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Abstract. Savanna ecosystems are subjected to accelerat~ 70t CQy-equivalents, a 30 % increase dominated by an in-
ing land use change as human demand for food and forestrease in soil C@emissions and shift from soil GHbink to
products increases. Land use change has been shown to batburce. Seasonal variation was clearly driven by soil water
increase and decrease greenhouse gas fluxes from savanrastent, supporting the emerging view that soil water content
and considerable uncertainty exists about the non-iQes is a more important driver of soil gas fluxes than soil temper-
from the soil. We measured methane (JHnitrous ox-  ature in tropical ecosystems where temperature varies little
ide (N2O) and carbon dioxide (C£) over a complete wet- among seasons.
dry seasonal cycle at three replicate sites of each of three
land uses: savanna, young pasture and old pasture (converted
from savanna 5—-7 and 25—-30 yr ago, respectively) in the Dou-
glas Daly region of Northern Australia. The effect of break 1 Introduction
of season rains at the end of the dry season was investigated
with two irrigation experiments. It is widely accepted that the increasing atmospheric con-
Land use change from savanna to pasture increased neentrations of the greenhouse gases carbon dioxide)(CO
greenhouse gas fluxes from the soil. Pasture sites were methane (Chf) and nitrous oxide (BO) are warming the
weaker sink for Cl4 than savanna sites and, under wet con- Earth’s climate (IPCC, 2007). Fossil fuel use and land use are
ditions, old pastures turned from being sinks to a signifi- the two key processes driving the increase in concentration of
cant source of Ckl Nitrous oxide emissions were gener- these three greenhouse gases (Houghton, 2007). While fossil
ally very low, in the range of 0 to 5pug A0-Nm2h1, fuel use and resultant emissions are relatively easy to mea-
and under dry conditions soil uptake op® was apparent. sure and model, fluxes of greenhouse gases from land use,
Break of season rains produced a small, short lived pulse oéither modified agricultural systems or natural ecosystems,
N2O up to 20 ug NO-Nm~2h~1, most evident in pasture are more difficult due to their spatial and temporal variability
soil. Annual cumulative soil C&fluxes increased after clear- and our limited understanding of the processes controlling
ing, with savanna (14.6 t CAC ha 1 yr—1) having the lowest  these fluxes. While Cldand N:O are present in the atmo-
fluxes compared to old pasture (18.5t&0hatyr-1)and  sphere in smaller concentrations than Cteir greenhouse
young pasture (20.0tGEC halyr1). Clearing savanna warming potentials are much greater (€B5 times, NO
increased soil-based greenhouse gas emissions from 53 #96 times) (IPCC, 2007). Considerable progress has been
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made with regards to GQbut CH; and NbO have only just  namics of Australian savannas (Chen et al., 2002, 2003; Ea-
begun to be incorporated into global climate models (Arnethmus et al., 2001; Beringer et al., 2003, 2007; Hutley and
et al., 2010). For national accounting purposes, non-CO Beringer, 2010), and the greenhouse gas emissions from
greenhouse gas emissions from agricultural areas are ofteourning these ecosystems have also been quantified (Russell-
simply estimated using standard IPCC emission factors asmith et al., 2009). However, there is a lack of data on non-
a function of soil type, tillage or as a fraction of fertiliser CO, greenhouse gas fluxes from these soils, and soil is the
added. Predicting emissions from natural or managed sysmain source/sink of CiHand NO. The first objective of this
tems on the ancient, leached north Australian soils using sucktudy was to describe the soil fluxes of £HN,O and CQ

an approach may lead to unreliable estimates, given the lovover an entire wet-dry seasonal cycle in uncleared tropical
N and C content. Given increasing interest in improved landsavanna woodland (savanna) and from improved pastures.
use and agricultural practices to reduce greenhouse gas emisteasurements were made at sites cleared between 5 and 7
sions, data describing soil-derived fluxes of £&hd non-  years ago (“young pasture”) and between 25 and 30 years
CO, gases and their drivers are required. Such data can alsago (“old pasture”). The second objective of this study was
be incorporated into process based models describing fluxet® assess the impact of “break of season” rains ¢® ldnd

as a function of environmental drivers and land use. TheCHyg fluxes, speculating here that these rainfall events may be
DNDC (denitrification—decomposition) suite of models (Li, linked to significant pulse emissions (Borken and Matzner,
2007) or DAYCENT (Del Grosso et al., 2006) are capable of2008). The third objective was to investigate the environ-
simulating these soil derived emissions for different soil andmental drivers that influence greenhouse gas fluxes from sa-
climate types, vegetation cover and management. Initiallyvanna soils, with the aim of developing relationships that can
designed for agricultural application, enhanced versions havée used to model greenhouse gas fluxes across the savanna
been developed and applied to forest (Forest-DNDC) andiome as a function of land use and environmental condi-
wetland ecosystems (Giltrap et al., 2010). When calibratedions.

with region specific data such models can play a role in land

use scenarios for mitigation purposes and even verification

of emissions at property scales. However, without a robus Methods

basis for estimating flux based on observations for various

land use scenarios, mitigation schemes will have less value.To address these objectives, we took an integrated approach

Changes in land use are occurring continuously, all overcombining a number of different methods. Manual cham-
the Earth and are associated with a change in the greenhousers were used to measure greenhouse gas fluxes over the
gas fluxes from the land. Afforestation of improved pasturesentire wet dry cycle (September 2007—November 2008), at
in Western Australia significantly decreased soilNemis-  three replicate sites for each land use (savanna, young and
sions and increased soil GHiptake (Livesley et al., 2009). old pasture). This spatially replicated but temporally coarse
Conversely, it may be anticipated that deforestation mightin-data set was augmented by two experiments. The first ex-
crease soil MO emissions and decrease the capacity of soilsperiment utilised an automated chamber system, which has a
to oxidize atmospheric CH Deforestation is likely to in-  temporal resolution of 4 h, and an artificial irrigation simulat-
crease in the tropical savanna woodlands of Northern Ausing break of season rains. The second experiment utilised the
tralia, as prolonged drought in the south prompts agriculturalinert tracer gas Sffor studying soil gas diffusion, and two
producers to look north in search of water and soil resourcesurtificial rainfall treatments. These experiments addressed
(Petheram and Bristow, 2008; Bowman et al., 2010). In athe second objective, and justified the manual chamber re-
review of NbO and CH fluxes from savanna soils under dif- sampling period of 6 weeks. The third objective involved
ferentland uses world-wide, Castaldi et al. (2006) found thatrecording potential environmental drivers during the man-
compared to natural systems, in managed systems the soilsial and automated chamber sampling and statistical analy-
ability to act as a Chisink was decreased, while no statisti- sis. Continuous recording of some potential environmental
cally significant effect upon pD fluxes could be found. Both  drivers of soil greenhouse gas fluxes also occurred at nearby
land use and rainfall affectedJ® fluxes from savanna soils flux tower sites.
in Senegal (Dick et al., 2006), with increasegNemissions
associated with heavy (simulated) rainfall and the presenc@.1 Site description
of N-fixing tree species.

Savannas cover one sixth of the Earth’s surface and ar@he Douglas Daly region of the Northern Territory was cho-
subject to accelerating land use change (Grace et al., 20063en for this study, as this catchment is dominated by sa
However, data on greenhouse gas fluxes from savannas ismnna but, due to suitable climate and soil conditions, is
scarce in comparison with other ecosystems. In Australiaalso the focus for expanding agriculture (Bowman et al.,
savanna covers a quarter of the country, and this is the mos2010) and forestry. Land clearing for agriculture in the re-
intact savanna ecosystem left in the world (Woinarski et al.,gion began shortly after the Northern Territory became self-
2007). A number of studies have described the carbon dygoverning in 1978 (Chapman et al., 1996). The Agricultural
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Development and Marketing Authority (ADMA) cleared measures were made between 08:00 and 16:00 h LT. The lit-
land and allocated farms of 4000—6000 ha to six farmers irter layer was cut around the circumference of each cham-
1980. The past two decades have seen numerous subdivder base and the chambers were inserted 2 cm into the soil
sions and significant further land clearing and, recently, thesurface. Grass was avoided where possible, but some cham-
addition of small areas of irrigated cropping and plantationbers did contain small amounts of grass foliage. The internal
forestry (~10 000 ha and expanding). height of each manual chamber was carefully measured so as
The climate of the Douglas Daly region is typical of the to calculate the headspace volume of each chamber. Once the
wet-dry tropics. The mean annual maximum and minimummanual chamber lids were attached and twist-sealed, 15ml
temperatures are 342 and 19.6C. At 09:00 am, the an- headspace gas samples were taken at 0, 20, 40 and 60 min
nual mean relative humidity is 70%. The area receives arafter closure using a 20 ml syringe (Terumo™ USA) and
annual average of 1177 mm of rain, which falls on just 66 a one-way stopcock. Gas samples were stored in pressur-
days, predominantly between December and March (Bureaized exetainers (Labco Ltd., UK) which were usually anal-
of Meteorology). The dominant vegetation of the region is ysed within 20 days for pO and CH by gas chromatog-
savanna, an ecosystem consisting of a continuous or neaaphy (Schimadzu GC17A). Previous work demonstrated no
continuous C4 grass dominated understorey, with a disconehange in concentrations with storage over this time. Injec-
tinuous woody overstorey (Hutley and Setterfield, 2008). Sa+tion of a single gas sample filled two 2.0 ml sample loops,
vanna vegetation is adapted to frequent fire and a highlyone leading to a flame ionisation detector for determination
seasonal rainfall distribution, with rapid growth during the of CH4 concentration and one leading to an electron capture
5 month wet season and low growth or dormancy duringdetector for determination of }D concentration. Exetainers
the dry season (Bowman et al., 2010). The vegetation atvere stored in a cool, dark container and over-pressurised
the savanna site is dominated by the tree spdgimslyptus (20 ml in 12 ml container volume) to ensure any minor leaks
tetrodonta, Corymbia latifolisand Terminalia grandiflora were from the exetainers to the bulk air. SoiMand CH
with the understorey vegetation dominated by the grassefluxes were calculated from the linear increase or decrease
Sorghumnspp. andHeteropogon contortus in concentration with time, since a linear regression was best
Nine sites were chosen to provide three replicates of eaclsuited to describe temporal changes in chamber head space
land use: savanna, young pasture and old pasture. The site@oncentrations. Soil COemission rates were measured af-
were all on the same soil type; Red Kandosol (Isbell, 2002) ter headspace gas sample collection was complete, using an
and originally supported the same vegetation community. Atinfra-red gas analyser (IRGA) (EGM, PP-Systems™, UK).
six of the sites, the savanna was cleared (vegetation felledhe individual manual chamber lids were removed and the
by chains, then burnt) and pasture was sown between 25 anghambers vented. A two port chamber lid was then attached
30yr ago (old pasture) or between 5 and 7 yr ago (young pasand the linear increase in G@oncentration instantaneously
ture). The pastures have all been grazed by beef cattle aneasured between 90 and 180s after lid closure using the
low stocking rates and sporadically fertilized. The pastureslRGA in a closed dynamic setup. Soil temperature (3 cm)
now support a range of grasses includihgcontortus Dig- and soil water content were measured at each chamber.
itaria eriantha, Pennisetum pedicellatur@hloris spp. and ) _ _ )
Eragrostisspp. and leguminous species includBenna ob-  2-3 Environmental drivers: soil sampling and
tusifolia. For site locations see Fig. 1, and for further site measurements

details see Table 1. . . :
Soil was sampled from each chamber using soil cores (&

72mm) to determine bulk density (0-5cm). Soil samples

were transferred immediately to an ice box and then stored
The manual closed chamber method (Hutchinson anc{efrigera_ted for 1to 4 days prior to analysis. The soil samp_les
Mosier, 1981) was used to quantify the spatial and seasonal'€"€ Weighed, and subsamples were removed for analysis of
variation in soil-atmosphere exchange of SOH; and O~ ravimetric water content and soil @@”d_'\"'ﬁ- Soil sam-

in the three land uses: savanna, young pasture and old pagles were extracted with 1M KCI (1:4, soil:KCI) and shaken

ture (at three replicate sites for each land use). Manual chamOF One hour on a wrist shaker, then filtered (Whatman 42)

bers were made up of a light grey PVC pipe (diameter 25 cm@nd frozen prior to analysis of Npand NH; on a Tech-

height 24.5cm, volume 12.01, basal area 0.049 with a nicon™ Auto-analyser. Gravimetric water content was de-
twist-lid (PVC) incorporating a butyl-rubber septum and a t€mined through oven drying at 106 for 48h. The re-
rubber O-ring to form a gas tight seal. Manual chambermaining soil was air-dried and stored for C and N measure-
bases were installed at least one hour before lid closure. Fiv8'eNts. A sub-sample of each air-dried soil sample was anal-
chambers were installed at each site, on each measureme)ited for total C and N content using an elemental analyser
occasion (19/09/07, 26/11/07, 14/01/08, 28/2/08, 8/05/08(EUrOEA 3028HT, EuroVector SpA, Milan, Italy) connected
23/06/08, 11/11/08). Measuring gas flux at each of the olo an isotope ratio mass spectrometer (IsoPrime, GV Instru-
sites could take up to four days to complete and all gas flu¥Ments, Manchester, UK).

2.2 Seasonal and spatial variation in soil gas exchange
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Table 1. Site details from the manual chamber sites. Soil samples were taken from 0—10 cm, values are the average of triplicate samples.

Land use Vegetation  Soil type BD pH EC C N CEC Bray P
(gem) (uscntl) % % (mgrl (mglh)
A savanna Eucalyptus tetrodonta, Corymbia latifolia, Erythrophleum, chlorostacindAcaciasp. Red 152 6.67 0.01 048 0.02 41.3 0.28
over a mid to tall tussock grassland®érghunspp. andHeteropogorspp. Kandosol
woodland with a sparse mid stratumifchlorostachys, E. tetradonta, Terminalia canescens
D savanna Eucalyptus tetradonta, Eucalyptus miniata, Sorgtspp, Heteropogon contortus Red 145 6.34 0.01 066 0.04 41.3 0.15
Kandosol
G savanna Eucalyptus tetradonta, Eucalyptus miniata, Sorghapp, Heteropogon contortus Red 134 7.02 0.02 053 0.04 54.8 0.21
Kandosol
average 1.44 6.68 0.01 056 0.03 45.8 0.21
savanna
B young mixed tussock grassland of perennial and annual species incBaligunspp., Red 150 6.51 0.01 0.65 0.03 51.2 0.66
pasture Heteropogon contortuand Chrysopogorfallax with regrowth of cleare@&ucalyptus tetradonta Kandosol
Eucalyptus miniatand a shrubby mid-stratum @&rminaliasp. andAcaciaspp.&
E young Jarrah grass, wincassia Red 154 6.22 0.02 0.67 0.04 42.4 0.29
pasture Kandosol
H young Heteropogan contortus, pennisetum pedicellum, sesamum indigtmregrowth of Red 151 6.65 0.02 0.87 0.06 86.4 1.45
pasture cleareBucalyptus tetradonteEucalyptus miniata Kandosol
average 152 6.46 0.02 0.73 0.04 60.0 0.80
young
pasture
C old pasture Heteropogon contortus, Aristidgpp. and other tussock grasses Red 155 6.12 0.02 0.82 0.05 54.2 0.49
Kandosol
F old pasture Eragrostisspp, heteropogan contortus Red 159 6.25 0.02 0.74 0.05 44.7 0.29
Kandosol
| old pasture  Senna obtusifolia, Digitaria eriantha Red 148 571 0.02 0.98 0.07 51.0 0.30
Kandosol
average old 154 6.03 0.02 0.85 0.06 50.0 0.36
pasture
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Fig. 1. Regional map of the Douglas-Daly region in the Northern Territory of Australia, showing the locality of the nine field sites; three
savanna woodlands, three young pastures and three old pastures. The star shows the location on the continental map of Australia.

2.4 Environmental drivers: soil N mineralisation each of the 9 sites on 6 occasions. The resin bags were col-

lected after 45 to 142 days and stored refrigerated until ex-
Soil nitrification and ammonification were estimated by di- fraction. Total exchangeable ions were extracted from the
rect incubation of nylon mesh bags containing 4g of ion €SN with fourrepeat 1M K_CI washes (1:25, resin:KClI), that
exchange resin beads (MTO -Dowex Marathon MR-3) at aWere frozen prior to analysis for NDand NH; concentra-
depth of~5cm. Three replicate resin bags were buried atlion 0n & Technicon™ segmented flow auto-analyser.
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2.5 Break of season rains Experiment 1: continuous soil mass. The MDL for NO was 1.35ugNm?h~1 and for
trace gas exchange measurements CHs was 2.88ugCm?h1,

On 21 September 2007 all chambers were irrigated with
Trace gas flux was measured continuously for twelve day$io mm of water over 20 min, to simulate break-of-season
between 12 September 2007 and 26 September 2007 (the eqgiins. One meter square quadrats were also irrigated, in both
of the dry season) using an automated trace gas measuremefk savanna and the pasture, from which soils cores were col-
system (Breuer et al., 2002), consisting of a gas chromatofected to measure soil water content 1, 3 and 5 days after the
graph (GC, SRI™, Torrance, CA, USA) linked to ten clear jrrigation event. Two soil pits were dug to 50 cm depth in the
acrylic chambers (six 30.41 chambers, two 37.51 chamberssagyanna and the pasture, adjacent to the chambers. Soil cores

and two 21.61 chambers) with lids that open and close auyyere taken to measure bulk density and soil water content
tomatically through pneumatic piston control. Five cham- (5cm cores at 5, 15, 30 and 45 cm depth).

bers were installed in the savanna and the other five chambers
were installed in the adjacent young pasture. Chamber basesg  Break of season rains Experiment 2: soil gas

were driven approximately 5 cm into the soil several days be- diffusivity
fore measurements began. Chambers were attached to a base
using clamps and closed cell foam. In the dry season of 2009 on 1st July , soil gas diffusion

To measure trace gas flux, five of the ten chambers wouldyas measured at contrasting water contents. The method
close for 2 h, then these chambers (1-5) would open and thgy|lowed von Fischer et al. (2009) and uses sulphur hexa
other chambers (6-10) would close. As such, each autofiyoride (Sk) as a tracer to estimate soil gas diffusion. A
mated chamber was measured six times within a 24 h perioth 2 m| volume of SE was injected into a manual chamber
During chamber closure, four air samples)(5 | each) were  headspace and the decrease in concentration monitored over
withdrawn at equal time intervals from each closed chambergo min. Three contrasting soil moisture contents were estab-
Each air sample took four minutes to withdraw. Chambersjished: (1) dry soil (not irrigated), (2) medium soil moisture
are not entil’e|y all’tlght and thUS air iS draWn in from out- (50|m_2 added one day before) and (3) wet Soi| moisture
side (rather than sucked out of the soil) to compensate for(50|m—2 added one day before and 20tfadded in the
air removed in the sample line. This has been ascertained iRoyr before). Three replicate gas flux and diffusion mea-
previous work with these chamber systems (Rosenkranz e$yrements were made in each water treatment (dry, medium,
al., 2006), as underpressure was never measured while takyet) at each of the three land uses (savanna, young pasture,
ing samples. Towards the end of each four minute air samplgq pasture). The 20ml gas samples were taken from the
withdrawal, two 3 ml sub-samples of the sample air were col-chamber headspace at 2, 12, 22 and 32 min after chamber
lected and passed into the GC for measurement@f Bbn-  closure using a 20 ml syringe (Terumo, USA) and a one-way
centration using &Ni electron capture detector (ECD) and stopcock. No sampling in the initial two minutes enabled
CH4 concentration using a flame ionisation detector (FID). equilibration and good mixing of SFGas samples were im-
The GC was calibrated with certified standard gas (Air Lig- mediately transferred and stored in pre-evacuated exetainers
uide™, USA) every 30min. From the four,® and CH and analysed for CiHand NoO concentration as described in
concentration measurements during a 2 h period of closure, &ect. 2.2 for manual chamber measurements.
linear regression and therefore flux was calculated. For each
chamber, six flux measurements were made duringa24h pe 7 Data analysis and presentation
riod, one every 4h. C®was measured during the experi-
ment but not recorded due to instrument malfunction. SO"Continuous fluxes are the average values from 5 chambers.
water content (0—6 cm) and soil temperature (at 5cm depthManual fluxes are the average of 15 chambers (5 chambers
were continually measured using “standing wave” soil mois-at each of three replicate sites). Data from the manual cham-
ture probes (MP406) and temperature sensors attached toier measurements were not normally distributed, so the fol-
weather station (Tain™ electronics) in the savanna and in théowing transformations were applied to normalise their dis-
pasture (data not shown). Soil water content was also mearibution: CQ, LN(value), CH; LN(LN(value + 100), NO

sured manually by taking soil cores. LN(LN value +10). Statistical significance was defined as
The minimum detectable limit (MDL) for this automated difference at the 95 % level (|e1 < 005) Differences be-
trace gas system was calculated as: tween land uses and the effect of seasonality were investi-

1) gated for each gas and environmental properties by a two way
analysis of variance (ANOVA), with LSD post hoc analysis

where SD is the standard deviation of the gas concentrawhere appropriate. Data from the break of season rains Ex-

tion in ambient air,V is the volume of the chamber (L), periment 2 were normally distributed, except for £thffu-

A is the area of soil under the chamber?jrand T is the  sivity, which was LN transformed to normalise distribution.

time for incubation (hour). This is then corrected to flux The effect of water treatment was investigated using ANOVA

(g N1 h~1) using the ideal gas law and atom/molecular to compare diffusivity and fluxes of GHand NO. The effect

MDL =2-SD-V/(A-T)

www.biogeosciences.net/9/423/2012/ Biogeosciences, 9, 4232012
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of land use was investigated using ANOVA to compare diffu- 3.3 Variation in plant available N across season and
sivity and fluxes of CHH and NvO, for each water treatment. land use
Seasonal mean fluxes (mass £0CH4/N,O ha 1 d—1) were

estimated from the chamber data for savanna, young pasturggaqonal patterns of plant available N were assessed across
and old pasture soils. Seasonal mean flux were multiplied by, 4 ses using soil extractions of §Gand NI—H and in-
the days in each season and summed to provide an estima&eJbated resin bags. In extracts from the soil,letended

22;“;33' ;;Q'rei?é dagg ’C\ch(e? Tj?jarg;tiawagaggtiﬁ;edA?(;r to be present in higher concentrations than;N& all sites
» EXP q X at all times of year (Fig. 2). Concentrations of both nutri-

h GH lobal i ial WP) of 1 : . .
each GHG based on global warming potentials (GWP) o ents pools across season increased in the following order:

(COy), 25 (CHy) and 296 (NO). savanna< young pasture: old pasture. The amount of ni-
trate and ammonia extracted from resin bags was highest in

3 Results the old pasture sites, followed by the young pasture sites and
lowest in the savanna sites (Fig. 3). The highest values at all
3.1 Site properties sites were recorded in the wet season, November 2007 and

January 2008. Land use and seasonality both had a statisti-

The properties of the nine sites are described in Table 1. Allcaly significant effect upon soil-extracted IfHbut not upon

sites were located on the same soil type, red kandosols, Blaiggj|-extracted NG (Table 2).

sub-order (after Lucas et al., 1985). The soils are slightly

acidic, with very low levels of soil organic C (0.5t0 0.9%) 3.4 Break of season rains: the response of trace gas

and total N (0.02 to 0.06 %). The pasture soils, particularly fluxes

the old pastures, tended to have higher levels of C and N,

higher CEC and lower soil pH than the savanna .SO'IS (Ta'The irrigation event, which simulated break-of-season rains,

ble 1), although phosphorous levels were elevated in the PaS3ttected the fluxes of both Crand NyO (Fig. 4). Under the

:ﬁi;e;igr?i?scgggiﬁﬁgo ;qusr:\/s?tl r;a sites, reflecting the fe[éw soil moisture conditions of the late dry season (Septem-
P ' ber) and prior to the wetting event,>0 at both land use

sites fluctuated around 0ug Nvhh—1. Following the irri-

gation event of 40 mm equivalent rainfall, fluxes increased

Over a complete wet-dry seasonal cycle at the savanna site§0m ~0 ug N nT2h~* to a maximum of 19 ug N m? h~* in
higher (or less negative) fluxes of all three gas Speciegne pasture site the day after irrigation. Emissions after ir-
were recorded when the soil water content was abové’igation of the savanna soil were more mOderate, reaching a
~0.10 cnd cm3 (Fig. 2). Mean CQ emissions ranged from maximum of 8.3 ug N m?h~* immediately after the event.
44 to 390mg C m2h~1, with the highest fluxes occurring Only four days after irrigation, pD fluxes had returned to
during the early wet season (March). Mean Ctptake their pre-irrigation levels at both sites. This occurred despite
ranged from—=24 to —7 ug CITTZ h*l, while mean NO soil water content remaining well above the initial dry soil
fluxes ranged from-1.0 to 1.5ugNm2h-lover the sea- Moisture values-5 days after irrigation (Fig. 4).

sonal cycle. The seasonal patterns of fluxes observed at the Both the pasture soil 5.8+0.2ugCnr2h™1) and
young pasture sites were similar to those at the savanna sitetle savanna soil {7.8+0.3ugCm2h~1) were sinks
However, the range of values recorded was greater at thé0r CHa under dry soil conditions.  After the irriga-

young pasture sites: mean fluxes of £fnged between tion event, both soils became much weaker sinks (pas-
32 to 560mgCm2h~1; CH; —18 to —5pugCm2h-1, ture average—1.1+0.4ugCm2h!, savanna average

N,O —0.3 to 1.8ugNm2h-1, Fluxes of CH and NO  —2.3£0.3 pgCnr2h~1) and for short periods, sources
recorded at the old pasture sites were an order of magniof CHa (maximum values of 2.2pugCméh—! pasture,
tude greater than fluxes measured at the other sites with-1ugCn2h~t savanna).  Unlike DO fluxes, which
peak fluxes during February when the soil water contentduickly returned to pre-irrigation values, GHiuxes re-
was ~0.3cnfcm=3. Over the seasonal cycle, mean £H mained at their new “wet soil” values for the duration of the
fluxes ranged from-14 to +116 ugCm2h~1, and mean €xperiment (i.e. greater than 5 days post irrigation).

N>O fluxes ranged from-0.7 to +6 ugNm2h=1. Mean . o _

CO, emissions were comparable with those at the savannd-> Break of season rains: diffusivity and soil water

and young pasture sites. content

3.2 \Variation in soil gas fluxes with season and land use

Gas diffusivity decreased as water content increased in all
three land uses (Fig. 5). Fluxes of gWere negative under
dry soil conditions at all land uses, and became positive as
the soil was wetted up (Fig. 5). Fluxes 03® also generally
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Fig. 3. Net nitrate and ammonia mineralisation rates as measured with shallow bt#emin) resin bags in savanna woodland, young
pasture and old pasture sites. Means are from three replicate sites for each land use. At each site three resin bags were buried.

increased with increasing water content. Land use also hadpon CH; flux, with savanna having the largest rate (net sink)
a significant effect on gas diffusivity and Gtnd NO flux when compared to the pastures. When the soil was wettest,
with an interaction with different soil water conditions (Ta- land use significantly affected only,® flux, with rates at the

ble 3). Under dry conditions, land use had a significant effectold pasture site reaching 25 ug N‘#h~1 compared to less
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Table 2. The effect of land use and seasonality on soil gas fluxes and environmental properties, as determined by 2-way ANOVA with
LSD post-hoc analysis. Values followed by different letters are significantly different from one another. Non-normally distributed data were
transformed as indicated.

Land Use Season Interaction
Savanna Young Pasture Old Pasture Dry Dry-wet transition Wet Sealson
P value Mean (se) Mean (se) Mean (se)P value Mean (se) Mean (se) Mean (se) P value
LN CO, 0.000 474(055)a 4.81(0.56)a 5.15(0.55)b  0.000  4.09(0.48)a 4.75(0.59)b  5.86 (0.59) 0.013
LN N0 +10 0.009  0.83(0.01)a  0.86(0.01)b  0.83(0.01)a ns.  0.84(0.01) 0.83(0.01)  0.84(0.01) n.s.
LNLNCH4+100 0040  150(0.01)a  1.53(0.01)b  149(0.01)a  0.040  1.51(0.01)a 1.49 (0.01)b  1.51(0.01)ab ns.
Temperature 0.000 324(05l)a  346(0.49b  316(0.54)a  0.000  30.7 (0.43)a 37.1(0.58)b  30.7 (0.52)a ns.
LN Soil Water 0.000 —3.53(0.07)a —3.47 (0.07)a —2.88(0.07)b ~ 0.000 —4.48(0.06)a  —3.55(0.08)b —1.85 (0.08)c ns.
LN NO3+5 n.s. 1.77 (0.04) 1.70 (0.04) 1.81(0.04) n.s. 1.77 (0.04) 1.75(0.05)  1.77(0.04) n.s.
LN NH4+5 0.001  1.98(0.05)a  218(0.05)b  2.22(0.05b  0.007  2.09(0.04)a 2.26 (0.06)b  2.02(0.04)a n.s.
LN BD 0.000  0.33(0.01)a  0.41(0.01)b  0.42(0.01)b ns.
020 seasonal period, namely wet, dry and dry-wet season
. goung pastur(cejl ; . L 015 a% transition. Statistical analysis of fluxes for each season and
¢} . . . .. .
avanna woodian . | o0 8 land use is given in Table 2. Land use had a statistically sig-
. o = . .
° e 0.05 8 nificant effect upon the fluxes of all three gases and upon soil
o N temperature, soil water content and bulk density (Table 2).
25 T T 0.00 - . .. . .
= - Seasonality had a statistically significant effect upon,CO
= 201 igation| CHg, soil temperature and soil water content and the inter-
£ 154 » action between land use and seasonality was only significant
2 101 o for CO, (Table 2). Relationships between soil fluxes and en-
2 5| oo B o 'b" vironmental drivers (soil water content, soil temperature, solil
. Solke et %’%@m NO; and NH!, available NG and NH}) were investigated
sl 2 g% across all land use sites and seasons using step-wise multiple
= 7 regression. For all gases and all land uses, stepwise mul-
i ] ‘ . £ tiple regression yielded only one significant driving factor
o © WY (p < 0.01) and for most treatment combinations this was soil
v . . .
= 'LEW JY évv‘%’ %% water content. The exceptions were: soll l\IM/as the sig-
x 1 e .. . .
2 %3 i‘?? 11 nificant driving factor affecting Chifluxes in the young pas-
~ oI InYE - . e . . .
z 81 v ?v W#zﬁ ture, and soil NQ was the significant driving factor affecting
12 ‘ ‘ ‘ : ‘ ‘ . N>O fluxes in the old pasture. The ability of these regres-
N R P R R R R R R sion relationships to describe the variation in gas fluxes (as

quantified by-2) ranged from 0.29 to 0.69. The relationship
between gas flux and soil moisture was strongest at the sa-
Fig. 4. Methane and nitrous oxide fluxes from soil in a savannaygnna site and is given in Fig. 6. Over the observed range
woodland (open symbols) and adjacent young pasture (closed SYMs¢ soil moisture, NO flux was negative (net uptake by the

bols), before and after a 40 mm irrigation event. Error bars are the_ . . . _ 3
. . . oil) until a threshold moisture content of 0.08 m—23 was
standard errors from five replicate chambers. Soil water conten?

was measured before and during the irrigation experiment (yound?aChe,d' Mmstqre levels above this Vallue resulted lngemls—
pasture closed circles, savanna open circles). sion, with a maximal rate of 5ug NTh™* at~0.2n? m~
soil water content (Fig. 6). Methane and £€@uxes were
both positively related to soil water content, with moisture
than 5ug N m2h~1 at the savanna (Fig. 5). Under medium coptent alone explaining 70 % of the observed variation in
soil wetness, land use significantly affected diffusivity and SOil €Oz efflux.
N2O.
3.7 Cumulative flux estimates
3.6 Relationships between gas fluxes and environmental
drivers Fluxes of NO were positive for all land uses in the wet sea-
son and the dry-wet transition, but in the dry season, there
Given the large seasonality in fluxes as described abovewas a net uptake of MD by the soil in the savanna and the old
analysis of land use change was undertaken within eaclpasture sites (Table 4). Methane was absorbed by the soil all
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Table 3. The effect of water content and land use on gas diffusivity, ble emission avoidance projects can include soil basegl CO
CH, and NyO fluxes, as determined by ANOVA. Diffusivity data @nd non-C@ fluxes. Also countable are carbon sequestra-
were LN transformed to improve the normality of their distribution. tion projects that enhance sequestration in soils or biomass
The p-value is reported for significant results, non-significant re- Or avoid emissions.

sults are indicated by n.s., and post hoc tests (Tukey’s) were used Essential for the effective assessment of projects under this
to determine how the three water contents differed. Different lettersscheme is an understanding of the likely impacts on emis-
indicate where results were significantly different from one another.gjons that may, or may not arise for a given change in man-
agement. Models such as DNDC could play a role in assess-
Dry  Medium Wet ments and even verification of emissions at property or even
regional scales. For such schemes to be credible, it is essen-
tial that data are available that provide estimates of baseline
Diffusivity ~ 0.001 a b b fluxes for a given land use and for the calibration of pro-

p-value Effect of water content pooled across all land uses

CHgq 0.006 a b ab cess models. This study is the first comprehensive work in
N20 0.02 a b ab Northern Australia to investigate the effect of savanna clear-
Effect of land use ing and the establishment of improved pastures on soil based
Diffusivity n.s. 0.002 n.s. greenhouse gas fluxes. Our results clearly show that conver-
CHy 0.000 n.s. n.s. sion of savanna ecosystems to grazed pastures increases the
N2O n.s. 0.004 0.008 overall greenhouse gas flux to the atmosphere, with increases
in CO, and N O fluxes and decreases in soil gtptake (Ta-
ble 4).

year in the savanna and the young pasture, bufWas emit- 4.1 Effect of land use change on pD flux
ted from the old pasture in the dry-wet transition and in the
wet season. Comparison of seasonal fluxes demonstrated thatnissions of NO were near zero across all sites and sea-
the wet season was when the largest positive rates occurre@pns, although there was evidence of a spike i@ Nmis-
i.e. net emission of GHG. This held true across all land usessions of up to 20 ug N m?h~! following break of season
and all gases. The annual fluxes indicate that the conversiorainfall. While this was a maximal rate observed during this
from savanna to pasture has increased greenhouse gas emigeasurement program, when compared with other savanna
sions from the soil by 17.36t Gequivalent haly—1 ,and  ecosystems, theseM fluxes are well below the global aver-
decreased the ability of the soil to act as a sink for,GFa- age emissions for natural savannas (Dalal and Allen, 2008).
ble 4). When all gas fluxes are converted toGuivalent  N2O fluxes from pasture and both primary and secondary
units, CQ was the dominant flux from these land use types,wet forest in subtropical Puerto Rico were of a similarly low
despite the greater warming potentials of Cthd NoO. magnitude as in our study (below 2 pg N‘fh~1), except
where the forest was fertilized or dominated by leguminous
N fixing species (Erickson et al., 2001). The low®Ifluxes
4 Discussion observed in our study are likely due to the low N content
of the soils (0.02-0.07 % N). In such a low N system, N is
This study focused on quantifying fluxes of GHN,O and  tightly cycled and this is reflected in the low levels of soil
CO, from soils of contrasting land use types in the Douglas-nitrate and ammonia (Fig. 2), as was also found for a pine
Daly River basin in the NT. This region has been identified forest in the Mediterranean region (Rosenkranz et al., 2006).
as a catchment for potential intensification of horticulture, Dry conditions and low atmospheric N deposition also play
plantation forestry and cattle grazing. Soil types sampled ina role in situations with low KO fluxes (Dalal and Allen,
this study are from the Blain and Oolloo sub-orders (Lucas2008). The negative O fluxes (net soil uptake) observed
et al., 1985) of the red kandosol group and are the soil typesvere all associated with dry soil conditions and likely oc-
targeted for agricultural development, occupying00000  cur in low N systems when sufficient air can diffuse through
ha within the catchment. Understanding of greenhouse gasoil pores to allow N-starved microbes to use gaseoyS N
emissions associated with differing land use decision makas an N source (Rosenkranz et al., 2006»ONiptake has
ing is now essential for national greenhouse gas inventonpeen observed in savanna soils in West Africa, in dry tropi-
reporting (Cook et al., 2010). The Carbon Farming Initia- cal forest soils in Puerto Rico and in sandy soils stocked with
tive (www.daff.gov.au/climatechange/cfis a recent policy Pine in the Mediterranean region (Bnmer et al., 2008; Er-
development in Australia aimed at reducing national GHGickson et al., 2002; Rosenkranz et al., 2006). However, the
emissions via modified land management practises. Langbrocesses involved are, as yet, poorly understood (Dalal and
managers can trade carbon credits based on changes in laAdlen, 2008).
use practices that store more carbon or reduce emissions rel- The NbO emissions recorded in the old pasture occurred
ative to a baseline. As part of this trading scheme, eligi-at the end of the dry season, with the first rain of the dry-wet
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bars are savanna woodland, grey bars are young pasture and black bars are old pasture. Standard:exr @) laaesifdicated.

Table 4. Seasonal and annual cumulative fluxes of,C®,0 and CH, for each land use, calculated from manual chamber flux data. Note
that CQ is in tonnes (tC@-C ha 1y—1) while N»O and CH; are in kilograms (kg NO-N ha 1y—1, kg CHs-C ha 1y—1). The final row
is in COy-equivalent units (thaly—1).

CO, NoO CHy
Season Savanna Young pasture Old pasture Savanna Young pasture Old pasture Savanna Young pasture Old pasture
Dry-wet transition 3.34 4.53 5.95 0.00 0.01 0.06 —0.42 -0.25 0.09
Wet 8.54 12.28 8.76 0.03 0.03 0.03 -0.16 -0.11 2.55
Dry 2.66 3.15 3.79 -0.02 0.00 —0.02 -0.97 —0.70 -0.12
Annual sums 14.55 19.96 18.50 0.02 0.05 0.07 —1.55 —1.06 2.52
Annual CQ-e 53.35 73.19 67.84 0.01 0.02 0.03 —0.05 —0.03 0.08

transition. Our manual chamber results show some evidencial forest soils converted to pasture initially emitted more
of a build up of soil nitrate and ammonia during the dry sea-N»O than the forest soils, but from 10 to 35yp® fluxes
son, with a small pulse of YO emission with the first rain  decreased as pasture age increased, to values 1/2 to 1/3 lower
of the dry-wet transition. This phenomenon is more clearlythan the original forest soil emissions (Keller et al., 1993). In
demonstrated in the break of season rains, Experiment 1dry tropical forest in Puerto Rico, an increase in leguminous
N2O emissions are often a result of denitrification and in- N2 fixing tree species brought about by prior agricultural use
crease as the soil becomes wetter (Dalal and Allen, 2008)lead to greater PO fluxes from the post-agricultural forest
However, when the soil was wettest in our study there waghan from old forest sites (Erickson et al., 2002). Land use
little soil nitrate or ammonia present and thugONfluxes re-  change from native vegetation to cropping decreasg@ N
mained low. flux from savanna soils in West Africa and also from semiarid
The |and use Change in our Study was from native SaMa”ee SO”S in Southeastern Austl‘alia ca“mer et al., 2008,
vanna vegetation to grazed pasture, and this increased N Galbally et al., 2010). Cropping may increase gas diffusion
flux from the soil. Compaction by grazing can increase bulk through the soil as soil structure is opened up by tillage. The
density in pasture soils (as seen in Table 2), decreasing por@ffect of land use change on soil structure and N cycling will
space and limiting gas diffusion. Gas diffusivity was lowest influence the outcome of this change on sailNfuxes.
in the old pasture and highest in the savanna under all water
treatments, in the break of season rains Experiment 2. Trop-
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4 from savanna soils at Howard Springs in Northern Australia
y =9.056 x - 0.416 o (Livesley et al., 2011) or in PO fluxes from pasture or for-
T o Re=0.44 est soils in tropical Puerto Rico (Erickson et al., 2001). The
< < . . . .
ER X@/O/o most likely explanation for the lack of season_allty is the Ic_JW
6 € o o) nitrogen levels of the system. Even when soil was near field
> i o o capacity, i.e. favourable for denitrification and production of
2 o Jo N20O, all the N present is efficiently immobilized by plants
and soil microbes. The sand fraction of the top 50 cm depth
-4 : : in these soils tends to range from 80 to 90 %, which may
0 { y=8831x-2350 prevent the formation of anaerobic microsites where denitri-
= Re=0.46 00 fication would take place. In times when mineralisation and
x f -101 o © © nitrification occurs (i.e. in the transition period between wet
= £ 9 o o and dry, Fig. 5) most of the available NGs probably taken
To 20 18 o © up by plants or immobilised by microbes and not lost a®N
© 2 30 o2 via nitrification.
= ° 5
-40 : : . 4.3 Effect of land use change upon Chiflux
500 4 Y=2693.4x+102.6
- Re=070 © Conversion of savanna woodland to pasture decreased the
9 = 400 1 o CH, sink strength of the soils. Under the environmental
2 ‘:E 300 - o conditions encountered during the manual chamber measure-
S0 2004 © ments, the young pasture soils remained weak sinks far, CH
O o @ O while the old pastures became substantial sources gfu@H
E 100 5 o © der wet conditions. This is consistent with a review of global
0 ; : ; patterns of CH flux from natural and managed savannas by
000 005 010 015 0.20 Castaldi et al. (2006), which found that land use change dra-

matically decreased the GHink strength of soils, and con-
version to pasture resulted in the soil becoming & &blirce

in the wet season (Castaldi et al., 2006). The magnitude of
fluxes that we measured is within the standard deviation of
the global mean value as given by Castaldi et al. (2006) for

gion. Each point is the average value from five replicate chambers@vanna and seasonally dry ecosystems (annual daily mean

—2 4-1 i
as measured at woodland, young pasture and old pasture sites on0-48+0.96mg CHm™=d™"). In the break of season rains
seven occasions through a 14 month period. experiments, conducted under wetter conditions than were

encountered in the manual chamber measurements, both the

young pasture and the old pasture became net sources of
4.2 Seasonal changes ind flux CH4. Methane is produced under anaerobic conditions by

methanogenic bacteria. When soil is aerobic,4G$icon-
We could not detect a seasonal pattern gONluxes, which ~ sumed by methanotrophic bacteria (Dalal and Allen, 2008)
were generally very low in all ecosystems and did not changeand the change from Ctsink to CH; source observed with
significantly with changes in the environmental conditions. conversion to pasture is likely to be related to the increase in
The only exception were the break of season rains, thabulk density associated with grazing. Compaction by grazing
resulted in sizable (though still small in comparison with animals decreases the pore space in soils, thus the volumetric
other ecosystems) emissions 0§ (15—25 ug N m2h~—1) water content in pasture soils will be higher for a given rain
the day after the irrigation. This effect, however, was tran-fall than in adjacent savanna woodland soils. This can be
sient and four days after the break of season rains experiseen in the soil water content data from the break of season
ment, the soil was still wet but XD emissions had returned rains Experiment 1. Consequently anaerobic microsites, be-
to near zero (Fig. 3). Bimmer et al. (2008) also observed ing locations of net Chl production, will be more prevalent
a pulse of NO when the first rains fell after the dry season, in pasture soils compared to natural savanna soils.
in savanna in Burkina Faso, West Africa. Ongoing wet soil Land use change from native vegetation to pasture has de-
conditions did not yield continuing highJ® fluxes, likely  creased the Clsink strength of soils in a variety of ecosys-
because the soil nitrate and ammonia that built up in the drytems. Conversion of tropical forest to pasture decreased CH
season had been used up. consumption by soils in the dry season, and altered the sys-

This lack of seasonality was also observed in other studtem from a CH sink to a CH source in the wet season.

ies, such as a near-continuous 16 month study-® Ruxes  Pasture age did not affect GHluxes (Keller et al., 1993).

Soil water content
(cm3cm-3)

Fig. 6. The relationships between soil water content and, CO
CHz and NyO fluxes from savanna soils in the Douglas Daly re-
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Land use change from native forest to pasture decreased theehigher rainfall savanna site (1700 mm annual rainfall) near
CHg sink strength of soils in south west Western Australia Darwin, NT (Livesley et al., 2011).

(Livesley et al., 2009). In contrast, reafforestation of the pas-

ture with Pinus radiataand Eucalyptus globulugmproved 4.5 Effect of land use change upon C@flux

the ability of the soils to remove CHrom the atmosphere

but not back to the levels of the original forest (Livesley et The change in land use from native savanna woodland to pas-
al., 2009). In contrast, when native vegetation is replacedure increased emissions of @@om the soil. The highest

by cropping, the Chl sink strength of the soil can increase, CO, emissions occurred in the young pasture. This may
likely because cultivation can decrease bulk density and inbe explained by the hotter and wetter conditions in the pas-
crease the air-filled porosity of the soil and thus the soil gasture soils, which had less shading and insulation by vege-
diffusivity. In contrast to this study, Bmmer et al. (2009) tation than the savanna soils. Substrate availability likely
found that savanna soils converted to cropping were strongealso played a role in the higher GQluxes from the pas-
sinks of CH, when compared to native savanna soils. Gal-ture soils, similarly the presence of dense, fibrous grass roots
bally et al. (2010) also found that soils converted to wheatbeneath the soil surface and occasional grass foliage within
cropping were a stronger sink for Gkhan the native mallee  a chamber. Table 2 indicates that the pasture soils had higher
vegetation in semiarid Southeastern Australia. A positivecarbon contents than the savanna soils (savanna 0.56 % C,
correlation between CHsink strength and time since crop- young pasture 0.73 % C, old pasture 0.85% C). The magni-
ping was abandoned and afforestation began was found itude of CGQ fluxes in our study is similar to those of a sa-
soils in Scotland and Denmark (Prieme et al., 1997). Theseanna open-forest in north Australia (Livesley et al., 2011).
varied results emphasise that rainfall distribution, soil typeln contrast to our results, pasture soils emitted less tb@n

and both current and past land use and their affect upon sojpprimary and secondary forest soils on an annual basis in the
structure and water holding capacity need to be consideredvet dry tropics of the eastern Amazon Basin (Davidson et al.,

in the management of CHluxes from soils. 2000). However, the highest and lowest monthly measure-
ments were recorded at pasture sitedirBmer et al. (2009)
4.4 Seasonal changes in CHlux found that natural savanna soils produced more @@n

cropped savanna soils. This may be because cropping tends
Season had a statistically significant effect upons Gldx to reduce levels of C in the soil due to tillage.
from the soil, due to the large seasonal differences in soil
water content between seasons typical of the wet-dry trop4.6 Seasonal changes in C{flux
ics. During the dry season, soil water content declined to
between 0.02 and 0.05 érom~2 and the soils were a sink Season had a significant effect upon the flux ob@@m the
for CH4 under these conditions. As soil moisture increasedsoil. CGQ, fluxes increased dry dry-wet transition< wet.
through the dry-wet transition and into the wet season, thelThe change in C®flux with season has been well docu-
soil became a weaker sink and sometimes a source gf CHmented in many different ecosystems, and is generally at-
to the atmosphere. Methanotrophy is limited by gas diffu- tributed to the increase in temperature in summer (Dalal and
sion into the soil as diffusion controls the movement ofCH Allen, 2008). However, in the wet dry tropics of Northern
from the bulk air to the microbes in the soil. Diffusion occurs Australia, there is little change in temperature with season
through air filled pores. Water filled pores limit gas diffu- and we found no statistically significant effect of temperature
sion, clearly demonstrated in the break of season rains Experpon CQ efflux. Rather, it is water content that changes and
iment 2. Methanogenesis occurs when soils are sufficienthour data show that water content, rather than soil temper-
waterlogged, leading to £depletion in the soil and prevail- ature, drives the change in G@fflux with season. Other
ing anaerobiosis. This occurred at the old pasture sites undevorth Australia measures of soil G@fflux found similar
the environmental conditions encountered during the manuaseasonal dynamics with both Chen et al. (2002) and Lives-
chamber measurements and in all soils during the break ofey et al. (2011) reporting a five-fold seasonal difference in
season rains experiments. Our results concur with a syn€O; flux from the soil over a complete seasonal cycle at the
thesis of CH fluxes from savannas which found that there Howard Springs flux site largely driven by soil moisture, al-
was a statistically significant difference between wet seasorthough Chen et al. (2002) observed an interaction between
and dry season fluxes (Castaldi et al., 2006)iirBmer et  soil temperature and soil water content with a relationship
al. (2009) found that both cropped and intact savanna soilbetween CQ efflux and soil temperature evident but only in
were CH, sources when wet and Gksinks when dry. Dry  wet soils. Davidson et al. (2000) measured soil,Gfflux
season Chl consumption was 2 to 3 times greater than wetin the wet dry tropics of the eastern Amazon Basin where
season Cll consumption in tropical forest soils in Costa there is also little variation in soil temperature, in order to
Rica (Keller et al., 1993). In contrast, the ¢Huxes at investigate the effect of seasonal change in soil water con-
a savanna woodland in Northern Australia showed no seatent. They found that soil water content, in the absence of a
sonal pattern at the Howard Springs savanna flux tower siteconfounding temperature effect, had a significant effect upon
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CO, flux. Brimmer et al. (2009) also found that soil wa- 5 Conclusions
ter content, rather than soil temperature, controlleg €ax
from savanna soils. This study clearly demonstrated that land use change from
This research and the studies mentioned above add to gavanna to pasture increased the greenhouse gas flux from
growing body of evidence which suggests that global climatethe soil. More importantly, savanna clearing led to increases
models need to account for the dominant effect of soil waterin fluxes to the atmosphere of all three greenhouse gases.
content on CQ@ efflux in systems which experience little an- Nitrous oxide and C® fluxes increased after conversion
nual change in temperature and which are water limited forof savannas to pastures and soil Qlptake decreased and
part or most of the year. Such ecosystems (seasonally drgome pastures became a £$durce. Most of these changes
forests, tropical, semi-arid and temperate savannas) occupyan be explained by the structural changes of the ecosys-
approximately 20% of the Earth land surface (Hutley andtems — pastures were exposed to greater fluctuations in soil
Setterfield, 2008). Chen et al. (2002) estimated that predictmoisture and greater soil temperature and generally showed
ing soil CQ, emissions from savannas based on temperature lower soil diffusivity. This led to greater rates of denitri-
alone would result in errors in both the seasonality and magfication and increased nitrification and subsequent increases
nitude of fluxes. Soil respiration of these savannas is typi-in N,O fluxes but also to significant decreases insGhp-
cally >70 % of ecosystem respiration (Chen et al., 2003) andtake. The CO fluxes also increased as soil water content
is between 10 to 15tC hiay~?: a significant flux of CQ to increased, and the pasture soils consistently produced more
the atmosphere when extrapolated across the seasonal trogO, than the savanna soils. A conversion of savannas to pas-

ICs. tures in Northern Australia means therefore that there may be
an increase in greenhouse gas emissions ip €fdivalents
4.7 Annual budget from the soil ecosystem and our study highlights that soil

reenhouse gas exchange processes need to be considered to
form land use decision making in this least-developed part
of Australia. These findings are particularly significant given
. . ) the development of carbon credit trading schemes now oper-
sistently emit more Cothan savanna So'.ls and thys, the ational and targeting emissions from agricultural and grazing
net effect of this land use change is an increase in greenéystems. The greenhouse costs associated with clearing can

house gas emissions from soil. However, the r_1et effect OMhow be factored into land use decision making with more
the whole ecosystem also includes the contribution of plantsCertainty for these savanna ecosystems

to CO, uptake and C sequestration, and thus measurements
of net ecosystem exchange are required to fully understand
the greenhouse gas impacts of converting savanna to paé\—cknowledgementsThis research was funded by the Australian

ture. Methane production by termites was found to off- Research Council grant LP0774812 and partner organisations
set 21% of the soil Chisink in similar savanna types in the NT Government and Department of Climate Change and

. . ; Energy Efficiency, Canberra. Bianca Baldiserra, Luke Wiley and
north Australia (Jamali et al., 2011). Bnmer et al. (2009) Susanna Venn assisted with field and laboratory analyses. We also

found that converting savanna to cropping decreased thg i land holders in the Daly River catchment for access to their
abundance of termite mounds, and thus reduced the CHproperties for soil sampling and measurement.

producing potential of the ecosystem. Termites in our sa-
vanna live in mounds, in trees and below the ground, ancEdited by: A. B. Guenther
it is not clear whether their abundance is reduced by con-
version of savanna to pasture. The annual GHG emission
from each land use type in G@quivalent units was 53.31,
73.19 and 67.95tC&e ha 1y~ for the savanna, young and

old pasture respectively (Table 2). These estimates demor}&meth, A., Sitch, S., Bondeau, A., Butterbach-Bahl, K., Foster,
strate that Clj and NO make up only a small propor- P., Gedney, N., de Noblet-Ducoudr, N., Prentice, I. C., Sander-
tion of the overall greenhouse gas flux from these systems, son, M., Thonicke, K., Wania, R., and Zaehle, S.: From biota to
which is dominated by C® Our estimate of annual GO chemistry and climate: towards a comprehensive description of
emissions from the savanna soil (14.55t@0haty—1) trace gas exchange between the biosphere and atmosphere, Bio-
is in close agreement with the results from savanna wood- geosciences, 7, 121-14%i:10.5194/bg-7-121-201@010.

land in a higher rainfall area of Northern Australia (Chen Beringer, J., Hutley, L. B., Tapper, N. J., Coutts, A., Kerley, A.,

et al., 2002) (14.3thaly—1) and (Livesley et al., 2011) and O'Grady, A. P.: Fire _|mpacts on s_urface heat, monstl_Jre and
(13.26thaly—1). Across land uses, clearing essentially in- carbon fluxes from a tropical savanna in Northern Australia., Int.

. : : J. Wildland Fire, 12, 1-8, 2003.
0, ’ ’ ’
;ruiaezed GHG by 30%, largely driven by increased soiy CO Beringer, J., Hutley, L. B., Tapper, N. J., and Cernusak, L. A.: Sa-

vanna fires and their impact on net ecosystem productivity in
North Australia, Glob. Change Biol., 13, 990-1004, 2007.

Conversion of savanna woodland to pasture decreases t
CHg sink strength of the soil and may, under wet conditions,
result in emissions of both GHand NO. Pasture soils con-
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