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Abstract

We applied a new version of the G’DAY ecosystem model to short-rotation plantatidiae@fprus globulus growing under
a Mediterranean climate in south-western Australia. The new version, that includes modified submodels for biomass production,
water balance, litter and soil organic matter (SOM) decomposition, and soil inorganic N balance, was parameterised and applied
to three experimental eucalypt sites (Mumballup, Darkan and Northcliffe) of contrasting productivity. With a common base set of
parameter values, the model was able to correctly reproduce observed time series of soil water content, canopy leaf area index anc
stemwood data at the three sites. The model’s ability to simulate soil N supply under forest plantations was tested by simulating
N mineralisation at each of the three sites over the duration of the experiment (10 years). Simulated annual net N mineralisation
in the litter and top 20 cm soil layer ranged from 50 to 170 kg Ntheecross the sites as a result of differences in rates of litter
production, SOM and litter decomposition, and microbial N immobilisation and (re-)mineralisation. Simulations of annual soil
N mineralisation were similar to measured rates over a 3-year period, except for an overestimation in 1 year at Mumballup and
2 years at Darkan. Model results indicated the importance of fine root production and turnover for N supply. As plantations
age, supply of N to trees increasingly originates from litter decomposition, while the contribution from decomposition of SOM
decreases. Although major soil feedbacks associated with litter production, decomposition and N availability are adequately
integrated into G’'DAY, further work is required in some aspects of the model, including the utility of the C-allocation submodel
over a wide range of site conditions and silvicultural treatments.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction radiata plantation in eastern Australia was greater than
40% (Ryan et al., 1996

Process-based simulation models are a powerful Generic Decomposition And Yield (G'DAY)
tool for studying the functioning of forest ecosystems (Comins and McMurtrie, 1993; Medlyn et al., 2000;
and their processes (eAper et al., 1982; Sands etal., McMurtrie et al., 200}is a relatively simple, process-
2000. Increasingly, they are used to gain a bet- based ecosystem model of C and N cycling that links
ter understanding of the effects of silvicultural prac- a plant production modeMcMurtrie and Wolf, 1983;
tices (e.g. fertilisation, harvest residue management, McMurtrie, 1991; Medlyn et al., 20QQo the decom-
stocking density and thinning) on plantation produc- position submodel of CENTURYRarton et al., 1987,
tivity (Almeida et al., 2004; Battaglia et al., 2004; 1993.Itisageneric modelinthe sensethatits structure
Corbeels et al., 200%aModelling of carbon (C) and  and the underlying concepts are not site or species spe-
nitrogen (N) cycling is particularly important for short-  cific, but it must be parameterised for individual sites
rotation forest plantations because N frequently lim- and species. It uses a daily time step with inputs of daily
its their C production (e.gBernhard-Reversat, 1996; meteorological data forincoming total short-wave radi-
Agus et al., 2004; O’Connell et al., 2004; Smethurst ation, precipitation and minimum and maximum air
et al.,, 2004. It is a major challenge to modellers temperatures. The G'DAY version with CENTURY
because of complex interactions between C and N (henceforth referred to as G’DAY-Century) has been
cycling, including feedbacks between plant and soil applied to several forest and grassland experiments for
that are associated with litter production, organic mat- investigating plant growth responses to climate change
ter decomposition and soil N availabilitys¢ott and (Medlyn et al., 2000; McMurtrie et al., 2001; Pepper
Binkley, 1997; Campbell and Gower, 200Mhtegrat- et al., 200%, age-related decline in forest production
ing plant—soil feedbacks into forest-ecosystem models (Murty and McMurtrie, 200}, impacts of land-use
is, however, essential, if one wants to analyse how change on soil C storagéldlliday et al., 2008 and
silvicultural operations such as harvest residue man- effects of management practices on sustained produc-
agement affect forest yield through their impact on tivity (McMurtrie et al., 2001 Each of these studies
soil fertility (King, 1996; Rolff and&gren, 1999. For concluded that there is a need to improve the represen-
example,Corbeels et al. (2005anodelled the link tation of soil C and N cycles in G'DAY-Century, which
between soil N fertility and productivity for eucalypt led to the development of a new organic matter decom-
plantations under various options of harvest residue position submodel that advances the mechanistic treat-
and N management. They showed that a plant—soil ment of the N mineralisation-immobilisation process
model with internal C and N cycles is required for pre- during decomposition of litter and soil organic mat-
dicting sustainable wood yield over multiple rotations. ter (SOM). This new decomposition model has been
Besides, a successful forest-ecosystem model needs talescribed and tested in a companion pa@erieels et
be well-balanced, describing plant physiological and al., 2005, and was proven to simulate more accurately
soil biogeochemical processes in comparable levels of N mineralisation-immobilisation dynamics in decom-
detail. posing Eucalyptus globulus residues compared to

Over the last two decades there has been consider-G’'DAY-Century (see Fig. 4 irCorbeels et al., 2005b
able progress in the development of various kinds of  The objective of this paper was to present a model
process-based forest growth models (e.g. see reviewof C and N cycling for fast-growing forest plantations
by Makeh et al., 200D However, these models differ  that would allow us to simulate feedbacks between site
considerably in terms of structure, processes incorpo- N fertility and plantation productivity over the long-
rated, formulation of individual processes and nature of term and address sustainability issues of silvicultural
driving variables. As a result, when various models are management. The paper is structured as follows. In
applied to a single site, their outputs may be widely dif- Section2, we describe the updated version of G'DAY
ferent. For example, following calibration of a number for C and N cycling in fast-growing forest plantations
of leading ecosystem models to several years of field and in Sectior3 the available experimental data. In
data, the coefficient of variation in predicted annual Section4, we parameterise the new model for three
soil N mineralisation for a specific year undePaus E. globulus ssp.globulus plantations in south-western
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Australia, and in SectioB, we evaluate model predic-

tions of soil N mineralisation against measurements

for these eucalypt stands. In Sectibpwe analyse
parameter sensitivity and identifiability in relation to
available measurements. In Sectirthe main results
are discussed, and in Secti®ionclusions are drawn.
The application of this updated version of the G'DAY
model to long-term productivity of eucalypt plantations
in relation to site N fertility can be found iGorbeels
et al. (2005a)

There were several motivations for updating G’'DAY
to model the time-course of growth and N cycling of
fast-growing forest plantations, including: (1) G’'DAY-
Century assumed fixed C-allocation coefficients, which
is clearly wrong for highly dynamic fast-growing for-
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2. Model description

The overall structure of G’'DAY is shown iRig. 1

The model consists of four submodels: (1) plant
production; (2) soil water balance; (3) decomposi-
tion; (4) soil inorganic N balance. In this section,
we describe the structure and major equations of
G'DAY for C and N cycling in fast-growing forest
plantations. Symbols used and their units are defined
in Table A.1(Appendix A).

2.1. Plant production submodel

The plant production submodel of G'DAY, which
is comprehensively described McMurtrie and Wolf

est plantations with seasonal growth patterns; (2) the (1983) McMurtrie (1991) andMedlyn et al. (2000)

assumption of fixed specific leaf area (SLA) and leaf
N:C ratio in G’'DAY-Century is no longer valid when
simulating early canopy growth of young plantations;
(3) to allow for moisture effects on decomposition of
litter and SOM, it is necessary to take account of a
soil water balance that differentiates between litter,
top-soil and whole soil layers; (4) the organic matter
decomposition submodel of G’DAY-Century does not
fit E. globulus litter decomposition dat&@orbeels etal.,
2005h).

simulates the C and N balances of an even-aged mono-
culture of trees. For application to fast-growing for-
est plantations we modified the model as follows: (1)
radiation interception is evaluated for partially closed
canopies (followingackson and Palmer, 198(2) tree
growth is reduced under water-limited conditions by
incorporating a soil water balance submodel (see Sec-
tion 2.2); (3) the maximum foliar N:C ratio of newly
formed leaves depends on stand age; (4) SLA depends
explicitly on foliar N:C ratio (as such it is implicitly
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Fig. 1. The structure of G’DAY showing the key pools and fluxes of water, carbon (C) and nitrogen (N) in plant angh saitrogen input
from atmospheric deposition, biological fixation and/or chemical fertilidggs, nitrogen loss through leaching and gaseous emissions; NPP,
net primary productivity; SOM, soil organic matter.
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linked to stand age); (5) C allocation to leaf, stem and
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branch pools is constrained by empirical allometric g 1p{ Y= #9X* 15 .
. . . . . R = 0.60
relationships. Here, we give only a brief outline of the © ,; | o
plant production submodel and describe the modifica- 2 g
tions made. m
The plant production submodel has five biomass NE &1
pools Fig. 1): foliage (f), branches plus coarse roots £ 41
(b), stemwood (w), which is divided into sapwood (s) » 2
and heartwood (h), and fine roots (r). The branch to 0 : : : : :
coarse roots ratio was set at 0.F&pao et al., 199p 001 002 003 004 005 006 007
All pools receive C through allocation of photosynthate foliar N:C

and N through both uptake from soil and retransloca-
tion within the plant.

2.1.1. Net primary production (NPP)
The published G’DAY model includes a submodel

Fig. 2. Specific leaf area (SLA) of new leaves as function of foliar
N:C ratio. Data from twaE. globulus stands, respectively, at Man-

jimup (lat. 3420'S, long. 11600'E, 1023 mm rainfall), and Bussel-
ton (lat. 3345'S, long. 11807 E, 825 mm rainfall) in south-western
Australia (T. Grove, unpublished data).

that evaluates NPP from a mechanistic, biochemically \yherer, is PAR incident on the canop, the extinc-

based model of leaf photosynthesMedlyn et al.,

tion coefficient for absorption of PAR by the canopy,

2000. In this paper, we opted, instead, for a sim- 1 projected leaf area index (LAI, #m~2 ground) and

pler empirical model NicMurtrie and Wolf, 1983;
McMurtrie, 1991; Landsberg and Waring, 19®uhich

assumes that NPP is proportional to photosynthetically
active radiation (PAR) absorbed by the canopy denoted Ge = L

by I, assuming that 50% of total solar radiation is PAR:
1)

where P, (kg Cm2yr~1) is NPP,go (kgDMMJ~1
PAR) the potential PAR utilisation efficiencyym the
conversion factor from dry matter (DM) to C, and
andfy represent growth reduction factors to account

Pn = gocdmla fN fw,

G is fractional ground cover, which is evaluated as the
ratio of L to L, the LAl at canopy closure:

, ifL < L¢c (3a)

cc

Gc = 1, |f L 2 Lcc. (3b)

Leaf area index () is related to foliar biomass(k,
kg Cm2):
Cs
o—,

Cdm

L= (4)

for limitations by N and water, respectively. The value whereo (m?kg~1 DM) represents specific leaf area
of &¢ is net of all growth and autotrophic respiration SLA. Since simulated NPP is highly sensitive to LAI
under the assumption that plant respiration is a fixed during early canopy growth, it was necessary to take
proportion of gross primary production (s&éaring into account the variation in SLA with leaf and tree
et al., 1998; Dewar et al., 1998, 1999; Medlyn et al., age (se&ands and Landsberg, 200Zhis was done in
2000. It is assumed that the growth reduction factors G’DAY by assuming that SLA of newly formed foliage
fn andfy range from 0 to 1, and act multiplicatively  (o9) is linearly related to foliar N:C rationg), which
without interaction. is based on data from twl globulus stands in south-

In this study, where G'DAY is applied to young, western AustraliaKig. 2):
developing forest plantations, we evaluate radia-
tion absorption by canopies that are partially closed
(Jackson and Palmer, 198Therefore, PAR absorbed
by the canopyl) is determined as:

L
Ia= 1, [1 —exp (—kp G)} Ge,
C

o0 =0i + (omax — 0i),

nfy max
(5)

whereomaxis the maximum SLA of new leaves, which
is achieved whens is equal to the maximum N:C ratio
observed in foliage of young trees,y max, ando; is

with  nf < nfy max

)
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the y-intercept in the relationship betweeny andns
(Fig. 2). In G’DAY, LAl is a dynamic variable that is
predicted from the difference between LAl of new leaf
production (with SLA ofog) and LAI of senescing
leaves (obtained by multiplying current LAI by leaf
turnover ratds that is estimated from E¢17)).

The reduction in NPP due to N limitationy(
depends linearly on foliar N:C ratioy) if ns is less
than a critical valuer it):

ng
N= ,

Nfcrit
MN=1

Thus, it is assumed that there is a critical foliar N con-
centration, below which photosynthesis is N-limited
(seeMcMurtrie, 1991 for a detailed discussion). The
value ofns it decreases over time. It is proportional to
the maximum leaf N:C rationgmax), which is a func-
tion of stand ager):

(6a)

if ne < nfcrit

(6b)

if n¢ > nfcrit.

Nfcrit = AN max, (7)
whereay is a constant, and
t
nf max = nfy max — (fy max — AtMmax) | = | »
iy
ift < T (8a)
Nfmax = NfMmax, i1 1 > Tw. (8b)

Thus, nfymax IS the maximum N:C ratio of newly
formed leaves at stand age0, andus pm max IS the max-
imum N:C ratio of newly formed leaves in a mature
stand of age= Ty or older.
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where Wi max is maximum plant available water PAW
and FR,¢rit is an empirical parameter representing
the fractional PAW, below which production is pro-
portional to PAW. The relationship gfy to the ratio
Wi:Wimax is functionally analogous to equations used
in other models for the ratio of actual to potential evap-
otranspiration (e.gSlabbers, 1980; Dunin, 20D2

2.1.2. Carbon allocation

Carbon allocation is highly variable during the early
development of forest plantations. Allocation to foliage
usually decreases with stand age whereas allocation
to stemwood increases (elglakek and Hari, 1986;
Cannell and Dewar, 1994; Magnani et al., 2R@Envi-
ronmental conditions also affect patterns of allocation
in trees. For example, the proportion of NPP that is
allocated to fine roots is generally higher on sites
that experience soil water and/or nutrient stresses (e.g.
Santantonio, 1989; Keith et al., 1997

Previous versions of G'DAY have assumed constant
C-allocation coefficients, or allocation coefficients that
are functions of leaf N:C ratio. In this version, we
employ the following empirical model for C allocation
as a function of tree height. Leaf versus stem alloca-
tion is constrained by an empirical equation for the
ratio (LS, dimensionless) of projected leaf area index
(L) to stem sapwood cross-sectional arég (n? m—2
ground) Medhurst et al., 1999 In most species this
ratio declines with increasing height (eedhurst
et al.,, 1999; Magnani et al., 20p0ONe assume that
the ratio varies from L&to LS; as a linear function of
tree height &, m):

The model calculates a stand water balance (see

below; Section2.2). Both NPP and decomposition
are reduced if plant available soil water is low. The
effects of soil water content of top-soil and forest
floor on decomposition is described @orbeels et al.
(2005b)

The water limitation factofiyy for NPP depends on
total plant available watei;, mm) to a specified soil
depth as follows:

Wi/ Wt max
fw=
FPW crit

Wi

t max

R

Wt max

(9a)

fw=1 if > FPRycrit, (9b)

LS=LSo, if H< Ho (10a)
LS = LSo+ (LSy — LSo)(H — Ho)’

Hy — Hp
if Ho < H < Hyp (10b)
LS=LS;, ifH > Hj. (10c)

Average tree height is calculated from stemwood mass
(Cw, kg C n2) using an empirical allometric relation-
ship:

H = biC22, (11)

whereb; andb, are constants.
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Sapwood cross-sectional area is calculated from
sapwood massJ, kg C mi2), the height and sapwood
density (, kg DM m~3):

Cs
pH
whereCs is estimated from Eq$18a)—(18c)

There are several ways that the constraint (Eqgs.
(10a)—(10c) could be incorporated into G’DAY, e.g.
through controls on leaf versus stem allocation as
in the 3-PG model %ands and Landsberg, 2Q0@r
controls on leaf and sapwood turnover. Our approach
involves assuming Eq§l0a)—(10cyepresents a target
leaf:sapwood area ratio that is approached by varying
leaf and stem-allocation coefficients. Leaf allocation
depends on the value bfAg relative to the target value
LS, declining from a maximum valugmax to zero with
increasing./As. The variation ofis is characterised by
a parametes s:

: 12)

. L
af = afmax, If — <LS(1—4Ls)

1
- (133)
ar = 0.5af max (1+ (]'_(L/AS)/LS)> ,
ds

. L
ifLS(1 — dLs) < =< LS(1+ dLs) (13b)

s

. L

as =0, if—>LS(1+4.s) (13c)

As

Egs.(13a)—(13c)s a goal-seeking formulation of the
process of leaf versus stem allocation {dfornley and
Johnson, 1990where the goal is the relationship (Egs.
(10a)—(10c), which expresses leaf:sapwood area ratio
as a function of tree height. If simulated leaf:sapwood
area ratio is below (or above) the target value LS, allo-
cation to leaveg; increases (or decreases) relative to
stem allocatiorus. However, the value ofis cannot
exceedasrmax. The parametes s characterises how
a; andas respond when the leaf:sapwood area ratio
departs from the target value LS.dfs « 1, then the
simulated leaf:sapwood area ratio will closely track the
target value LS. However, dgs increases, the alloca-

M. Corbeels et al. / Ecological Modelling 187 (2005) 449-474

(Ch, kg C n72) and stemwood mas€;, kg C nT2):

Cp = baChs, (14)

where b3 and bs are constants. This constraint is
imposed through a goal-seeking formulation of the pro-
cess of branch versus stem allocation, analogous to Egs.
(13a)—(13c) The goal is the branch—stem allometric
relationship (Eq(14)):

Aap = dp max if Cp< bBC\[;\f(l - 3BS) (15a)
1 — (Cp)/(b3Cl#
Clb:0~561bmax<1+ (1—(Cp)/(b3 W))) ’
dBs
if b3Ch4(1 — 8gs) < Cp < baCh4(1 + 8gs) (15b)
ap =0, if Cp > b3Ch4(1+ Sgs), (15¢)

where the parametégs characterises the variability
in ap. If simulated branch mass is below (or above) the
target value calculated from E{L4), then allocation
to branchegy increases (or decreases) relative to stem
allocationas. However, the value af,, cannot exceed
apmax 1he parametetgs characterises how, andas
respond when the branch mass departs from the target
value Cp. If 8gs « 1, then the simulated branch mass
will closely track the target valu€,. However, as s
increases, the allocation coefficients are less respon-
sive, and branch mass tracks the target less tightly.
The allocation coefficient to fine roaigis held con-
stant for a given site, while stem allocation is calculated
as the residual:
as=1—as —ap — ar. (16)
According to the allocation model (Eg&3a)—(13c),
(15a)—(15c)and (16)), a shift in either leaf or branch
allocation is matched by an opposing shift in stem allo-
cation. It is acknowledged that the above allocation
model does not explain the physiological processes
governing allocation of assimilates. Though mecha-
nisms underlying the relationship (Eq4.0a)—(10c)
have been parameterised for some forest systems (e.g.

tion coefficients are less responsive, and leaf:sapwood Dewar, 1993; Magnani et al., 200Ghere is consid-

area ratio tracks the target LS less tightly.
Branch allocation is constrained in a similar way by
an empirical allometric relationship between branch

erable doubt about how parameters change with tree
size and age. We adopt the above empirical approach
because our primary aim is to develop a tree growth
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model that works across a range of environmental con- andrs is the turnover rate of sapwood to heartwood.
ditions, and can be used for predicting associated N Stemwood mass i§y, = Cs+ Ch.
cycling in the plant—soil system.
2.1.4. Nitrogen allocation

2.1.3. Litter production Nitrogen allocation to new tree growth is derived

We assume that litter production from each tree from N uptake by trees from the soil inorganic N
biomass poolis proportionaltoits pool size, thus imply- pool plus N retranslocated from senesced plant tissues.
ing a specific litterfall rate for each pool. Because field Nitrogen allocation within the plant is based on C allo-
measurements (F.J. Hingston, unpublished data) indi- cation and the assumption that the N:C ratios of newly
cate higher leaf litterfall during dry spells, we made formed branch and sapwood are constant, whereas the
leaf litterfall rate dependent on soil water content by N:C ratios of newly formed leaves and fine roots vary

incorporating an empirical rate modifier: within limits depending on the amount of N available
for allocation. For leaves, maximum N:C ratig fax)
It = It max,  if Wi < FLw min (17a) is age-dependent, declining at a constant rate from
t max nf ymax in young trees of age zero to a minimum value
of nfmmax In @ mature stand of age Ty (Eq.(8)). For

Wi/ Wt max—FLw min roots, maximum N:C ration may) iS constant.
li=It max— (It max—If min) ( FLw max—FLw min > ’ Wood N is further divided into structural and non-
W structural componentd/edlyn et al., 200R For each
if FLy min < ——— < FLyy max (17b)  treebiomass pool, exceptstructuralwood N, we assume
t max that prior to litter production a fixed fraction of N is
retranslocated to a labile plant N pool, which is avail-
W able for immediate retranslocation to new growth. We
It = It min, if T FLw max. (17¢)  also assume a fixed rate of retranslocation from the

non-structural N wood component to the labile N pool.
where lf max (yr—l) is the maximum specific leaf lit-
terfall rate occurring when fractional plant available 2.2, Forest floor and soil water balance
water Wi:Wimax) is below a critical minimum value

(FLwmin) @and ltmin is the minimum specific leaf lit- A simple water balance model that calculates water
terfall rate occurring when fractional plant available storage in both the forest floor and soil root zone
water is above a critical maximum value (Fhax)- was incorporated into the new version of G’DAY. The

Due to a lack of detailed data, we assumed fixed spe- model has the provision for three layers: forest floor
cific turnover rates for the other tree biomass pools, (ff), top-soil (top) and sub-soil (sub). It is important to

including conversion of sapwood into heartwood; the simulate the water content of the forest floor and the
same values were applied to all three eucalypt standstop-soil (e.g. 0-20 cm) layer because N mineralisation

(see Sectiod). occurs mainly in the top-soil (e.g.onnell et al., 1996
Thus, the daily increment i content of biomass  where moisture content is most variable.

AC; is calculated from the following difference equa- The daily increment in PAWA W, mm) for the three

tions (McMurtrie, 199J): layers is calculated as:

ACi = CliPn — l,-Ci (18a) AWff = Reff - Eff - Dﬁ (lga)

ACs = asPpn — IsCs — rsCs (18b) AWiop = Dt — Etop — Ttop — Dtop (19b)

ACh =rsCs — IhCh, (18C) AWgyp = Dtop — Tsub— Dsub, (190)

where(; is the C content of tree biomass poo{i =b, where the subscripts, ff, top and sub refer, respectively,

f, r), a; the allocation coefficient to tree biomass pgol  to the forest floor, top-soil and sub-soil layeRes
[; the litter production rate of theh tree biomass pool is daily effective rainfall (after subtracting water loss
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from canopy interceptiorivicMurtrie et al., 199), Ex where is the latent heat of vaporisationthe slope
andEip are daily evaporation from the forest floor and  of the saturation vapour pressure-temperature curve,
the top-soil layer, and andT represent daily rates of  y the psychometric constam,, net radiationk; the

drainage and tree water use from each layer with: extinction coefficient for absorption of total net radia-
tion by canopy and. is one-sided LAI.

Tiop = Min(get Tz, Wiop) (20a) Once the water content has decreased below a
threshold value, evaporation is controlled by hydraulic

Tsub = min(Tt, W) — Tiop, (20b) properties and declines rapidly with decreasing water

content. This is the ‘falling rate’ stage and evapora-

wheregetis an empirical constant representing the frac- tjon is reduced by a factor proportional to the relative
tion of water uptake from top-soil when both soil layers  mojsture content of the layer:

are at field capacity and the subscript t refers to the
‘total’ over the two soil layers. Ef = bt Eo (22a)
Daily total transpiration by the tree canop¥:X
is calculated using the Penman—Monteith equation as Erop = brop(Eo — E), (22b)
described byMcMurtrie et al. (1990) with a modi- whereb andbiop are functions representing effects of
fication to evaluate diurnal integrals of transpiration. reduced moisture content on evaporation from the litter
Canopy conductance is estimated from LAl and max- and top-soil layer that are analogous to E§s) and
imum stomatal conductance modified by minimum (9b).
temperature and by PAWMcMurtrie et al., 199
The effect of PAW on conductance is characterised by 2.3 pecomposition model
parameters R min and Flymax (Table 2 that repre-
sent, respectively, the soil water content below which  The new decomposition submodel used in this ver-
conductance is zero and above which there is no effectsjon of G'DAY is fully described inCorbeels et al.
of soilwater on conductanc@gble 2 see alstiingston  (2005h) where it is tested against mass and N loss
etal., 199&or more details). measured in decomposittigglobulus litter. It replaces
Daily effective rainfall Retr) enters the forest floor.  the CENTURY-based decomposition submodel in the
Ifthe water content of this layer exceeds its water hold- original version of G'DAY Comins and McMurtrie,
ing capacity, the excess watél) is transferredtothe 1993 because the CENTURY-based submodel failed
top-soil layer. Similarly, water in excess of the water o simulate N mineralisation-immobilisation dynam-
holding capacity of the top-soil layebfop) is drained jcs in decomposing eucalypt leaf material. The new
to the sub-soil |ayer. OVera”, drainage losses out of the model uses a more mechanistic approach to describe N
soil profile (Dsyp) occur when the water content of the  mineralisation-immobilisation turnover and the inter-
sub-soil layer exceeds its water holding capacity. actions between C and N dynamics in decomposing
In addition to evaporation of rainfall intercepted jitter and SOM. The submodel includes above- and
by the canopy, evaporation occurs also from the for- pelow-ground litter pools and three SOM pools (micro-
est floor Eir) and the top-soil layerHop). Following bial biomass,Young and Old SOM) with different
Ritchie (1972) we assume that evaporation occurs in - tyrnover times. Rates of decomposition are modified by
two stages: the constant and the falling rate. In the con- temperature, moisture, lignin content and N availabil-
stant stage, when the water content of the forest floor or jty. Stabilisation of SOM is simulated by transferring
top-soil layer is above a threshold value, evaporation is fractions of decomposed microbial biomass &nahg
limited only by the supply of energy. Evaporationthen SOM into more recalcitrant pools (respectively into

takes place at the potential evaporation raig),(cal- Young and Old SOM). Nitrogen is mineralised to, or
culated from the Penman equation with net radiation immobilised from, the soil inorganic N poo| to main-
corrected for canopy shading: tain the N:C ratio of decomposing microbial biomass
within a specified range. Balancing potential microbial
Eo = 1 [ 5 ] Rnexp(kiL), (21) N demand against inorganic N availability determines
Als+y whether the activity of decomposers is limited by N. If
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so, then simulated decomposition fluxes are reduced.

The maximum rate of microbial N uptake is propor-
tional to soil inorganic N content. Lignin transforma-
tion to Young SOM promotes additional N immobili-
sation into theYoung SOM pool, which simulates the
process of chemical N immobilisation.

2.4. Soil inorganic nitrogen balance

The daily increment of the soil inorganic N pool
(ANinorg: kg N m~2) in G'DAY is calculated from the
difference between the following influxes and effluxes:

ANinorg = Nmin — Nimm — Aimm

+Nin — Nioss — Up, (23)

whereNmin is the rate of gross N mineralisatia¥mm
the rate of gross N immobilisation through microbial
uptake Aimm the rate of abiotic or chemical N immo-
bilisation into Young SOM associated with decompo-
sition of lignin, Niy the rate of external input from
atmospheric deposition, fertiliser and/or biological N
fixation, Njgss the rate of N losses through leaching
and/or gaseous emission, aig is the rate of N
uptake by plants¥min, Nimm andAjnm are calculated
in the decomposition submodel, using equations given
in Corbeels et al. (2005b)

In G’'DAY we assume that the rate of overall N loss
(Nipss) from the soil-plant system is proportional to the
inorganic N pool:

Nigss = Al Ninorg, (24)

where (yr~1) is a site-specific empirical rate con-
stant for both gaseous and leaching loss&ésMurtrie
et al., 200). The potential forN losses under forest
plantations depends on a number of factors, includ-
ing soil type, rainfall and rooting depth, and is likely
to vary with stand ageAronsson et al., 2000; Laclau
et al., 2003. For simplicity, we hold\; constant over
the whole year. However, we acknowledge that this is
probably a gross simplification for many forest planta-
tion systems.

Similarly, N uptake by trees is also assumed to be

proportional to soil inorganic N:
Up = )LpNinorg, (25)

wherep (yr~Y) is an empirical rate constant, repre-
senting the potential availability of soil inorganic N to
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plants McMurtrie et al., 2001 An upper limit to N
uptake is imposed by assuming that plant N:C ratios
cannot exceed maximum values (see [)). If N
uptake is less than N demand by trees to meet mini-
mum N:C ratios, NPP is reduced. This formulation of
plant N uptake is analogous to our equation for micro-
bial N uptake (Eq(9) in Corbeels et al., 2005b

3. The experiments and dataset

We parameterised and tested G’DAY fBr globu-
lus, using experimental data from three stands in south-
western Australia. This region has a Mediterranean cli-
mate with hot, dry summers and cool, wet winters, with
the majority of rainfall occurring in the months May to
September. The three stands (1) Mumballup 833,
116°4'E, 950 mm rainfall yrl), (2) Darkan (3319S,
116°35E, 600 mmrainfallyr?), and (3) Northcliffe
(34°41'S,11611'E, 1500 mm rainfall yrl), have been
monitored with regular measurements of tree growth
and N mineralisationHingston and Galbraith, 1998;
O’Connell and Rance, 1999 Before planting of
E. globulus, all sites had been under conventional,
legume-based farming with annual chemical fertiliser
addition. Selected characteristics of the three sites are
listed in Table 1 At the Mumballup site, the soil is
a shallow Xanthic Ferralsol (FAO classification) with
a surface sandy loam horizon. Tree roots penetrate to
the undulating basement rock at a depth of 1.5-1.7m
(Hingston etal., 1998E. globulus was planted in 1988
at a stocking of 1250 stemsh The Darkan site has a
yellow mottled duplex soil (Dystric Planosol) that com-
prises a sandy loam surface horizon over a sandy clay
sub-soil. Root penetration at the site was restricted by a
very hard and compacted horizon at about 3 m depth.
globulus was first planted here in 1987 with a stocking
of 680 stems hal. The plantation at the Northcliffe site
was established in 1986 (1250 stemsHeon a grav-
elly Ferric Lixisol with a surface sandy loam horizon,
without any obvious constraint for root penetration.

Daily meteorological data on precipitation, mini-
mum and maximum air temperature, and total radia-
tion have been recorded by automatic weather stations
at each site from 1991 to 1994. For other years, we
used data generated from interpolation of daily data
recorded at nearby stations (for details, see SILO Data
Drill; http://www.dnr.gld.gov.au/silo Soil water con-
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Table 1

Selected site characteristics for the thieglobulus stands

Site Mean annual Clay +sil@ Rooting WHCP Organic Total Labile N*.¢
rainfall (mm) (gkg™) depth (m) (mm) C3(gkg™) Na (gkg™1) (% of total N)

Mumballup 959 140 1.7 250 44.4 2.01 1.1

Darkan 590 110 3.0 227 27.4 0.90 1.7

Northcliffe 1450 40 >6.0 >500 37.0 1.87 1.0

2 In top-soil (0—20cm).
b Soil water holding capacity.
¢ NHg4-N released during 7-day anaerobic incubation &t@0

tent, stem diameter (at 1.3 m over bark) and height of data; (4) initialisation of the soil C and N pools for
trees, LAl and leaf litterfall were recorded monthly at each site based on soil N mineralisation data from lab-
each site between 1990 and 1993. Soil water contentoratory incubations.
was measured with a neutron moisture gauge (DIDCOT  To evaluate the accuracy of the model simulations,
Instruments, Oxford, UK) to depths of 3m. LAl was the root mean square error (RMSE), linear correlation
estimated using the LAI-2000 plant canopy analyser coefficient ), relative model efficiency (EF) and rela-
(LI-COR, Lincoln, NE, USA) Hingston et al., 1998 tive error ) were calculated for each set of simulated
Stem dry weight (wood plus bark dry mattertiqwas and observed values of plant available soil water, leaf
estimated from the stocking rate, and monthly measure- litter production, LAI, stem biomass and soil N min-
ments of tree height and stem diameter using an allo- eralisation. Model efficiency, EF, is defined as: EF
metric relationship, previously developed Hingston > i (0i—P)?
and Galbraith (1998rom sampling trees at the three - S (0i-0) N
sites above and three otherglobulus stands in south-  ues P; the predicted valueg) the mean of the observed
western Australia. Leaf litter production was estimated data, and: is the number of paired valuelsqague and
from litter collections over monthly time intervals. Green, 1991 The model efficiency provides a compar-
Nitrogen mineralisation was measured in the top ison of the efficiency of the model to the efficiency of
20 cm soil layer at 4 weekly intervals over a period of describing the data as the mean of the observations. Val-
2.8 years (Mumballup, start of measurements in March ues of EF may be positive or negative with a maximum
1992) and 3 years (Darkan and Northcliffe, starting in value of 1. A positive value indicates that the simulated
January 1992) using the in situ coring technique; exper- values describe the trend in the measured data better
imental details and results of these measurements arehan the mean of the observations. A negative value
fully described inO’Connell and Rance (1999) indicates thatthe simulated values describe the dataless
well than a mean of the observations. The relative error,
E, determines the bias in the total difference between
4. Model parameterisation and results simulations and measurements and is definedas:
(100/n)>""_1(0; — P;)/ O; (Addiscott and Whitmore,
In this section we explain how G’'DAY was parame- 1987).
terised for the threk. globulus stands. The general pro- Note, however, that and EF are of limited use in
cedure was to use a common set of model parametersdetermining accuracy of model simulations for cases
for all three sites with best available empirical values or where there is no clear trend in the measured data to
standard default values. Parameterisation involved sev-give a spread of paired observed and predicted values.
eral steps including: (1) comparison of simulated with Parameter values for the water balance, plant pro-
measured soil water content to parameterise the soil duction and soil inorganic N balance submodels are
water balance submodel; (2) estimation of parameters given in Table 2 The decomposition submodel was
controlling leaf litterfall to fit observed leaf litterfall ~ parameterised previously by simulating mineralisa-
data; (3) parameterisation of the plant production and tion from E. globulus foliar and woody residues (see
C-allocation submodel to fit stem biomass and LAI Corbeels et al., 2003b For each model parameter

), whereO; are the observed val-
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Table 2
Parameter values in the water balance, plant production and soil N balance submodels estintatglddous plantations in south-western
Australia
Parameter Value Site- or Source
species-specific
apmax df max 0.40, 0.33 Species Fitted
ar 0.42 (Mumballup), 0.49 (Darkan), Both Fitted
0.36 (Northcliffe)
an 0.75 Species Based dtereira et al. (1992)
b1, by 4.83, 0.350 Species Based on F.J. Hingston, unpublished data
b3, ba 5.61, 0.346 Species Based on F.J. Hingston, unpublished data
cdm 0.48gCglDM Species Nominal value
FRy crit 0.6 Species Beadle et al. (1995)
FLwmax 0.6 Both Fitted
FLwmin 0.0 Both Based on F.J. Hingston, unpublished data
FTwmax 0.4 Species Fitted
FTwmin 0.028 Species Fitted
Ho, H1 5,30 Species Based on F.J. Hingston, unpublished data
kp 0.5 Species Linder (1985)
kt 0.4 Species Ritchie (1972)
Ip, I, Is, In 0.03,2.4,0,0yr! Species F.J. Hingston, unpublished dé#tatterer et al. (1995)
Lec 2.0mtm2 Species Fitted
ltmax 0.6 (Mumballup, Darkan), 0.8 Both Fitted
(Northcliffe) yr1
It min 0.2 (all sites) yr?! Both Fitted
LSy, LSy 8000, 2700 Species F.J. Hingston, unpublished data
Lyap 2.45% 10°%Jkg! (20°C) - Physical constant
Ny, Nnw, Nsw 0.0035, 0.0025, 0.0015 — A.M. O’Connell, unpublished data
1fM max 0.022 (sed-ig. 7) Species Cromer and Williams (1982)udd et al. (1996)
Bennett et al. (1997)A.M. O’Connell, unpublished data
Nfmax0 SeeFig. 7, Eq.(11) Species Cromer and Williams (1982)udd et al. (1996)
Bennett et al. (1997)A.M. O’'Connell, unpublished data
1§ ymax 0.066 (sed-ig. 7) Species Cromer and Williams (1982)udd et al. (1996)
Bennett et al. (1997)A.M. O’Connell unpublished data
Nr max 0.017 Species Bauhus et al. (2000)
rs 0.1yr? Species Based on S.J. Rance, unpublished data
tp, tf, Iy 0.5, 0.45, 0. Species F.J. Hingston, unpublished dabagon and Jackson
(2000)
Twm 6 yr (seeFig. 7) Species Cromer and Williams (1982))udd et al. (1996)
Bennett et al. (1997)A.M. O’Connell, unpublished data
get 0.7 Both Fitted
Wmax. 8 mm (all sites) Site Estimated
Wt max 250 mm (Mumballup), 230 mm Site Based on data fromingston et al. (1998)
(Darkan), 600 mm (Northcliffe)
Wiopmax 50 mm (all sites) Site Based on F.J. Hingston, unpublished data
y 66 PerC1 - Physical constant
SBs 0.5 Species Fitted
SLs 0.5 Species Fitted
£o 3.3x 10~ 3kg DM MJ~1 PAR Species Sands and Landsberg (2002)
by Ooyr?t Both Based orCarlyle (1995)
Ap 10.2yr?t Species Fitted
p 480 kg DM nT3. Species S.J. Rance, unpublished data
Omax 11 m? kg~ DM (seeFig. 2) Species T. Grove, unpublished data

Abbreviations: C, carbon; DM, dry matter; PAR, photosynthetically active radiation.
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we have indicated iTable 2whether the value was
obtained directly from measurements at the sites, was
an independent empirical value from the literature or
was estimated by fitting G’'DAY to observed data.

4.1. Soil water balance

The first step was to parameterise the water balance
submodel using information on maximum available
soil water in the root zoneWimax, Table 2, daily
weather data, and observed LAl data. The model was
first calibrated to soil water data at the Mumballup site
by adjusting the critical soil water contents, Jfhin
and FTymax that characterise the water dependence
of stomatal conductanc&dble 2 see alsdHingston
et al., 1998or more details). All other parameters in
the water balance submodel were given values a priori
on the basis of published information (s&able 2.

The soil moisture profile shows high rates of recharge
in autumn and drying during late springi¢. 3a). The
model’s ability to predict rates of drying and rewetting
is crucial because simulated NPP is dependent upon
soil water content ifW; <0.6 Wimnax (see below, i.e.

if root-zone PAW is less than 150 mm at Mumballup,
Eqg.(9)).

The parameterised water balance submodel was
then applied to the other 2 sites, each time with max-
imum available soil water content in the root zone,
daily weather data and observed LAI values as site-
specific input. This provides an independent test of the
model. The results for the Darkan sitéig. 3) show
a strong correlation between observed and simulated
values ¢ = 0.95) with high model efficiency (EF = 0.89)
and low bias k£ = —9), illustrating that the simple water
balance submodel of G'DAY was able to provide a
good simulation of soil water dynamics under eucalypt
stands in the sandy soils of south-western Australia.
Trees at Northcliffe were able to extract water at depths
up to 6 m or moreW; max= 600 mm,Table 2 Hingston
et al., 1998, so available soil moisture measurements
to depths of 3m (not shown) do not reflect water that
is accessible by trees on this site.

4.2. Litter production parameters
Observations at the three sites showed that leaf lit-

terfall rates varied throughout the year, with in gen-
eral higher rates during the dry season when soil
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Fig. 3. Comparison of measured (symbols) and simulated (line) plant
available water (mm) in the root-zone (to 3m soil depth) urider
globulus plantations at (a) Mumballup and (b) Darkan. Simulations
commenced with trees planted on 1st July 1988 and 1st July 1987
at Mumballup and Darkan, respectively. Measured data are from
Hingston et al. (1998)Simulations were obtained by parameteris-
ing the water balance model of G’'DAY to the Mumballup site, and
applying the calibrated model to the Darkan siteoefficient of lin-

ear correlation between observed and simulated values; RMSE, root
mean square error; EF, relative model efficiengyrelative error.

water content was low. Therefore, for each site, we
assumed that the specific rate of leaf litterfall increased
from a minimum value fmin) when the soil is wet
(Wt:Wimax > FLwmax) to @ maximum g max), when the

soil is dry W;=0) (Eq.(17), Table 2. Parameter val-
ues forlmin, lfmax and Flymax at each site were then
estimated by fitting the model (using the above sim-
ulated water balance) to leaf litterfall data with LAI
adjusted to match observations. Results of these simu-
lations are presentedlfg. 4, together with cumulative
amounts of observed and simulated leaf litterfall during
the period when litterfall was measuredsg. 4 shows
that the model did not perform well in fitting the timing
and magnitude of the observed peaks of leaf litterfall.
This was reflected in the large measures for model error
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Fig. 4. Comparison of measured (bold line) and simulated (fine line) monthly leaf litter productiof fgdohulus plantations at (a) Mumballup,

(b) Darkan and (c) Northcliffe. Simulations commenced 1st July 1988, 1st July 1987 and 1st July 1986 at Mumballup, Darkan and Northcliffe,
respectively. Measured data are unpublished data from Hingston F.J. Simulated lines were obtained by adjusting parameter values for leaf
litterfall in G’DAY (seeTable 9. EILFObS andZLFsim represent, respectively, cumulative amounts of observed and simulated leaf litterfall (in

Mg C ha 1) during the 38-month period when litterfall was measured. RMSE, root mean square error; EF, model efii;ieriajive error.

(RMSE, EF) and biasH). It suggests thatdroughtstress  estimated at 0.028, 0.027 and 0.035Yrespectively
effects on leaf senescence are complex and that otherat Mumballup, Darkan and Northcliffe (F. Hingston,
mechanisms (such as wind, temperature, radiation andunpublished data). Likewise, the specific rate of fine
age effects) may have to be included to accurately pre- root litter production &) was given a constant value of
dict leaf fall. Simulated seasonal timing of peak leaf 2 4yr1 for all three sites, based on data frétatterer
litterfalls often mismatched observations possibly for et al. (1995) Litter production from stemi{, ) was
these reasond=(g. 4). However, despite this, simula-  assumed to be negligible and therefore set at zero. The

tion of the total leaf litterfall amounts that occurred rate of conversion of sapwood to heartwoag) (vas
during the measuring period matched measurementsset at 0.1 yr?.

reasonably well.

The specific rate of branch/coarse root litter produc- 4.3. Plant production submodel
tion (Ir) was assumed to be a constant 0.034for all
sites in this study. This value represents a mean cal- The next step was to parameterise the plant pro-
culated from all available observed data on ‘non-leaf’ duction submodel. Potential radiation-use efficiency
litterfall at the three sites. ‘Non-leaf’ litterfall rate was  (g,) was set at 3.% 10-3kg DMMJ~1 PAR, which
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represents a realistic upper limit fd&. globulus in
West Australia $ands and Landsberg, 2002nd is
similar to the values estimated byicMurtrie et al.
(1994) It is lower than the theoretical maximum of
3.8x 10~3kg DM MJ~1 PAR, proposed bizandsberg

et al. (2003)to account for limitations by non-optimal
temperatures3ands and Landsberg, 2Q0Zhe effec-
tive value of radiation-use efficiency in the model
was obtained by modifying the potential valus)(

for water and N availability (Eg(1)). Based on mea-
sured responses of eucalypt growth to water availability
(Beadle et al., 1995 we assumed that NPP declines
linearly with available soil moisture below a critical
soil water content (RRit), calculated as 60% of max-
imum available water in the soil profile, and reaches
zero when available soil water is zero (see @9). The
critical foliar N:C ratio for maximum productivity was
setat 0.05 and 0.01ay =0.75, Eq(7)), respectively,

for young and mature trees, corresponding to approxi-
mately2 g N m~2 leaf area Pereira et al., 1992

SLA of new leaves was calculated as a function of
foliar N:C ratio using an empirical relationship (Eq.
(5)) derived from data for twd. globulus stands in
the region Fig. 2). This relationship, together with Eq.
(8), produces a SLA of new foliage that declines from
9-11nfkg~?! for 1-2-year-old stands to 4-6rkg~!
for stands between 6- and 10-year-old.

The plant production submodel was first parame-
terised under the assumption that N (and other nutri-
ents) did not limit tree growth. This assumption seems
reasonable given that soils were moderately fertile
(Table 3 and nutrient concentrations in foliage and
wood were relatively high (F. Hingston, unpublished
data). Thus, leaf N:C ratio was set at its maximum
and the soil decomposition submodel switched off.
Model runs for each site covered a 10-year rotation
period, starting at planting (age 0). Foliage, stem,
branch/coarse roots and fine root biomass were set
at appropriate initial values for young trees of a few
months. At each site, initial available soil water was
set at its maximum value, which is appropriate for
simulations commencing in mid-winter when soils are
relatively wet.

The C-allocation model was parameterised from
leaf, stem and branch biomass, and height data from
E. globulus stands aged 2-7 years (F.J. Hingston,
unpublished data). We assumed dry sapwood den-
sity p=480kgDMnT3. The relationship between
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observed leafto sapwood arearatio (LS) and tree height
(H), was used to parameterise E(€a)—(10c)giving
Ho=5m,H;=30m, L$=8000, LS =2700. Parame-

ter values fitted to data on tree height versus stem mass
(EqQ.(11)) and branch mass versus stem mass (b))
were:b1 =4.8,bp=0.35,b3=5.61 andb, = 0.35. Max-
imum leaf- and branch-allocation coefficients were set
at asmax=0.33 andapmax=0.40, and root allocation
wasay =0.42,0.49 and 0.36 at Mumballup, Darkan and
Northcliffe, respectively. The lack of root data makes
it impossible to independently estimate parametgrs
anda;. The value ofeg x (1 — ar) can be regarded as
the maximum above-ground radiation-use efficiency.
All other parameters in the plant production submodel
were given empirically based values that were common
to the three sites (excluding leaf litterfall parameters,
see aboveTlable 2.

The model was able to reproduce observed tree
growth data reasonably well at the three sites
(Figs. 5 and B Simulated seasonal changes in LAI,
resulting from decreased growth and enhanced leaf lit-
terfall during summer, followed the observed patterns
at Mumballup closely (RMSE =0.2Z=0.9). Model
simulations overestimated LAl at Darkaf £ —29)
and to a lesser extent at Northcliff& £ —7). Our
simulations are within the margin of error in LAl
estimated by the LICOR-2000 plant canopy analyser,
which underestimates LAl in discontinuous canopies
(Fassnacht et al., 1994

RMSE =0.50 E=-7

LAI

Time (yrs)

Fig. 5. Comparison of measured (symbols) and simulated (line) leaf
area index (LAI) forE. globulus plantations at@) Mumballup, @)
Darkan and (+) Northcliffe. Simulations commenced 1st July 1988,
1st July 1987 and 1st July 1986 at Mumballup, Darkan and North-
cliffe, respectively. Measured data are frétingston et al. (1998)
RMSE, root mean square errd, relative error.
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Fig. 6. Comparison of measured (symbols) and simulated (line)
stemwood biomass f@. globulus plantations at@®) Mumballup, @)
Darkan and (+) Northcliffe. Simulations commenced 1st July 1988,
1st July 1987 and 1st July 1986 at Mumballup, Darkan and North-
cliffe, respectively. Measured data are fréfingston et al. (1998)

r, coefficient of linear correlation between observed and simulated
values; EF, model efficiency.

The rate of stem growth was simulated well at
the three sitesr&0.99, 0.98, 0.99, respectively, for
Mumballup, Darkan and Northcliffe and EF =0.99 for
all three sites)Kig. 6). Simulated stemwood produc-
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Fig. 7. Foliar N:Cratio oE. globulus stands as function of stand age.
Experimental data (symbols) are frabnomer and Williams (1982)
Judd et al. (1996)Bennett et al. (1997and unpublished data from
O’Connell, A.M. Line denotes the function for maximum foliar N:C
ratio as adopted in the model.

from the difference between measured N concentra-
tions in green and senesced foliage was 41, 52 and
41% at Mumballup, Darkan and Northcliffe, respec-
tively (F.J. Hingston, unpublished data). These val-
ues are consistent witBauer et al.’'s (2000jalues of
46-58% N retranslocated in your§) globulus trees.

We assumed foliar retranslocation of 45%akle 2 for

all three sites. Precise information on N retranslocation

tions showed a seasonal pattern that reflected seasonah senescing fine roots is lacking because of method-
change in soil moisture, but the simulated pattern was ological complications. Drawing upon data from a

generally more pronounced than that observed.

4.4. Tree nitrogen cycling parameters

Values of most model parameters relating to tree
N cycling were derived from measurementsalfle 2.

range of published studieSprdon and Jackson (2000)
concluded that mean N concentrations in live and dead
fine roots were not significantly different, implying
that there is little retranslocation of root N with senes-
cence. We therefore setfine root N retranslocatig@af
zero (Table 9. Based on measured N concentrations in

Data on N concentration in young, green leaves were ||V|ng and senesced branCheS, we assumed N retranslo-

available fromE. globulus plantations of various ages.
Fig. 7 shows the relationship of maximum N:C ratio
of newly formed leaves# mnaxo) @s a function of stand
age (Eq.(8)) for nf ymax=0.066,nipmmax =0.022 and
Twm =6 years, together with the observed data. Max-
imum N:C ratio of newly formed fine roots is kept
constant with stand ag&dble 9. For simplicity, the

cation in branchesy) to be 50% Table 2.

4.5. Decomposition submodel

We determined the biochemical compositionff
globulus leaf and branch litter by a proximate frac-
tionation analysis Table 3 and used these data to

N:C ratios of branches and stems were assumed to bepartition plant litter production into the different lit-

constant with stand age, and not dependent on N avail-

ability.
Nitrogen retranslocation from senescing leaves (

ter pools of the decomposition submodel. Since foliar
litter consists of senescenttissues, its biochemical com-
position is different from foliar harvest residues which

and fine roots #) are important model parameters are mainly fresh green leaves. Other parameter val-
because they have a large effect on the N content of theues of the decomposition submodel were the same as
bulk plant litter. Nitrogen retranslocation determined those used when simulating mineralisation of euca-
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Table 3

Biochemical composition af. globulus leaf and branch litter determined by a proximate fractionation analysis (expressed on DM basis)

Litter type Pools Lignin (%)
Metabolic (%) Holocellulosic (%) Ligno-cellulosic (%)

Leaves 43 26 31 22

Fine roots 25 32 43 30

Branches N/A N/A N/A 24

N/A, not applicable.

lypt harvest residues (see Table 1Qworbeels et al.,
20058h.

4.6. Initial soil C and N pools and soil N balance

Data on total soil C and N in the top 20-cm layer
were available at the three sit€3'Connell and Rance,
1999 and are given inTable 1 The initial level of
the microbial biomass pool was set at 0.8% of total
SOM. Thisis atypical value for sandy soils under euca-
lypt plantations in south-western Australldéndham
et al., 2002. The pools offoung andOld SOM in the

decomposition submodel are defined on a conceptual

basis Corbeels et al., 2005kand direct measurement
of their size is problematic. Their initial values in the
0-20cm top-soil layer at each site were, therefore,
estimated by fitting the decomposition submodel to
data on N mineralisation from respective soil sam-
ples (0—20 cm) incubated under controlled conditions
(25 kPa, 20C) during a 220-day periodable 4shows
the results of these fitting runs as ratiosrofing C to
total C andYoung N to total N for the three sites. The
soil at Darkan shows higher proportions Xfung C

experimental sites. However, other experiments have
indicated that losses of N through leaching under non-
fertilised forest plantations on sandy soils in southern
Australia are minimalCarlyle, 1999, whilst the deni-
trification potential is low because anaerobic conditions
rarely occur on sandy soils. We therefore assumed that
no N losses occurred from the plant—soil system at the
three sites.

5. Testing of the N mineralisation model

The model was then run as parameterised above
with the decomposition submodel switched on. Nitro-
gen contents of tree biomass pools were calculated by
balancing N inputs and losses from trees taking into
account the maximum N:C ratios of each pool and
retranslocation before senescence. Values for initial
soil conditions, which are related to C and N status,
were discussed above. Initial sizes of the various plant
litter pools were set at zero.

Simulated annual rates of net N mineralisation from
SOM (0-20cm) and litter (both above- and below-

and N compared to the other two sites, which means ground) together with observed values in the top 20-cm

that soil N at this site is more readily mineralisable than
at the other sites. This finding is in agreement with the
results of the labile soil N analyse®aple J).

Nitrogen input through atmospheric deposition was
set at 8kgNhalyr—! (O’Connell, 1985. Leaching

soillayer ©’Connelland Rance, 1998re presented in
Fig. 8for the three sites. We obtained N mineralisation
in the top 20 cm soil layer by assuming it represents
80% of total N mineralisedonnell et al., 1996 Sim-
ulated annual rates of N mineralisation ranged from 51

and gaseous losses of N were not measured at theyp 94, 55 to 126 and 84 to 159 kg Nhayr—1, at Mum-

Table 4
Initial values forYoung soil C and N in model simulations at the three
sites (expressed as % of total C and N, respectively)

Site Young soil C (%) Young soil N (%)
Mumballup 20 15
Darkan 40 40
Northcliffe 25 20

ballup, Darkan and Northcliffe, respectively. There was
no obvious common trend with stand age. At North-
cliffe simulated annual rate of N mineralisation peaked
at age 3 years, at Mumballup highest rates were simu-
lated at ages 3-5, whereas at Darkan N mineralisation
was highest at age 5. Total model error as indicated
by RMSE was highest for Darkan, followed by Mum-
ballup and then Northcliffe. The negati¥&values for
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Fig. 9. Comparison of measured (black line) and simulated (grey
line) daily net soil N mineralisation rates (0—20 cm) for thelobu-

lus plantation at Mumballup. Simulations of G'DAY commenced on
1st July 1988. Measured data are fraiConnell and Rance (1999)
and are average daily rates over 28-day periods.

late winter and spring when soil moisture was not in
deficit and soil temperature was rising. Rates were low
in summer when the forest floor and top-soil dried out.

6. Sensitivity and identifiability analysis

In this section we report the results of a sensitiv-
ity and identifiability analysis applied to the model
using the available soil water, LAI, leaf litterfall and
stemwood measurements from the three sites. Aniden-
tifiability analysis looks at the over-parameterisation of
the model, and selects identifiable parameter subsets
that can be validly fitted from the available measure-
ments. We verified whether the 13 parameters (see
Table 2 whose values were estimated through model
fitting (henceforth referred to as the ‘fitted’ parame-

Fig. 8. Simulated (line/open symbols) and measured (solid symbols) ters), were identifiable. The formulae of this analysis

annual rates of net soil N mineralisation f&r globulus planta-
tions at (a) Mumballup, (b) Darkan and (c) Northcliffe. Simulations

are outlined inBrun et al. (2001)and Corbeels et al.

commenced 1st July 1988, 1st July 1987 and 1st July 1986 at Mum- (2005b)

ballup, Darkan and Northcliffe, respectively. Measured data are from
O’Connell and Rance (1999RMSE, root mean square errai;rel-
ative error.

Table 5shows the 25 most sensitive model param-
eters in decreasing order of sensitivity, together with
sensitivity values for the 13 ‘fitted’ parameters. The
parameters related to C allocation in trees have the

the three sites suggested an overall bias towards over-strongest overall contribution to variability in model
estimation by the model. On three occasions (twice output: 6 of the 10 most sensitivity parameters are from

at Darkan and once at Mumballup) overestimation of
more than 25% occurred.

the C-allocation algorithm of the model. Besides, 8 of
the 13 fitted’ parameters belong to the 25 most sensi-

Model output mirrored the seasonal pattern of mea- tive parameters.

sured N mineralisation, as shown for the Mumballup
site inFig. 9. Mineralisation rates were highest during

To be identifiable a parameter subset has to consist
of sufficiently sensitive parameters and, secondly, sen-
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Table 5

Parameter sensitivity ranking with respect to the four simulated vari-
ables: soil water content, LAI, leaf litterfall and stemwood at the
threek. globulus sites

Rank Parameter i
1 ba 1.157
2 b1 0.708
3 ar 0.634
4 £o 0.482
5 H1 0.454
6 cdm 0.429
7 Wimax 0.418
8 P 0.313
9 ap max 0.283
10 LS 0.240
11 rs 0.220
12 limax 0.199
13 lab 0.191
14 kp 0.172
15 FTwmax 0.169
16 by 0.163
17 00 0.147
18 b3 0.144
19 FRyvcrit 0.140
20 Omax 0.134
21 LS 0.111
22 FLw max 0.104
23 I min 0.099
24 afmax 0.095
25 Lec 0.090
31 get 0.0469
33 SLs 0.0453
41 FTwmin 0.0241
43 éBs 0.0178
50 Ap 0.0152

Simulations were run for a 10-year period for each sif&Y is

root mean square sensitivity of the model output to a change in the
parameter. Values aff*" are based on daily outputs of each vari-
able weighted by the mean simulated value of that variable over 10
years. For formula, see Appendix AQorbeels et al. (2005blPrior
parameter uncertainty was set at 50% for all parameters.

sitivities of the parameters must not be approximately
linearly dependent. To check the second condition
collinearity indices,yk, are calculated for subsets of
parameters, and parameter subsets showjpgdeelow

a threshold of 10 are considered as potentially identi-
fiable subsetsBrun et al., 200L Results are given in

M. Corbeels et al. / Ecological Modelling 187 (2005) 449-474

sitive ‘fitted’ parameters (subset no. 1) showa of

5.5, and are thus identifiable. Adding to this subset the
8th most sensitive ‘fitted’ parametdisc, which repre-
sents the LAl corresponding to complete ground cover,
causes severe identifiability problems (see subset no. 2
in comparison with subsets nos. 1 and 3). It means that
a given model output could be obtained from different
combinations of values df.c with those of the other
parameters. A further analysis of subsets including the
ten (subset no. 4) to eleven (subset no. 5) most sen-
sitive parameters, but without.., showsyk values
approaching the threshold value of 10.

7. Discussion
7.1. Coupled plant—soil model

We have modified the original version of the G’DAY
plant—soil model Comins and McMurtrie, 1993to
simulate C and N cycling in fast-growing, short-
rotation forest plantations. The new version of G'DAY
was applied to three:. globulus stands in south-
western Australia. We were able to correctly simulate
the observed time-course of stemwood and LAl at all
three sitesKigs. 5 and § With an a priori parameter-
isation of the decomposition submodel forglobulus
residues (se€orbeels et al., 2009pthe model was
then used to predict soil N mineralisation rates at the
three sitesKig. 8).

This version of G’'DAY represents the processes
of plant N uptake, microbial N uptake and N loss in
a similar way—i.e. their maximum rates are all pro-
portional to soil inorganic N. The ratiap:im (rate
of plant N uptake: microbial N uptake) characterises
the relative competitive abilities of trees and microor-
ganisms for soil inorganic N. Experimental evidence
for competition for N between plants and microor-
ganisms comes from long and short-term experiments
using°N. The identification of the key determinants
of competitive advantage is, however, complex. Key
determinants that are evident include spatial differ-
ences in N availability and in root and microbial distri-

Table 6 There are parameter subsets up to size 11 which bution, together with temporal differences in microbial

fulfil yk <10 (subsets no 6 iMable §. Subsets of size
12 and higher havgk > 10. Amaximum of 11 parame-
ters is, therefore, considered as potentially identifiable

and root turnoverflodge et al., 2000 A very feasible
way forward to increase our understanding in this field
would be to use the model to test different hypothe-

from the available measurements. The seven most sen-ses — about competitive advantages between plants and
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Table 6

Collinearity indices of selected parameter sets consisting of ‘fitted’ model parameters

Set no. Set size Parameters YK

1 7 The seven most sensitive ‘fitted’ parameters: 55

ar, Apmax ffmaxs FTwmaxs FLwmax: ffmin, @fmax
2 8 The eight most sensitivity ‘fitted’ parameters: 82.4
ar, Apmax fmax, FTwmax, FLwmax, ffmin, @fmax, Lec
3 8 The nine most sensitive ‘fitted’ parameters excludigg 9.3
ar, @pmax lmaxs FTwmaxs FLwmax, ffmin, @fmax, qet
4 9 The 10 most sensitive ‘fitted’ parameters excludipg 9.6
ar, @pmax lmaxs FTwmaxs FLwmax: lmin, @fmax, get: SLS
5 10 The 11 most sensitive ‘fitted’ parameters excludigg 9.8

ar, apmax lfmax, FTwmax, FLwmax lfmin, @fmax, get: 6Ls, FTwmin

The parameter subsets of size 11 with< 10:

6a 11 ar, limax, FTwmax, FLwmax lfmin, @fmax: get: 8Ls, FTwmin, dBs, Ap 6.5
6b 11 apmax lfmaxs FTwmaxs FLwmax: [fmin, dfmax qet, 8LS, FTwmin, dBs, Ap 6.6
6c 11 ltmax» FTwmax, FLwmax, fmin» @fmax: Lces Get: 8Ls, FTwmin, dBs, Ap 6.6
6d 11 ar, limax, FTwmax, FLwmax, ffmin, @tmax, Lees Gets LS, FTwmin, Ap 9.7
6e 11 ar, abmax lfmax, FTwmax, FLwmax lfmin, @fmax: get: 8Ls, FTwmin, Ap 9.8
7 13 All 13 fitted’ parameters: 86.9

ar, Apmax fmaxs FTwmax, FLwmax, ffmin, @fmax» Lec, gets 8Ls, FTwmin, 0Bs, Ap

yk: indicates the degree of linear dependence of normalised sensitivities to the parameter subset. For formula, see Apgzoiieeisiet al.
(2005b)

microorganisms foN — against existing experimental  lowing canopy closure, i.e. after about 3—4 years of tree
data. growth. The model results also indicate that during the
first 2 years of the rotation decomposing tree litter pro-
duces a small net N immobilisation. This implies that
different factors affect N availability in young com-
pared to established stands. For young trees, N supply
is largely controlled by the size and decomposability of

7.2. Nitrogen mineralisation

Simulated annual rates of N mineralisation at the
three sites in south-western Australia ranged from
about 50-160 kg N hd (in the litter plus 0—20 cm soil

layers, assumed to represent about 80% of total N min- s
eralisation,Connell et al., 199band are the result of o 1207 5s0o
the interacting processes of litter production, SOM and g 100 1 @SL
litter decomposition, and microbial N immobilisation -%: 80 -

and (re-)mineralisation. Differences in temporal pat- %} 60 1

terns of soil N mineralisation across the three sites are & 2

related to differences in temporal patterns and amounts € %, 401

of litterfall, and to differences in soil moisture sta- < = 20

tus, which affects decomposition rate. As illustrated g 0 A

in Fig. 10for the Mumballup site, the model output <, /1 2= 3 4 5 6 7 8 9 10
underlines a shift in the balance in source of N supply Time (years)

from SOM to plant litter. The contribution from SOM

mineralisation to total N mineralisation decreases with F'9- 10 Simulated rates of annual net soil N mineralisation for the
E. globulus plantation at Mumballup. ST is simulated total N miner-

Sta_nd age_’ while re_CyC“”g N through mlnerallsatlon alisation, SO is simulated N mineralisation from soil organic matter,
of litter (foliage and fine roots) becomes important fol- - and sL is simulated N mineralisation from tree litter.
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Fig. 11. Simulated soil inorganic N content in the root zone uiider
globulus plantations at (M) Mumballup, (D) Darkan and (N) North-
cliffe Simulations commenced 1st July 1988, 1st July 1987 and 1st
July 1986 at Mumballup, Darkan and Northcliffe, respectively. Sim-
ulations assume zero N loss.
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mately 70-120 kg N hat yr—1 (0-20 cm) is not limit-

ing plantation productivity in south-western Australia
(Figs. 8 and 11 The ability to predict N mineralisation

in forest plantations and relate this to tree require-
ments for optimum productivity is a key element for
describing soil nutrient effects on tree growth. It has
often been difficult to show a relationship between soil
biogeochemical properties and productivity of forests
(Nambiar, 1995; Stape et al., 200Z he difficulty lies

in the complexity of soil biogeochemistry per se and
in the fact that growth rates are governed by the rate at
which soil nutrients become available to trees, which
is — in the case of N — determined by mineralisation.
Predicting soil N mineralisation under short-rotation
forest plantations is therefore valuable for efficient N
management, allowing improved use of chemical fer-
tilisers that may reduce N loss and minimise adverse

native SOM, whereas for established stands the amountenvironmental effects resulting from N leakage into

of litter produced during growth, its N:C ratio and its
decomposability are important.

Initially, simulated levels of soil inorganic N are
high under the growing plantation, while from about
age 2 to 3 (depending on the site) soil inorganic N
decreases and becomes depletEiy.(11). This is
because, during the first years after planting, N min-

other ecosystems. Simpler, empirical models based on
a soil mineralisation index (e.@’Connell and Rance,
1999 have also proven to be effective practical tools
for this purpose. However, these types of models have
limited application because they are site-specificand do
not account for temporal changes in N mineralisation
during stand development as litter inputs chariegu

eralisation occurs faster than tree N uptake, whereaset al., 2002. On the other hand, G’'DAY is responsive

between about years 2 and 5 (depending on the site),to distinct site conditions and management practices
when the trees are building their canopies, the tree and able to capture the effects of interannual variations
demand for N equals or exceeds the N mineralisa- in precipitation and residue addition8drbeels et al.,
tion rate. Consequently, plantations are most likely to 20053. For use on other sites (and species), it will
respond to fertiliser N applications during the canopy require, however, a degree of site (and species)-specific
building phase, with scope for optimising N supply parameterisation and further testing. Once this done, it
for maximal productivity and minimal leaching. More-  can then be used to evaluate impacts of factors such as
over, the simulated levels of soil inorganic N emphasise drought or harvest residue management that affect N

a higher risk for N loss through leaching during the
first few years just after planting the stand than later

supply and plantation growth.

after N has been incorporated into plant tissues. This 7.3. Fine root allocation and turnover

risk is likely to be heightened when N mineralisa-
tion is enhanced early in a rotation as a result of sail
disturbance during planting operationdtéusek and
Matson, 1985 These hypotheses based on model sim-

A great source of uncertainty in the above model
simulations is the contribution to N mineralisation from
fine roots. Simulations with altered rates of fine root

ulations are in agreement with field observations under turnover and N content can illustrate the importance of
second-rotation eucalypt plantations in south-western fine roots for N mineralisation and immobilisation. For

Australia O’Connell et al., 200% showing that soil
inorganic N accumulates early, during the first 2 years

example, if we halve both fine root turnovér,from
2.4to 1.2yr! and the maximum fine root N:C ratio,

of the rotation, but decreases thereafter to low values. n;maxfrom 0.017 to 0.0085 the model predicts (for the
The model results suggest that, depending on Mumballup site) a reduction in the annual rate of soil

the rainfall conditions, a soil N supply of approxi-

N mineralisation of about 75% during stand ages 3 and
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Fig. 12. Effect of changing parameters values for fine root turnover,
I and maximum fine root N:C ratia; max0n simulated annual rate of
netsoil N mineralisation at Mumballup. Lines are outputs from model
simulations over a 10-year eucalypt rotation with the site-specific
input parameters and weather data (1988-1998) for the Mumballup
site. (boldline), = 2.4 yr Y andn; max=0.017; (fineline), = 1.2 yr 1
andny max=0.0085.
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7.4. Further model developments

There are mechanisms not accounted for in the
model and some assumed relationships deserve more
attention. In particular, the functional relationship
between sapwood area and leaf area requires verifica-
tion, and care should be taken when simulating long-
term ecosystem responses to environmental change or
tomanagement practices. Allometric relationships may
vary with site conditions and silvicultural treatments
(cf. Medhurst et al., 1999 Environmental controls on
biomass allocation in growing trees are not well under-
stood Cannell and Dewar, 1994; Lacointe, 200Bor-
est ecosystem models (e.g. CABALBattaglia et al.,
2009 that describe the process of biomass allocation
in a way that adjusts allocation to the supply rates of
resources are currently scarce.

It is desirable in models that each process is rep-
resented at a level of detail that is commensurate with

4, which decreases to about 20% during later years the relative importance of that process (&ay, 2004.

(Fig. 12.
Measurements of (fine) root production and of their
turnover are, however, experimentally difficult and data

We have addressed this issue by analysing the model's
sensitivity to specific parametersable 9. This anal-
ysis reveals that the model is most sensitive to several

on fine root biomass (live and dead) are scarce. We C-allocation parameters (ely., b2, ar, H1), and to the

have used an average ‘best available’ value (2:4,yr
Table 2 for fine root turnover of. globulus (Katterer

et al., 199%. The allocation coefficient for fine roots
was set constant so that the ‘residual’ allocation coef-
ficient for stems (Eq(16)) fits stemwood biomass,
given the leaf- and branch-allocation constraints (Egs.
(10a)—(10c)and (14)). Estimated allocation to fine
roots ranged from 0.36 at Northcliffe to 0.49 at the
Darkan site Table 3, and is consistent with the hypoth-
esis that C is allocated preferentially to fine roots if
conditions limit the supply of water (or of nutrients)
(Santantonio, 1989; Ruess et al., 1996; Nadelhoffer,
2000.

Because of the methodological difficulties in root
research it is difficult to generalize about controls on
fine root dynamics. Mechanistic models provide one
option for exploring these processes. For example,
Hendricks et al. (1993)ypothesised that soil N avail-
ability controls dynamics of fine roots in a way analo-
gous to those of foliage. This would imply that absolute
production and turnover of fine roots increases with N
availability, a hypothesis that could be explored further
using this new version of G’'DAY, especially if data
with N availability gradients are available.

radiation-use efficiencyef). In G’'DAY, as in several
other plant—soil models, this means that more empha-
sis should be given to modelling above- and below-
ground allocation processes, including the relationship
between (fine) root dynamics and soil resource avail-
ability. The sensitivity tosy suggests that modelling
of radiation-use efficiency is another area where the
model could be improved in the future.

Other feedback mechanisms between N availability
and plant production that have not been fully included
in this version of G'DAY, but that will need careful con-
sideration are N controls on leaf and fine root longevity,
substrate quality, and N retranslocation efficiencies
during senescence. Several studies suggest that there
are strong feedbacks between N availability and the
quality of litter produced (for leaves and for fine roots,
seeHendricks et al., 2000In our model, a feedback
loop of N availability on litter quality is present through
changed N:C ratios of litter pools. However, it is also
possible that as N availability decreases, leaves and fine
roots have higher concentrations of ‘recalcitrant’ com-
pounds such as lignirHendricks et al., 2000 This
phenomenon, coupled with increased leaf and fine root
longevity and increased N retranslocation efficiency
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during senescence may result in less readily decom- Ross McMurtrie and David Pepper acknowledge finan-
posabile litter, further decreasing site N availability, and cial support from the Australian Research Council

thereby completing a negative feedback for the system. and the Australian Greenhouse Office. We also thank

Finally, we assumed in G’DAY that neither plant nor

two anonymous reviewers for comments that helped

the microbial organisms is capable of direct uptake of improve this manuscript.

organic N. This hypothesis is indirectly supported for
plants by a close relationship between net N mineral-
isation rates and plant N uptake in some ecosystems,
and has been widely accepted in agronomy and ecol-
ogy. Recent research findings (¢&gy and Hart, 199y
however point to the potential importance of uptake of
significant amounts of organic N by plant mycorrhizal
associations. Such a development should perhaps be
incorporated into the model. Table A.1

Appendix A

SeeTable A.1

Symbols, description and units for model variables and parameters

Symbol

Description

8. Conclusions ap, af, ar, ds

The updated version of G'DAY, which allows the  @bmax afmax
simulation of C and N cycling in fast-growing forest
plantations, was parameterised f@r globulus using
available data on soil water content, LAI, leaf litter-
fall and stem growth from three sites in south-western
Australia. Model output is most sensitivity to param-  As
eters that relate to the calculation of C allocation
in trees. The model — with an a priori parameter-
isation of the decomposition submodel — was then 4, 5,
used to predict soil N mineralisation rates under the
three stands. The simulated rates of soil N mineralisa- bt bs
tion of 50-160 kg N ha' yr—! tended to overestimate
observed values. The model simulations also indicated Cb. Cr. Ch. o,
the importance of fine root production and turnover for ¢, ¢,
N supply. More knowledge on fine root dynamics is cgm
needed for further model development and testing. Ett, Etop

On the whole, the results of this study suggest that,
the major feedbacks associated with litter production,
organic matter decomposition and N availability are
adequately integrated in G’'DAY. The G’DAY model £
provides, hence, a useful framework for evaluating /v
management options for sustainable forest plantation/W

Aimm

1, 02

Dit, Dsupy Dtop

productivity and for analysing constraints on long-term "

productivity and C storage. Flumax
FLwmin

Acknowledgements FTwmax
FTwmin

This work was supported by the Australian Cen- ¢,
tre for International Agricultural Research (ACIAR). H

Branches, leaf, fine root and stem allocation
coefficients

Maximum branch and leaf allocation coefficients
Flux of abiotic or chemical N immobilisation in
Young SOM (kg N nT2yr—1)

Constant determining the relationship between
critical foliar N:C ratio (¢rit) and maximum

leaf N:C ratio ¢tmax)

Stem sapwood cross-sectional ared (2
ground)

Constant and exponent in tree height- stemwood
mass relationship

Constant and exponent in branch—stemwood
mass relationship

Reduction factors on evaporation from forest
floor litter and top-soil layer for reduced
moisture

C mass of branches, foliage, heartwood, fine
roots, sapwood and stemwood (kg C#

Carbon content of plant DM (g Cg DM)

Daily evaporation rate from forest floor litter and
top-soil layers (mm day')

Daily potential evaporation rate (mm day)

Daily drainage rate out of forest floor litter, sub-
and top-soil layer (mm day')

Reduction of NPP as function of absorbed PAR
Reduction of NPP as function of leaf N:C ratio
Reduction of NPP as function of PAW
Fractional PAW below which NPP is function of
PAW

Fractional PAW above which foliar litterfall rate
is at its minimum, and below which foliar
litterfall rate is at its maximum

Fractional PAW above which transpiration rate
is at its maximum, and below which
transpiration is zero

Fractional ground cover

Average tree height (m)
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Table A.1 Continued)

Symbol Description

Ho, H1 Tree height when the ratio of projected leaf area
index to stem sapwood cross-sectional area is,
respectively, Lgand LS

I Absorbed PAR (MJ m?yr—1)

I, Incident PAR (MJ n2yr—1)

kp PAR extinction coefficient

kt Total radiation extinction coefficient

L LAI

In, Is, Iy, Is, In Litterfall rates of branches, leaves, fine roots,
sapwood and heartwood (¥

Lcc LAI of closed canopy

ltmax, lfmin Maximum and minimum foliage litterfall rates
vrh

LS The ratio of projected leaf area to stem sapwood
cross-sectional area

LSy, LSy The ratio of projected leaf area to stem sapwood

np, Nnw, Hsw

ng

Nfcrit

Nfmax0
1nfM max

nf y max

Nimm
Nin

Ninorg
Nioss

Nrin

Nr max

qet
Ref
Ry

I's

o, I, I

Tm
Tsub, Ttop

Tt
Up

cross-sectional area when tree height is,
respectivelyHy andHy

N:C ratios of branches, non-structural and
structural wood

N:C ratio of leaves

Critical foliar N:C ratio below which NPP is
function of leaf N:C ratio

Maximum N:C ratio of newly formed leaves
Maximum N:C ratio of newly formed leaves at
mature stand ag@u

Maximum N:C ratio of newly formed leaves at
stand age 0

Gross N immobilisation flux (kg N m? yr—1)
External N input flux (from deposition,
biological fixation and chemical fertiliser) to soil
inorganic N pool (kg N 2 yr—1)

Soil inorganic N pool (kg N m?)

N loss flux (through leaching or gaseous
emissions) from soil inorganic N pool
(kgNm—2yr-1)

Gross N mineralisation flux (kg N yr—1)
Maximum N:C ratio of newly formed fine roots
Net primary production (kg C P yr—?1)

Fraction of tree water uptake from top-soil layer
Daily effective rainfall (mm day?)

Net radiation (J m? day 1)

Sapwood to heartwood turnover rate (¥
Slope of the saturation vapour
pressure—temperature curve (Ra?l)

Fraction of N in branches, leaves and fine roots
retranslocated before senescence

Age of mature stand (yr)

Daily transpiration rate from sub- and top-soil
layers (mm day?)

Daily total transpiration rate (mm day)

Flux of N uptake by plants (kg N it yr—1)

Table A.1 Continued)

Symbol Description
Wi, Wsun, Wiop ~ Plant available water in forest floor litter, sub-
and top-soil layers (mm)

Witmax, Maximum amounts of plant available water in
Wiopmax forest floor litter, top-soil layer and total root
Wimax zone (mm)

Wi Total plant available water (mm)

Ulab Labile fraction of microbial biomass

SBs Parameter characterises the variabilityirand

aw

SLs Parameter representing the variabilityzinand

aw

y Psychometric constant (P&~1)

£o Maximum PAR utilisation efficiency

(kgDMMJI1)

A Latent heat of water vaporisation (JQ

Al Rate of loss from inorganic N pool (y)

Am Potential rate of microbial N uptake from

inorganic N pool (yrt)

Ap Potential rate of plant N uptake from inorganic

N pool (yr'%)

) Sapwood density (kg r?)

o Specific leaf area (Akg 1)

00 Specific leaf area of newly formed foliage

(m*kg™)
Omax Maximum specific leaf area of newly formed

foliage (nf kg™1)

Abbreviations: C, carbon; DM, dry matter; LAI, leaf area index;
N, nitrogen; NPP, net primary productivity; PAR, photosyntheti-
cally active radiation; PAW, plant available water; SOM, soil organic
matter.Subscripts: b, branch (including coarse roots); f, foliage; ff,
forest floor; h, heartwood; r, fine root; s, sapwood; sub, sub-soil
layer; top, top-soil layer; w, stemwood. For values of parameters,
seeTables 1 and 2
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