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Background
Given the current uncertainty with carbon cycling in the tropics,
bottom-up observational programs in this region are critical to
better constrain models1. Disturbance processes such as fire,
extreme weather events and better understanding of the
movement of C through the terrestrial–aquatic–atmospheric
continuum are areas require further development. Failure to
account for the transport of soil derived CO2 to surface aquifers and
to streams may result in a considerable overestimation of
terrestrial C uptake, by as much as 20-30%1, especially in high
rainfall regions.
Here we report on C sink strength and the fate of sequestered
carbon in a catchment in the wet-dry tropics of north Australia (Fig
1). Within this catchment, eddy covariance (EC) measures of net
CO2 flux (Fc), latent energy (Fe), rainfall, soil moisture (θv) and river
discharge (Q) have been made for the last 16 years, one of the
longest flux records in a tropical savanna ecosystems globally (Fig
2).
Water and carbon balances for the catchment are reasonably well
constrained2,3,4 (Fig 3) and despite relatively low LAI (0.8-2.4),
annual drought and fire events every 2 in 3 years (Fig 2a), the site is
a strong C sink (NECB =~2 Mg ha-1 y-1). However, the fate of this
sequestered C is uncertain and to date and there is no estimates of
fluvial C transport for this savanna type .
Aims
The aims of this on-going research program is to better constrain
the carbon balance of high rainfall tropical savanna, an important
biome across north Australia. The long-term (16 year) time series of
C and water fluxes, site microclimatology, soil moisture dynamics
and LAI provides an opportunity to examine long-term trends in
fluxes and flux drivers. These can be compared to measures of
long-term change in vegetation biomass pools as well fluvial C
losses to better account for C cycling through an atmosphereterrestrial-aquatic ecosystem continuum.
Research questions
We pose the following research questions:
1. Are there long-term trends evident in

Research catchment
The Howard River catchment is ~35 km south-east of Darwin, NT,
Australia. The 126 km2 catchment is dominated by tropical savanna
with seasonal swamps and rainforest thickets. The focus of the
study is on savanna ecosystems, a highly productive, yet
disturbance prone ecosystem that consist of tree-grass mixtures
and occur across 2 million km2 of northern Australia (Fig 1).
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rainfall, soil moisture, growing season length
LAI
Flux variables - Fc, GPP, Re, Fe,
Functional ecosystem properties – IWUE, RUE

2. What is the fate of sequestered carbon?
•
•

woody thickening?
fluvial C transport – is this flux significant at this tropical site?
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Fig 5 Time series for statically significant fluxes (P<0.05)
with linear trend lines. Mean annual values are
calculated for data organised as water years (June 30 to
1 July). NEPLAI (FcLAI) uses the RH axis.
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Fig 1 The distribution of tropical savannas across north Australia and the study
catchment of the Howard River, near Darwin, NT (insert).

Trend analysis of fluxes and meteorology
Simple linear regression was used to assess trends in meteorological
variables, growing season length (period when θv > 0.1 m3 m-3) and
flux variables over the 16 year observation period. Flux variables used
were Fe, Fc, GPP and Re, which were also normalised by MODIS LAI
(MOD15A2) to give FeLAI, FcLAI, GPPLAI and ReLAI. The significance of the
linear relationships were tested at 0.05 and 0.1 significance levels.
Trends in two ecosystem functional properties, inherent ecosystem
water use efficiency (IWUE=GPP.VPD / Fe)6 and radiation use
efficiency (RUE=GPP / PAR) were also assessed and these variables
were also normalised by LAI.
Drivers of fluxes and attribution
An attribution experiment was undertaken to identify candidate
predictors of carbon and water fluxes at differing temporal
resolutions. Both statistical analysis and a process based terrestrial
biosphere model (SPA7,8) (results not shown) were used. Flux
dependencies were evaluated at differing temporal frequencies using
a random forest (RF) learning method to identify the seasonal
importance of meteorological variables. Daily data were binned into
months and run using VPD, Fsd, Tmax, Tmin, and θv as predictive
variables.

Trend analysis – evidence of increased rate of C cycling
Site rainfall, growing season length and atmospheric CO2 (using Cape Grim data) all showed
significant upwards trends over the observation period, with CO2 increasing ~29 ppmv since the
start of observations in 2001 (Table 1). Increasing site rainfall translated to slightly longer growing
season length and these factors may have driven increases in normalised GPP, Re and NEP, which
also increased by 14.8, 8.4 and 0.58 g C m-2 y-1 respectively (Fig 5, Table 2). There was no
detectable change in IWUE due to similar increases in both Fe and GPP, despite increases in CO2
concentration. Calculation of vegetation stock change over the 6 year period was 0.45 Mg C ha-1 y1, a net gain in the woody C pool at this site, consistent with the increasing GPP trend. RUI also
increased during the observation period.
Soil moisture and VPD controls dry season flux dynamics
Random forest output showed that Fsd (solar radiation) explained between 50 and 80% of flux
dynamics but suggested a systematic shift in the importance of soil moisture and VPD during the
dry season. Further analysis of these trends is ongoing using a to develop a process based
understanding the flux dynamics and response to environmental change. Statistical modelling
used may not effectively capture long-term interactions between increasing CO2, rainfall and
moisture availability that will be driving fluxes. Such models also need to incorporate the impacts
of fire on savanna carbon fluxes given their frequency9.

a)

GPP = 20.5 Mg ha-1 y-1
(Photosynthesis)

Fig 6 Random Forest analysis showing seasonal changes to
driver importance. Solid coloured lines are monthly mean
values of importance using these predictors of GPP, Re, Fc
and Fe. Shading is ±1 standard deviation of mean
importance.

NEP = GPP – Re = 4.2 Mg ha-1 y-1
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Fsd
(MJ m-2)
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VPD
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Rainfall
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SWC
(m3 m-3)

Growing season
length (d)

[CO2]
(mg m-3)

All

NS

NS

NS

NS

NS

NS

6.82
(0.02)

2.66
(0.02)

Wet

NS

NS

NS

NS

28.5
(0.10)

NS

NA

Dry

NS

NS

NS

NS

NS

NS

NA

Table 1 Trend analysis for meteorological variables calculated for water years using annual and
seasonal means (wet season= DJFM, dry season= JJAS). Slope and P values are given in parenthesis
for significant trends.
Fe
Fc
F
eLAI
(W m-2 y-1)
(g C m-2 y-1)

FcLAI

0.58
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NS
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ReLAI
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IWUELAI

RUE

8.4
(0.04)
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NS
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Biomassag 34 Mg C ha-1

b)

0.0034
(0.02)

NECB = GPP – Re- dist - ? = 2.0
Re = 16.5
(Respiration)

RUELAI

NS
0.005
(0.10)

Table 2 Trend analysis for flux and functional properties variables calculated for water years using
annual and seasonal means (wet season= DJFM, dry season= JJAS). Units for RUE are RUE g C m-2 y-1
MJ-1 PAR.
a)

Biomassbg 17 Mg C ha-1

Fate of NEP - C Gains
• woody increment – 0.45
• change in SOC ?

SOC 110 Mg C ha-1

Fate of NEP - C Losses
• fire: canopy recovery – 0.7
fine fuel consumption – 1.1
coarse fuel – 0.5

• fluvial export ?

Fig 3 Carbon pools and fluxes at the Howard Springs eddy covariance site,
after Beringer et al. (2007)2. Fluxes have been monitored for 16 years
including carbon loss from frequent fire events (burning every 2 in 3 years)
and non-CO2 emissions from termites, important decomposers. This
program is now being complimented by monitoring of groundwater and
riverine dissolved C concentrations (DOC, DIC) and river discharge (Q) to
estimate the magnitude of fluvial fluxes relative to terrestrial (Fig 4).

Fig 4 Integrating terrestrial and fluvial flux measures. Groundwater,
riverine dissolved C concentrations (DOC, DIC, POC) and river discharge
(Q) are combined to estimate the magnitude of fluvial fluxes relative to
EC derived terrestrial C inputs (GPP, NEP, woody storage increment) and
losses from respiration (Re) and fire.
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c)
Fig 2 a) Dry season conditions at the AU-How site during a low-severity fire event,
b) wet season conditions with C4 grass dominant understory and c) Howard River in
flood at gauging station where monitoring of DOC, DIC is on-going.

b)
c)

Fluvial C flux estimation
To compliment terrestrial flux observations at the AU-How site, the
magnitude of fluvial C loss is being quantified . Fig 4 shows the sampling
strategy to measure DIC and DOC concentration in shallow and deep
aquifers (Fig 4a) and in the Howard River (Fig 4b) with groundwater
sampled from nested piezometers and observation bores within the
catchment (d). The relative proportion of geological (c) and biogenic (e)
dissolved C is determined using δ13C and from both shallow (<20m
depth) and deep (>20 m) groundwater sources, with sources identified
using δD and δ18O. The annual C flux of DOC, DIC and POC (estimated
from literature values) is calculated from dissolved C concentrations
scaled by river discharge (Q), to estimate annual fluvial C flux. Direct CO2
loss from the river surface to the atmosphere was modelled following
Raymond et al. 2013.

Tree C sink
A 1 ha plot was established within the footprint of the AU-How flux
tower (Fig 4e,f) in 2008, with all woody vegetation >2m in height
identified to species and DBH and height measured. Savanna-specific
allometric models5 were used to estimate biomass for each
individual. The plot was surveyed in September of 2008 and again in
2015 to estimate the woody increment in Mg C ha-1 y-1. Soil organic C
and N pools have also been quantified (Fig 4h).
Partitioning sinks
Vegetation sinks and fluvial C fluxes can be compared to terrestrial
ecosystem C inputs (GPP, NEP) and losses (Re, fire). Measures of fuel
consumption and fire events as detected from site monitoring and
remote sensing provide C losses to the atmosphere via combustion
of grassy fuels and woody litter and coarse woody debris
This approach provides estimates of all major terrestrial C pools and
fluxes in both the terrestrial and aquatic flow pathways.

d)

Fig 7 Groundwater and riverine DIC and DOC fluxes in the Howard
River catchment, wet season 2016-2017. All values are Mg C ha-1 y-1.
River discharge (Q, panel a) was combined with b) DIC and c) DOC
concentrations to estimate annual fluvial fluxes and CO2 evasion to the
atmosphere (modelled).

Relative importance of fluvial C loss
Integrating all dissolved C sources from shallow groundwater and river flow results in a
preliminary estimate of this flux at 0.4 Mg C ha-1 y-1 transferred from the savanna to surface
aquifers to the river. A portion of this C is directly lost to the atmosphere as CO2 evasion, with a
net flux from the river of 0.29 Mg C ha-1 y-1 (Fig 7d), a loss pathway not currently accounted for
in the current estimate of NECB (Fig 3). These fluxes are of similar order of magnitude as the net
C gain via tree increment. Vihermaa et al (2016)9 took a similar approach as this study with EC
methods and fluvial C monitoring from an Amazonian tropical forest. Fluvial C loss was nearly
identical to study at 0.3 Mg C ha-1 y-1. The monsoonal wet-dry climate of north Australia is
conducive to driving significant pulses of dissolved C from the terrestrial vegetation-soil system
to surface aquifers and then transported to the river via runoff and significant rates of surface
throughflow.
Clearly fluvial C loss and fire can not be ignored in C accounting from a highly dynamic
ecosystem such as tropical savanna. Data describing interannual variability, error analysis and
further modelling C fluxes using mechanistic models is currently on-going.

