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Introduction

The terrestrial carbon cycle is an important congmbrof global change processes,
particularly the sequestration and release of gmarsc carbon (Schimeit al, 2001),
with consequent policy relevance. Increases in gpineric carbon are expected to
boost carbon storage in terrestrial systems, bsieffect may subsequently decline in
response to the resulting climate change (Cao & Waod, 1998). The effect of land
cover change such as deforestation, and land manreageon the carbon cycle is
thought to be substantial, but is uncertain (Schehal, 2001).

This study aims to assess terrestrial carbon staaigvo sites in the Kioloa region,
coastal NSW, Australia. A spatial model of the oegivas developed for Net Primary
Production. The results were used to parametetisgestrial carbon cycle model for
each site. Equilibrium carbon storage was assessg#dompared to storage under
several logging frequencies. Sources of uncertamtiye models are discussed.

Methods

Net Primary Production (NPP) is defined as the amofigross production (carbon
set by photosynthesis) that remains after lossgs &utotrophic respiration:
N = PG - PR (1)
where N is NPP;

P, is gross production;

P is autotrophic respiration.

Rodericket al (2001) modified Monteith’s (1972) light use efiaicy model, giving
the following formula for gross production (supeigts denote the use of an annual
timescale):
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where P, is gross production (mol GB%y™);

e’ is carbon uptake efficiency of the canopy (mol,@@I* PAR);

f is the fraction of photosynthetically active rata (PAR) that is absorbed
by the canopy;

C’ is a constant conversion factor from irradiancquanta in the relevant
spectrum (2.3 mol PAR N):;

R’s andR’, are global solar irradiance at the canopy andfdpe atmosphere,
respectively (MJ ).

The efficiency of the canopyg’) can be estimated as a linear function of the skffu
radiation fraction:
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The form of this relation is based on observatiamd modelling studies (Roderiek
al, 2001). The actual parameters are based on in&ipolbetween modelled
averages. Conceptually, the light-use efficiencyeagjetation increases with the
diffuse fraction, because more light can penettaecanopy, reducing the volume of
shade by more than an order of magnitude (Rodetiek 2001).

The diffuse fraction is directly related to atmospb transmissivity (Rodericét al,
2001):
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By substituting (3) and (4) into the equation foogs production (2), this becomes a
guadratic function of the diffuse fraction. Theasion of productivity with average
diffuse fraction is shown in Figure 1.
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Figure 1: Estimated rate of gross production in thestudy region as a function of average diffuse
radiation fraction. The relation is shown for threerepresentative values of the canopy coverage
factor, f' (a linear scaling factor).

The canopy absorption (or coverage) faftavas estimated using the Normalised
Difference Vegetation Index (NDVI) using the metrafBerry & Roderick (2001).
This is a linear rescaling of NDVI, matching it©pable range to the probable range
of f' (Rodericket al, 1999).
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where V is the NDVI for each location, derived froemotely sensed data;

Vmin is the minimum probable NDVI: 0.08;

VmaxiS the maximum probable NDVI: 0.68;

' max IS the maximum probabf& 0.95.

NPP can be estimated by assuming that autotrophpration is 45% of; (as in

Rodericket al,2001). Estimates were extracted for specific sited in further
modelling: site “42” (35.57%95, 150.32%E) and site “43” (35.57%, 150.329E).



A dynamic carbon cycle model was constructed fesdéhsites using the STELLA
simulation packagenww.iseesystems.com

The approach of Klein Goldewijt al (1994) was generally followed, except that
stems and branches were lumped together, litterdigasetised by its living
component, and soil was treated as a single stbeemethod is described briefly
here. NPP was partitioned into living carbon stoeksording to their different rates
of cycling. These were leaves, stems and rootsh Baog stock decayed according
to its estimated lifetime into a correspondingelitstore. These in turn decayed
according to another estimated lifetime; some ioacthumification fractiorhf)

turned into soil and the remainder was lost todtimeosphere. Soil carbon was

released to the atmosphere according to its estanbfietime’ (carbon residency
time).
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Figure 2: System diagram of the dynamic carbon cyelmodel (from STELLA). Squares
represent stocks and circles upon arrows represefiows.

The parameters of the model are introduced in Tabléalues were provided by
Stephen Roxburgh (Research School of Biologicatri@as, ANU). They are specific
to the study region, based on unpublished data.

In addition to the carbon cycling dynamics desatibbove, a logging mechanism
was included. Once every set rotation period (Yye&f¥o of the living stem carbon



was extracted as ‘harvest’, and the remainder becdem litter. Living leaf and root
carbon also became litter.

Table 1: Carbon cycle model parameters. “Lifetime”refers to carbon residency time in each
stock. Values are mean (standard deviation).

parameter description value
NPP Net Primary Production (tonnes C ha'y™) site-specific
Al NPP allocation fraction to leaves 0.39 (0.05)
A s NPP allocation fraction to stems 0.49 (0.05)
Ar NPP allocation fraction to roots 0.12 (0.05)
L_| Lifetime of leaves (years) 0.67 (0.20)
L_s Lifetime of stems (years) 113.0 (32.2)
L_r Lifetime of roots (years) 84.5 (35.9)
Ll Lifetime of leaf litter (years) 4.0 (1.5)
L_sl Lifetime of stem litter (years) 21.6 (16.0)
L_rl Lifetime of root litter (years) 26.1 (9.9)
hf Humification fraction (hfll, hfsl, hfrl) 0.43 (0.08)
L_soll Lifetime of soil (years) 78.6 (26.7)

A simple sensitivity analysis was carried out,dentify which parameters had most
leverage over the total carbon pool in equilibritach parameter was perturbed
positively and negatively by one standard deviatinrihe case of NPP, it was
perturbed by 10%. The model was run with each paranperturbed individually;
thus interactions were not examined.

In the case of allocation fractions, they must glsveum to 1. The parameters
applying to leaves and roots were perturbed, wighremainder in each case being
made up by stems. The lifetime of leaves was allessthan 1 year, so it was not
included.

The effect of logging rotation length on the tatatbon pool (sum of all carbon
stocks) was assessed for rotations of 30, 60,2%5and 500 years. The carbon pool
was averaged over a full rotation after the modael $tabilised.

Results

For the Kioloa study area, annual average surfaadiance was calculated from the
local topography. Expressing this as a proportiothe radiation at top of atmosphere
R’, (in this case 10,966 MJ ) and applying equation (4) gave a grid of the
estimated diffuse radiation fraction, shown in FeyG.



Figure 3: Estimated diffuse radiation fraction overthe study region. Spatial scale could not be
shown for technical reasons.

Using equation (5), estimated valued’adver the study region are shown in Figure 4.

Figure 4: Values of f' estimated by a linear rescaling of NDVI. Spatialsle could not be shown
for technical reasons.

The two spatial grids derived above now allow graesluctivity to be computed
from equation (2). Finally, NPP was estimated &% 6P, . The result is shown in
Figure 5. Values of NPP were identified at eactheftwo study locations: at site 42
the estimate was 10.86 tonnes Cyi§ at site 43 it was 17.76 tonnes CHid.



Figure 5: Estimated NPP (mol CQm?y™) over the study region. Sites 42 and 43 are shovas
white dots on the mountains near the coast. Spatiatale could not be shown for technical
reasons.

The dynamic carbon cycle model was parameterisddthve estimated NPP for each
study location. With stocks starting at 0, all dtabd after about 500 years. The total
storage at equilibrium was 1133 tonnes C fua site 42, and 1858 tonnes C'tar
site 43.

The results of sensitivity analysis of the carbgade model in equilibrium are given
in Table 2. Two results are given: the proporticgfédct on the carbon poo))(

resulting from a one standard deviation perturlpathiosome parametexr|dy/y| , and

the normalised sensitivit gy;y (Saltelliet al, 2000) calculated from the same
X/ X

perturbation.

Table 2: Results of sensitivity analysis of carbooycle model.

parameter effect sensitivity

NPP 0.10 1.00

a_l 0.06 0.44

ar 0.01 0.02

L s 0.13 0.45

Lr 0.04 0.09

L1l 0.01 0.01

L sl 0.07 0.09

L rl 0.01 0.03

hf 0.05 0.29

L_saoil 0.10 0.29




Time series of living carbon stocks are shown guFe 6 for 1000 years, with a
rotation length of 250 years. Time series of n@mi carbon stocks (litter and soil)
from the same model run are shown in Figure 7.

Figure 6: Time series of living carbon stocks witta 250 year logging rotation (site 42). Note
variables are on different scales.

Figure 7: Time series of non-living carbon stocks ith a 250 year logging rotation (site 42). Note
variables are on different scales.

The long-term average carbon pool resulting frorareye of rotation lengths is shown
in Figure 8.
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Figure 8: Effect of logging rotation length on aveage carbon storage (site 42). The carbon pool
was averaged over one rotation period, after at lest two rotations to stabilise the model. The
vertical axis extent is set to the undisturbed eqlibrium carbon pool (1133 tonnes C ha).

Note that the only parameter difference betweeassitas in NPP. All dynamics in
the model are linear functions of this input, gesdiffer only in scale (volume of
carbon). The results for site “43” can be determibg scaling site “42” by their NPP
ratio: approximately 1.64.

Discussion

It is clear from the results that the average vawhcarbon stored in these terrestrial
ecosystems decreases as logging frequency incrddsestorage with a 500-year
rotation was estimated at 94% of the equilibriurlugaas opposed to 44% with a 30-
year cycle.

Simple parameter sensitivity analysis indicatestfifiect of variance in the estimated
lifetimes of stems and soil carbon is substanttaD@6). This implies that the size of
predicted carbon stocks is uncertain, but doeslewact from the general finding.
Sensitive parameters were noted as the allocatiteaves, lifetime of stems and saill,
and humification fraction. However, the most sewsiparameter was NPP (directly
proportional to output).

Rodericket al (2001) suggested that their NPP estimate was seositive to errors
in f over much of Australia, and this matches the aggiatominance df in
determining our NPP map. They also acknowledgeémaiaty in the model drivers,
e.g.not including the effect of water stressenindeed, we are only directly
incorporating one of the four primary environmemggdimes (Mackey, 1996) —
radiation — although they are all integrated to salagree by the use of observed
greenness (NDVI). The temperature and moisturemegjishould also influence
decomposition rates in the dynamic model (as inrK@&oldewijk et al, 1994), but
were not included here.



The value of at site 43 slightly exceeded 1, because NDVI edege¢he nominal
maximum of 0.68. This ‘maximum’ was derived by Rodeet al (1999) as the 95th
percentile of pixel values over Australia, so skidog expected to be exceeded
occasionally. The specified maximuirwas also specified imprecisely: while it “may
approach 1 in dense vegetation cover” (Rodegickl, 1999) this was assumed to be
rarely uniform over an NDVI pixel.

While the above discussion focusses on parameheesjahe most significant source
of uncertainty is likely to be more fundamental:dabstructure and assumptions. The
general result presented here may be crediblenbte research is needed to improve
model validity with respect to quantitative predats for most purposes (as in

Rykiel, 1996). The model should also be qualifigefjning the applicable domain of
its assumptions, before being applied elsewhere.

Conclusions

Results show a substantial reduction in the lomgrt@verage terrestrial carbon pool
with increasing frequency of logging.
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