose’s fate, was thus also
completed in 2 h.

Table 2. Respiration rates of peaty soil, including roots, cores
collected (0–0.1 m depth) from pristine forest and grazed pasture
sites. Measurements were made at 20 ◦C, before and 2 and 20 h
after sucrose applications of 0.04 and 0.02 mol kg−1 to the forest
and pasture soil cores, respectively. The data are mean ± standard
error of the mean (n = 3). Also shown are isotope ratios of carbon
(δ13C) in the respired carbon dioxide (CO2)

Respiration rate (µmol CO2 kg−1 soil s−1)

Site Before sucrose 2 h after sucrose 20 h after

Pristine forest 0.55 ± 0.06 1.22 ± 0.33 1.90 ± 0.06

Grazed pasture 0.40 ± 0.05 0.92 ± 0.15 1.06 ± 0.31

Isotope ratio of carbon in respired carbon dioxide (�)

Site Before sucrose 2 h after sucrose 20 h after

Pristine forest −21.0 ± 0.1 −17.8 ± 0.2 −13.9 ± 0.2

Grazed pasture −23.7 ± 0.9 −17.0 ± 0.5 −17.2 ± 1.3

Discussion

Substrate quality

Compared with microorganisms in the forest soil, the
pasture soil microbes had superior substrate. For en-
ergy, the pasture herbage’s much lower lignin content
meant greater potential enzymatic access to cellulose
(Vance and Chapin, 2001). The extractable carbon
content was nearly 4-fold greater. The soil pH, ni-
trogen and phosphorus levels were managed to be
non-limiting to pasture growth. Substrate supply rate
by rapid cycling in the pasture soil was estimated
to be around twice that in the forest soil (data not
shown). However, compared with plant tissue and soil,
microbes had the most favourable C-to-N ratio reflect-
ing the potential of endo-cellular reserves as substrate
(DeNobili et al., 2001).

Timing and magnitude of respiratory response to
added carbohydrate

For the forest soil, a sucrose application of
0.002 mol kg−1 caused soil microbial respiration rate
to nearly double within 2 h. Over the sampling depth
of 0 to 0.1 m, the soil’s bulk density was 80 kg m−3

(expressed on a sampled volume basis) so that this
dose was equivalent to 2 kg C ha−1. In a Swedish
pine forest, soil respiration rate also doubled only
one hour after sucrose application, but the dose was
more than 1000 times greater (3.45 t C ha−1; Ekblad
and Nordgren, 2002). By contrast, in the laboratory,
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microbes in arable soil samples were ‘triggered’ into
activity by glucose applications that were 3 orders
of magnitude smaller than ours (De Nobili et al.,
2001). Soil microbes are indeed poised to seize food
opportunities.

In situ field experiments, including an undisturbed
rhizosphere, are compelling. However, the fate or
efficacy of sucrose application can be uncertain in
the field. Aerobic respiration produces 12 moles of
CO2 per mole of sucrose, while fermentation only
4 mol mol−1. However, it is challenging to deter-
mine a soil’s aerobic and anaerobic fractions. Other
possible fates for sucrose applied in the field include
immobilisation and loss into drainage water. In the
laboratory, for aerobic soil samples, efficacy of the
sucrose application is more certain. However, our root-
free soil samples were disturbed, and it was relatively
warm and dry during the laboratory experiments. Be-
fore sucrose application, the forest’s root-free soil had
a respiration rate that was only 8% less than that of
the intact cores that included soil, rhizosphere and
roots. This unexpected result suggested that forest
soil’s root respiration rate was very low or the root-free
soil rate was somehow enhanced by the disturbance of
root removal. We suspect that this result came from a
combination of the two possibilities.

For Okarito silt loam soil, sampled 5 years after
land use change from native pakahi (scrub) vegetation
to grazed pasture and sieved (2 mm mesh) to remove
the roots, microbial respiration rate measured in the
laboratory was 0.10 µmol CO2 kg−1 s−1 at 25 ◦C
according to Speir and Ross (1983). Following Lloyd
and Taylor (1994) to adjust their rate downwards to our
incubation temperature of 20 ◦C, the same microbial
respiration rate was obtained as we measured for the
root-free pasture soil, before sucrose application. This
supported the validity of our comparison of Okarito
peaty silt loam and Waimairi peaty loam under pristine
forest and grazed pasture, respectively.

For the pasture soil, the microbial respiration re-
sponse was dose dependent and it did not change over
time. These microbes seemed able to utilise added
substrate almost immediately and, for our doses, with-
out limitation evident in the forest soil’s saturation
response. The former characterises soil microbial r-
strategists, r for rapid catabolism of fresh organic
matter, according to Fontaine et al. (2003).

Tracing the fate of added carbon using δ13 CO2

The similarity of sucrose application effects on
soil respiration and relative δ13C enrichment of the
respired carbon was striking. The increase in enrich-
ment of δ13CO2 after addition of C4 sucrose to C3
pasture and forest soils clearly indicates metabolism of
the applied carbohydrate. The large change in δ13CO2
after just 2 h for the pasture soil supports data from
the dose response experiments suggesting pasture soil
microbes were able to rapidly metabolise the simple
added carbohydrate. Smaller changes in δ13CO2 at 2 h
compared to 20 h after sucrose addition to the forest
soil also support the dose response work indicating
that microbes from the forest soil respond more slowly
to added carbohydrate.

A number of researchers have exploited naturally
occurring variation in the δ13C of plant organic mater-
ial to trace the fate of added carbon in addition studies.
These studies have applied mass balance models to
calculate the proportion of respired carbon from na-
tive and applied sources, ie to quantify the priming
effect. However, the model requires the δ13C of na-
tive carbon to be known. Carbon in soils is present
in many different forms (Murata et al., 1995), which
are likely to have a wide range of δ13C values. Un-
certainty in the source of native carbon utilised by
soil microbes means that assigning a single δ13C value
(Bowling et al., 2003), and so applying the mass bal-
ance model, is difficult. There is also uncertainty about
C fractionation associated with the biochemistry of
mitochondrial respiration (Henn and Chapela, 2000,
2001; Henn et al., 2002; Lin and Ehleringer, 1997).
However, respiration includes the catabolism of sim-
ple sugars derived from soil organic matter or recently
transported from plants (Ekblad and Högberg, 2001).
Consequently, the isotope technique has value in qual-
itative interpretation of the fate of carbon if, as we
found, the difference in δ13C between native and ap-
plied carbon is large enough for changes in δ13CO2 to
be clear.

Plants with C4 metabolism discriminate against
13CO2 during carbon fixation to a much lesser extent
than plants with the more common C3 metabolism
(Bender, 1968), resulting in large differences (up
to 20�) in the δ13C of organic material from the
two groups of plants. In this study we added su-
crose extracted from the C4 plant sugar cane (δ13C =
−11.9�) to soils supporting C3 plants (leaf litter
δ13C = −30.7 and −31.2� for the forest and pasture
soil, respectively). Such a large difference in δ13C al-
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lows the fate of the applied carbon to be interpreted,
at least qualitatively, from variation in the δ13C of
evolved CO2.

The problems associated with assigning a δ13C
value for native carbon, discussed above, are clearly
demonstrated in the current work. Leaf litter, which
should be one pool of metabolisable carbon in the
soil systems studies, was significantly more depleted
in 13C (9.7�) compared to the CO2 collected in the
laboratory experiment prior to sucrose addition.

We suggest the difference in δ13C between pre-
treatment CO2 and leaf litter for both pasture and
forest soils may be caused by either fractionation
during respiration and/or by the sampling technique
employed. Recent literature reports conflicting results
as to both whether fractionation occurs during respira-
tion, and to the extent of this fractionation. Lin and
Ehleringer (1997) found that δ13C of respired CO2
released by incubated leaf protoplasts was not signifi-
cantly different to δ13C of source carbohydrate, while
Duranceau et al. (1999) and Ghashghaie et al. (2001)
observed that CO2 respired from intact leaves in the
dark was 3 to 6� more enriched than leaf sucrose
(although sucrose may not have been the only respi-
ratory substrate). Similarly variable results have been
reported for field-based studies. Ekblad et al. (2002)
added C3, C4 and 13C-labelled sucrose to a natural
forest soil and compared the δ13C of CO2 released
before and after treatment. They concluded that any
fractionation during microbial respiration was minor.
However, a growing body of work on fungal uptake of
carbon and subsequent respiration (Henn and Chapela,
2000; 2001; Henn et al., 2002) reports that CO2
respired by both saprotrophic and mycorrhizal fungi
was up to 8� more enriched than substrate sucrose.
The Okarito Forest soil samples included root nodules
of arbuscular mycorrhizal fungi (Russell et al., 2002).
Fractionation has also been reported for plant residue
decomposition in situ (Feng et al., 1999; Natelhoffer
and Fry, 1988; Schweizer et al., 1999). Indeed, Feng
(2002) takes an assumed respiratory fractionation as
a starting point for a model describing δ13C of soil
organic matter.

Pataki et al. (2003) correctly point out that frac-
tionation is very difficult to assess in natural systems,
where source carbon is likely to be variable in δ13C.
Comparing δ13C of ecosystem-respired CO2 (δ13CR,
from Keeling plot intercepts; Keeling, 1961) with
δ13C of sun and shade leaves, Pataki et al. (2003)
found that δ13CR could be between −1 and +6� dif-
ferent to shade leaf δ13C. Bowling et al. (2003) have

also recently concluded that δ13C of leaves, roots and
soil organic material are not good indicators of δ13C
of ecosystem CO2 fluxes, but were reluctant to suggest
that this is a result of fractionation during respiration.
The difference between δ13C of pretreatment CO2 and
leaf litter presented here (9.7 and 7.5� for forest and
pasture soils, respectively) are higher than the upper
value of 3� reported by Natelhoffer and Fry (1988),
but close to the maximum fractionation during car-
bon uptake and release by fungi reported by Henn and
Chapela (2001). Soils are generally dominated by fun-
gal respiration (e.g., Laughlin and Stevens, 2002) and
the difference between native source carbon and pre-
treatment δ13CO2 may be due to fractionation during
fungal respiration.

The second possible reason for the difference be-
tween leaf litter δ13C and pretreatment δ13CO2 may
relate to the experimental technique employed. Cer-
ling et al. (1991) point out that soil-respired CO2 is
distinct from CO2 in soil pores, both in concentration
and δ13C. At steady-state δ13C of CO2 in soil pores
(δ13Csp) varies with depth in the soil profile and the
rate of soil respiration. δ13Csp is close to atmospheric
values (about −8�) near the soil surface and de-
creases with depth to a value 4.4� more enriched than
δ13C of soil-respired CO2 due to diffusional fraction-
ation. Disruption of the steady-state condition of the
soil (by significantly changing the soil respiration rate,
or by altering the CO2 concentration gradient between
the soil and the atmosphere) could result in significant
changes in the CO2 concentration and δ13C profile
within the soil, and could potentially change δ13C of
soil-respired CO2 (Dudziak and Halas, 1996). Bowl-
ing et al. (2003) suggest that sampling systems that
disturb the profile could result in δ13C of soil-respired
CO2 being up to 4.4� in error. If such a situation
occurred in our system, δ13C of CO2 sampled pretreat-
ment could be corrected to −25.4 and −28.1�, values
much closer to δ13C of organic matter in the soils.

Conclusions

Compared with microorganisms in a pristine forest
soil, a grazed pasture’s soil microbes had superior
substrate. For the forest soil, supra-trace sucrose ap-
plication resulted in microbial respiration rate nearly
doubling. The peak response occurred one day af-
ter application, and saturation occurred at a relatively
modest dose. For the pasture soil, microbial respira-
tion responded differently to sucrose application. The
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response was nearly immediate, constant over time
and dose dependent. There was up to a 9-fold in-
crease in the pasture soil’s microbial respiration rate.
This was indicative of soil microbial r-strategists, and
their rapid catabolism of fresh organic matter. Af-
ter application, the relative increase in enrichment
of respired δ13C clearly indicated metabolism of the
applied carbohydrate. Although increasingly popular,
two uncertainties kept us from pursuing further quan-
titative analysis, including the so-called priming effect
of fresh organic matter input to the soils. The frac-
tion of native carbon utilised by soil microbes and
fractionation during microbial respiration are not yet
known with confidence. Nevertheless, the similarity
of sucrose application effects on soil respiration and
relative δ13C enrichment of the respired carbon was
striking and encouraging.
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