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Abstract

We applied a new version of the G’DAY ecosystem model to short-rotation plantations ofEucalyptus 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
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parameter values, the model was able to correctly reproduce observed time series of soil water content, canopy leaf area
stemwood data at the three sites. The model’s ability to simulate soil N supply under forest plantations was tested by sim
N mineralisation at each of the three sites over the duration of the experiment (10 years). Simulated annual net N miner
in the litter and top 20 cm soil layer ranged from 50 to 170 kg N ha−1 across the sites as a result of differences in rates of li
production, SOM and litter decomposition, and microbial N immobilisation and (re-)mineralisation. Simulations of annu
N mineralisation were similar to measured rates over a 3-year period, except for an overestimation in 1 year at Mumba
2 years at Darkan. Model results indicated the importance of fine root production and turnover for N supply. As plan
age, supply of N to trees increasingly originates from litter decomposition, while the contribution from decomposition o
decreases. Although major soil feedbacks associated with litter production, decomposition and N availability are ade
integrated into G’DAY, further work is required in some aspects of the model, including the utility of the C-allocation subm
over a wide range of site conditions and silvicultural treatments.
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1. Introduction

Process-based simulation models are a powerful
tool for studying the functioning of forest ecosystems
and their processes (e.g.Aber et al., 1982; Sands et al.,
2000). Increasingly, they are used to gain a bet-
ter understanding of the effects of silvicultural prac-
tices (e.g. fertilisation, harvest residue management,
stocking density and thinning) on plantation produc-
tivity (Almeida et al., 2004; Battaglia et al., 2004;
Corbeels et al., 2005a). Modelling of carbon (C) and
nitrogen (N) cycling is particularly important for short-
rotation forest plantations because N frequently lim-
its their C production (e.g.Bernhard-Reversat, 1996;
Agus et al., 2004; O’Connell et al., 2004; Smethurst
et al., 2004). It is a major challenge to modellers
because of complex interactions between C and N
cycling, including feedbacks between plant and soil
that are associated with litter production, organic mat-
ter decomposition and soil N availability (Scott and
Binkley, 1997; Campbell and Gower, 2000). Integrat-
ing plant–soil feedbacks into forest-ecosystem models
is, however, essential, if one wants to analyse how
silvicultural operations such as harvest residue man-
agement affect forest yield through their impact on
soil fertility (King, 1996; Rolff andÅgren, 1999). For
example,Corbeels et al. (2005a)modelled the link
between soil N fertility and productivity for eucalypt
plantations under various options of harvest residue
and N management. They showed that a plant–soil
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radiata plantation in eastern Australia was greater than
40% (Ryan et al., 1996).

Generic Decomposition And Yield (G’DAY)
(Comins and McMurtrie, 1993; Medlyn et al., 2000;
McMurtrie et al., 2001) is a relatively simple, process-
based ecosystem model of C and N cycling that links
a plant production model (McMurtrie and Wolf, 1983;
McMurtrie, 1991; Medlyn et al., 2000) to the decom-
position submodel of CENTURY (Parton et al., 1987,
1993). It is a generic model in the sense that its structure
and the underlying concepts are not site or species spe-
cific, but it must be parameterised for individual sites
and species. It uses a daily time step with inputs of daily
meteorological data for incoming total short-wave radi-
ation, precipitation and minimum and maximum air
temperatures. The G’DAY version with CENTURY
(henceforth referred to as G’DAY-Century) has been
applied to several forest and grassland experiments for
investigating plant growth responses to climate change
(Medlyn et al., 2000; McMurtrie et al., 2001; Pepper
et al., 2005), age-related decline in forest production
(Murty and McMurtrie, 2000), impacts of land-use
change on soil C storage (Halliday et al., 2003), and
effects of management practices on sustained produc-
tivity (McMurtrie et al., 2001). Each of these studies
concluded that there is a need to improve the represen-
tation of soil C and N cycles in G’DAY-Century, which
led to the development of a new organic matter decom-
position submodel that advances the mechanistic treat-
ment of the N mineralisation-immobilisation process
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Over the last two decades there has been cons
ble progress in the development of various kind
rocess-based forest growth models (e.g. see re
y Mäkel̈a et al., 2000). However, these models diff
onsiderably in terms of structure, processes inco
ated, formulation of individual processes and natu
riving variables. As a result, when various models
pplied to a single site, their outputs may be widely

erent. For example, following calibration of a num
f leading ecosystem models to several years of
ata, the coefficient of variation in predicted ann
oil N mineralisation for a specific year under aPinus
uring decomposition of litter and soil organic m
er (SOM). This new decomposition model has b
escribed and tested in a companion paper (Corbeels e
l., 2005b), and was proven to simulate more accura
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osing Eucalyptus globulus residues compared
’DAY-Century (see Fig. 4 inCorbeels et al., 2005b).
The objective of this paper was to present a m
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Australia, and in Section5, we evaluate model predic-
tions of soil N mineralisation against measurements
for these eucalypt stands. In Section6, we analyse
parameter sensitivity and identifiability in relation to
available measurements. In Section7, the main results
are discussed, and in Section8 conclusions 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 inCorbeels
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-
est plantations with seasonal growth patterns; (2) the
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 data (Corbeels et al.,
2005b).

2. Model description

The overall structure of G’DAY is shown inFig. 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 inMcMurtrie and Wolf
(1983), McMurtrie (1991), andMedlyn et al. (2000),
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 (followingJackson and Palmer, 1981); (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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linked to stand age); (5) C allocation to leaf, stem and
branch pools is constrained by empirical allometric
relationships. Here, we give only a brief outline of the
plant production submodel and describe the modifica-
tions made.

The plant production submodel has five biomass
pools (Fig. 1): foliage (f), branches plus coarse roots
(b), stemwood (w), which is divided into sapwood (s)
and heartwood (h), and fine roots (r). The branch to
coarse roots ratio was set at 0.33 (Fabĩao et al., 1995).
All pools receive C through allocation of photosynthate
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

that evaluates NPP from a mechanistic, biochemically
based model of leaf photosynthesis (Medlyn et al.,
2000). In this paper, we opted, instead, for a sim-
pler empirical model (McMurtrie and Wolf, 1983;
McMurtrie, 1991; Landsberg and Waring, 1997) which
assumes that NPP is proportional to photosynthetically
active radiation (PAR) absorbed by the canopy denoted
by Ia, assuming that 50% of total solar radiation is PAR:

Pn = εo cdm IafN fW, (1)

where Pn (kg C m−2 yr−1) is NPP,εo (kg DM MJ−1
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Fig. 2. Specific leaf area (SLA) of new leaves as function of foliar
N:C ratio. Data from twoE. globulus stands, respectively, at Man-
jimup (lat. 34◦20′S, long. 116◦00′E, 1023 mm rainfall), and Bussel-
ton (lat. 33◦45′S, long. 115◦07′E, 825 mm rainfall) in south-western
Australia (T. Grove, unpublished data).

whereIo is PAR incident on the canopy,kp the extinc-
tion coefficient for absorption of PAR by the canopy,
L projected leaf area index (LAI, m2 m−2 ground) and
Gc is fractional ground cover, which is evaluated as the
ratio of L to Lcc, the LAI at canopy closure:

Gc = L

Lcc
, if L < Lcc (3a)

Gc = 1, if L ≥ Lcc. (3b)

Leaf area index (L) is related to foliar biomass (Cf ,
kg C m−2):

L = σ
Cf

cdm
, (4)

whereσ (m2 kg−1 DM) represents specific leaf area
SLA. Since simulated NPP is highly sensitive to LAI
during early canopy growth, it was necessary to take
into account the variation in SLA with leaf and tree
age (seeSands and Landsberg, 2002). This was done in
G’DAY by assuming that SLA of newly formed foliage
(σ0) is linearly related to foliar N:C ratio (nf ), which
is based on data from twoE. globulus stands in south-
western Australia (Fig. 2):

σ0 = σi + nf

nf Y max
(σmax − σi),

with nf ≤ nf Y max, (5)

whereσmax is the maximum SLA of new leaves, which
is achieved whenn is equal to the maximum N:C ratio
o

onversion factor from dry matter (DM) to C, andfN
nd fW represent growth reduction factors to acco

or limitations by N and water, respectively. The va
f εo is net of all growth and autotrophic respirat
nder the assumption that plant respiration is a fi
roportion of gross primary production (seeWaring
t al., 1998; Dewar et al., 1998, 1999; Medlyn et
000). It is assumed that the growth reduction fac
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In this study, where G’DAY is applied to youn

eveloping forest plantations, we evaluate ra
ion absorption by canopies that are partially clo
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bserved in foliage of young trees,nf Y max, andσi is
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the y-intercept in the relationship betweenσ0 andnf
(Fig. 2). In G’DAY, LAI is a dynamic variable that is
predicted from the difference between LAI of new leaf
production (with SLA ofσ0) and LAI of senescing
leaves (obtained by multiplying current LAI by leaf
turnover ratelf that is estimated from Eq.(17)).

The reduction in NPP due to N limitation (fN)
depends linearly on foliar N:C ratio (nf ) if nf is less
than a critical value (nf crit ):

fN = nf

nf crit
, if nf < nf crit (6a)

fN = 1, if nf ≥ nf crit . (6b)

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 ofnf crit decreases over time. It is proportional to
the maximum leaf N:C ratio (nf max), which is a func-
tion of stand age (t):

nf crit = aNnf max, (7)

whereaN is a constant, and

nf max = nf Y max − (nf Y max − nf M max)

(
t

TM

)
,

if t < TM (8a)

nf max = nf M max, if t ≥ TM . (8b)
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whereWt max is maximum plant available water PAW
and FPw crit is an empirical parameter representing
the fractional PAW, below which production is pro-
portional to PAW. The relationship offW to the ratio
Wt:Wt max is functionally analogous to equations used
in other models for the ratio of actual to potential evap-
otranspiration (e.g.Slabbers, 1980; Dunin, 2002).

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 (e.g.Mäkel̈a and Hari, 1986;
Cannell and Dewar, 1994; Magnani et al., 2000). 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 area (As, m2 m−2

ground) (Medhurst et al., 1999). In most species this
ratio declines with increasing height (e.g.Medhurst
et al., 1999; Magnani et al., 2000). We assume that
t f
t

L

L
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( n-
s

H

w

hus, nf Y max is the maximum N:C ratio of new
ormed leaves at stand aget = 0, andnf M max is the max
mum N:C ratio of newly formed leaves in a matu
tand of aget = TM or older.

The model calculates a stand water balance
elow; Section2.2). Both NPP and decompositi
re reduced if plant available soil water is low. T
ffects of soil water content of top-soil and for
oor on decomposition is described inCorbeels et a
2005b).

The water limitation factorfW for NPP depends o
otal plant available water (Wt, mm) to a specified so
epth as follows:

W = Wt/Wt max

FPw crit
, if

Wt

Wt max
< FPw crit (9a)

W = 1, if
Wt

Wt max
≥ FPw crit, (9b)
he ratio varies from LS0 to LS1 as a linear function o
ree height (H, m):

S = LS0, if H ≤ H0 (10a)

LS = LS0 + (LS1 − LS0)(H − H0)

H1 − H0
,

if H0 < H < H1 (10b)

S = LS1, if H ≥ H1. (10c)

verage tree height is calculated from stemwood m
Cw, kg C m−2) using an empirical allometric relatio
hip:

= b1C
b2
w , (11)

hereb1 andb2 are constants.
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Sapwood cross-sectional area is calculated from
sapwood mass (Cs, kg C m−2), the height and sapwood
density (ρ, kg DM m−3):

As = Cs

ρH
, (12)

whereCs is estimated from Eqs.(18a)–(18c).
There are several ways that the constraint (Eqs.

(10a)–(10c)) could be incorporated into G’DAY, e.g.
through controls on leaf versus stem allocation as
in the 3-PG model (Sands and Landsberg, 2002) or
controls on leaf and sapwood turnover. Our approach
involves assuming Eqs.(10a)–(10c)represents a target
leaf:sapwood area ratio that is approached by varying
leaf and stem-allocation coefficients. Leaf allocation
depends on the value ofL/As relative to the target value
LS, declining from a maximum valueaf max to zero with
increasingL/As. The variation ofaf is characterised by
a parameterδLS:

af = af max, if
L

As
≤ LS(1− δLS) (13a)

af = 0.5af max

(
1 + (1 − (L/As)/LS)

δLS

)
,

if LS(1 − δLS) <
L

As
< LS(1+ δLS) (13b)

a = 0, if
L ≥ LS(1+ δ ) (13c)
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(Cb, kg C m−2) and stemwood mass (Cw, kg C m−2):

Cb = b3C
b4
w , (14)

where b3 and b4 are constants. This constraint is
imposed through a goal-seeking formulation of the pro-
cess of branch versus stem allocation, analogous to Eqs.
(13a)–(13c). The goal is the branch–stem allometric
relationship (Eq.(14)):

ab = ab max, if Cb ≤ b3C
b4
w (1 − δBS) (15a)

ab = 0.5ab max

(
1 + (1 − (Cb)/(b3C

b4
w ))

δBS

)
,

if b3C
b4
w (1 − δBS) < Cb < b3C

b4
w (1 + δBS) (15b)

ab = 0, if Cb ≥ b3C
b4
w (1 + δBS), (15c)

where the parameterδBS characterises the variability
in ab. If simulated branch mass is below (or above) the
target value calculated from Eq.(14), then allocation
to branchesab increases (or decreases) relative to stem
allocationas. However, the value ofab cannot exceed
ab max. The parameterδBS characterises howab andas
respond when the branch mass departs from the target
valueCb. If δBS� 1, then the simulated branch mass
will closely track the target valueCb. However, asδLS
increases, the allocation coefficients are less respon-
s y.
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eparts from the target value LS. IfδLS � 1, then the
imulated leaf:sapwood area ratio will closely track
arget value LS. However, asδLS increases, the alloc
ion coefficients are less responsive, and leaf:sapw
rea ratio tracks the target LS less tightly.

Branch allocation is constrained in a similar way
n empirical allometric relationship between bra
ive, and branch mass tracks the target less tightl
The allocation coefficient to fine rootsar is held con

tant for a given site, while stem allocation is calcula
s the residual:

s = 1 − af − ab − ar. (16)

ccording to the allocation model (Eqs.(13a)–(13c)
15a)–(15c)and(16)), a shift in either leaf or branc
llocation is matched by an opposing shift in stem a
ation. It is acknowledged that the above alloca
odel does not explain the physiological proce
overning allocation of assimilates. Though mec
isms underlying the relationship (Eqs.(10a)–(10c))
ave been parameterised for some forest systems
ewar, 1993; Magnani et al., 2000), there is consid
rable doubt about how parameters change with
ize and age. We adopt the above empirical appr
ecause our primary aim is to develop a tree gro



M. Corbeels et al. / Ecological Modelling 187 (2005) 449–474 455

model that works across a range of environmental con-
ditions, and can be used for predicting associated N
cycling in the plant–soil system.

2.1.3. Litter production
We assume that litter production from each tree

biomass pool is proportional to its pool size, thus imply-
ing a specific litterfall rate for each pool. Because field
measurements (F.J. Hingston, unpublished data) indi-
cate higher leaf litterfall during dry spells, we made
leaf litterfall rate dependent on soil water content by
incorporating an empirical rate modifier:

lf = lf max, if
Wt

Wt max
≤ FLw min (17a)

lf=lf max−(lf max−lf min)

(
Wt/Wt max−FLw min

FLw max−FLw min

)
,

if FLw min <
Wt

Wt max
< FLw max (17b)

lf = lf min, if
Wt

Wt max
≥ FLw max, (17c)

where lf max (yr−1) is the maximum specific leaf lit-
terfall rate occurring when fractional plant available
water (Wt:Wt max) is below a critical minimum value
(FLw min) and lf min is the minimum specific leaf lit-
terfall rate occurring when fractional plant available
w
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i the
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w
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andrs is the turnover rate of sapwood to heartwood.
Stemwood mass isCw = Cs + Ch.

2.1.4. Nitrogen allocation
Nitrogen allocation to new tree growth is derived

from N uptake by trees from the soil inorganic N
pool plus N retranslocated from senesced plant tissues.
Nitrogen allocation within the plant is based on C allo-
cation and the assumption that the N:C ratios of newly
formed branch and sapwood are constant, whereas the
N:C ratios of newly formed leaves and fine roots vary
within limits depending on the amount of N available
for allocation. For leaves, maximum N:C ratio (nf max)
is age-dependent, declining at a constant rate from
nf Y max in young trees of age zero to a minimum value
of nf M max in a mature stand of aget = TM (Eq.(8)). For
roots, maximum N:C ratio (nr max) is constant.

Wood N is further divided into structural and non-
structural components (Medlyn et al., 2000). For each
tree biomass pool, except structural wood N, we assume
that prior to litter production a fixed fraction of N is
retranslocated to a labile plant N pool, which is avail-
able for immediate retranslocation to new growth. We
also assume a fixed rate of retranslocation from the
non-structural N wood component to the labile N pool.

2.2. Forest floor and soil water balance

A simple water balance model that calculates water
s one
w he
m oor
( to
s the
t tion
o
w

e
l

�

�

�

w vely,
t
i ss
ater is above a critical maximum value (FLw max).
ue to a lack of detailed data, we assumed fixed
ific turnover rates for the other tree biomass po
ncluding conversion of sapwood into heartwood;
ame values were applied to all three eucalypt st
see Section4).

Thus, the daily increment inC content of biomas
Ci is calculated from the following difference equ

ions (McMurtrie, 1991):

Ci = aiPn − liCi (18a)

Cs = asPn − lsCs − rsCs (18b)

Ch = rsCs − lhCh, (18c)

hereCi is theC content of tree biomass pooli (i = b,
, r), ai the allocation coefficient to tree biomass poi,
i the litter production rate of theith tree biomass po
torage in both the forest floor and soil root z
as incorporated into the new version of G’DAY. T
odel has the provision for three layers: forest fl

ff), top-soil (top) and sub-soil (sub). It is important
imulate the water content of the forest floor and
op-soil (e.g. 0–20 cm) layer because N mineralisa
ccurs mainly in the top-soil (e.g.Connell et al., 1995)
here moisture content is most variable.
The daily increment in PAW (�W, mm) for the thre

ayers is calculated as:

Wff = Reff − Eff − Dff (19a)

Wtop = Dff − Etop − Ttop − Dtop (19b)

Wsub = Dtop − Tsub− Dsub, (19c)

here the subscripts, ff, top and sub refer, respecti
o the forest floor, top-soil and sub-soil layers,Reff
s daily effective rainfall (after subtracting water lo
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from canopy interception,McMurtrie et al., 1990), Eff
andEtop are daily evaporation from the forest floor and
the top-soil layer, andD andT represent daily rates of
drainage and tree water use from each layer with:

Ttop = min(qetTt, Wtop) (20a)

Tsub = min(Tt, Wt) − Ttop, (20b)

whereqet is an empirical constant representing the frac-
tion of water uptake from top-soil when both soil layers
are at field capacity and the subscript t refers to the
‘total’ over the two soil layers.

Daily total transpiration by the tree canopy (Tt)
is calculated using the Penman–Monteith equation as
described byMcMurtrie et al. (1990), with a modi-
fication to evaluate diurnal integrals of transpiration.
Canopy conductance is estimated from LAI and max-
imum stomatal conductance modified by minimum
temperature and by PAW (McMurtrie et al., 1990).
The effect of PAW on conductance is characterised by
parameters FTw min and FTw max (Table 2) that repre-
sent, respectively, the soil water content below which
conductance is zero and above which there is no effect
of soil water on conductance (Table 2, see alsoHingston
et al., 1998for more details).

Daily effective rainfall (Reff) enters the forest floor.
If the water content of this layer exceeds its water hold-
ing capacity, the excess water (Dff ) is transferred to the
top-soil layer. Similarly, water in excess of the water
h
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whereλ is the latent heat of vaporisation,s the slope
of the saturation vapour pressure–temperature curve,
γ the psychometric constant,Rn net radiation,kt the
extinction coefficient for absorption of total net radia-
tion by canopy andL is one-sided LAI.

Once the water content has decreased below a
threshold value, evaporation is controlled by hydraulic
properties and declines rapidly with decreasing water
content. This is the ‘falling rate’ stage and evapora-
tion is reduced by a factor proportional to the relative
moisture content of the layer:

Eff = bffEo (22a)

Etop = btop(Eo − Eff ), (22b)

wherebff andbtop are functions representing effects of
reduced moisture content on evaporation from the litter
and top-soil layer that are analogous to Eqs.(9a) and
(9b).

2.3. Decomposition model

The new decomposition submodel used in this ver-
sion of G’DAY is fully described inCorbeels et al.
(2005b), where it is tested against mass and N loss
measured in decomposingE. globulus litter. It replaces
the CENTURY-based decomposition submodel in the
original version of G’DAY (Comins and McMurtrie,
1993) because the CENTURY-based submodel failed
to simulate N mineralisation-immobilisation dynam-
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akes place at the potential evaporation rate (Eo), cal-
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cs in decomposing eucalypt leaf material. The n
odel uses a more mechanistic approach to descr
ineralisation-immobilisation turnover and the in
ctions between C and N dynamics in decompo

itter and SOM. The submodel includes above-
elow-ground litter pools and three SOM pools (mic
ial biomass,Young and Old SOM) with different

urnover times. Rates of decomposition are modifie
emperature, moisture, lignin content and N availa
ty. Stabilisation of SOM is simulated by transferr
ractions of decomposed microbial biomass andYoung
OM into more recalcitrant pools (respectively i
oung andOld SOM). Nitrogen is mineralised to,
mmobilised from, the soil inorganic N pool to ma
ain the N:C ratio of decomposing microbial biom
ithin a specified range. Balancing potential micro
demand against inorganic N availability determi
hether the activity of decomposers is limited by N
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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
(�Ninorg, kg N m−2) in G’DAY is calculated from the
difference between the following influxes and effluxes:

�Ninorg = Nmin − Nimm − Aimm

+Nin − Nloss− Up, (23)

whereNmin is the rate of gross N mineralisation,Nimm
the rate of gross N immobilisation through microbial
uptake,Aimm the rate of abiotic or chemical N immo-
bilisation intoYoung SOM associated with decompo-
sition of lignin, Nin the rate of external input from
atmospheric deposition, fertiliser and/or biological N
fixation, Nloss the rate of N losses through leaching
and/or gaseous emission, andUp is the rate of N
uptake by plants.Nmin, Nimm andAimm 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
(Nloss) from the soil–plant system is proportional to the
inorganic N pool:
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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 Eq.(8)). 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 forE. 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 (33◦33′S,
116◦4′E, 950 mm rainfall yr−1), (2) Darkan (33◦19′S,
116◦35′E, 600 mm rainfall yr−1), and (3) Northcliffe
(34◦41′S, 116◦11′E, 1500 mm rainfall yr−1), have been
monitored with regular measurements of tree growth
and N mineralisation (Hingston 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 1.5–1.7 m
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hereλl (yr−1) is a site-specific empirical rate co
tant for both gaseous and leaching losses (McMurtrie
t al., 2001). The potential forN losses under fore
lantations depends on a number of factors, inc

ng soil type, rainfall and rooting depth, and is like
o vary with stand age (Aronsson et al., 2000; Lacla
t al., 2003). For simplicity, we holdλl constant ove

he whole year. However, we acknowledge that th
robably a gross simplification for many forest plan

ion systems.
Similarly, N uptake by trees is also assumed to

roportional to soil inorganic N:

p = λpNinorg, (25)

hereλp (yr−1) is an empirical rate constant, rep
enting the potential availability of soil inorganic N
Hingston et al., 1998). E. globulus was planted in 198
t a stocking of 1250 stems ha−1. The Darkan site has
ellow mottled duplex soil (Dystric Planosol) that co
rises a sandy loam surface horizon over a sandy
ub-soil. Root penetration at the site was restricted
ery hard and compacted horizon at about 3 m depE.
lobulus was first planted here in 1987 with a stock
f 680 stems ha−1. The plantation at the Northcliffe si
as established in 1986 (1250 stems ha−1) on a grav
lly Ferric Lixisol with a surface sandy loam horizo
ithout any obvious constraint for root penetration
Daily meteorological data on precipitation, mi

um and maximum air temperature, and total ra
ion have been recorded by automatic weather sta
t each site from 1991 to 1994. For other years
sed data generated from interpolation of daily
ecorded at nearby stations (for details, see SILO
rill; http://www.dnr.qld.gov.au/silo). Soil water con
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Table 1
Selected site characteristics for the threeE. globulus stands

Site Mean annual
rainfall (mm)

Clay + silta

(g kg−1)
Rooting
depth (m)

WHCb

(mm)
Organic
Ca (g kg−1)

Total
Na (g kg−1)

Labile Na,c

(% 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

a In top-soil (0–20 cm).
b Soil water holding capacity.
c NH4-N released during 7-day anaerobic incubation at 40◦C.

tent, stem diameter (at 1.3 m over bark) and height of
trees, LAI and leaf litterfall were recorded monthly at
each site between 1990 and 1993. Soil water content
was measured with a neutron moisture gauge (DIDCOT
Instruments, Oxford, UK) to depths of 3 m. LAI was
estimated using the LAI-2000 plant canopy analyser
(LI-COR, Lincoln, NE, USA) (Hingston et al., 1998).
Stem dry weight (wood plus bark dry matter ha−1) was
estimated from the stocking rate, and monthly measure-
ments of tree height and stem diameter using an allo-
metric relationship, previously developed byHingston
and Galbraith (1998)from sampling trees at the three
sites above and three otherE. globulus stands in south-
western Australia. Leaf litter production was estimated
from litter collections over monthly time intervals.

Nitrogen mineralisation was measured in the top
20 cm soil layer at 4 weekly intervals over a period of
2.8 years (Mumballup, start of measurements in March
1992) and 3 years (Darkan and Northcliffe, starting in
January 1992) using the in situ coring technique; exper-
imental details and results of these measurements are
fully described inO’Connell and Rance (1999).

4. Model parameterisation and results

In this section we explain how G’DAY was parame-
terised for the threeE. globulus stands. The general pro-
cedure was to use a common set of model parameters
for all three sites with best available empirical values or
s sev-
e ith
m soil
w ters
c ll
d and
C LAI

data; (4) initialisation of the soil C and N pools for
each site based on soil N mineralisation data from lab-
oratory incubations.

To evaluate the accuracy of the model simulations,
the root mean square error (RMSE), linear correlation
coefficient (r), relative model efficiency (EF) and rela-
tive error (E) were calculated for each set of simulated
and observed values of plant available soil water, leaf
litter production, LAI, stem biomass and soil N min-
eralisation. Model efficiency, EF, is defined as: EF=
1 −

(∑n

i=1
(Oi−Pi)2∑n

i=1
(Oi−Ō)2

)
, whereOi are the observed val-

ues,Pi the predicted values,̄O the mean of the observed
data, andn is the number of paired values (Loague and
Green, 1991). The model efficiency provides a compar-
ison of the efficiency of the model to the efficiency of
describing the data as the mean of the observations. Val-
ues of EF may be positive or negative with a maximum
value of 1. A positive value indicates that the simulated
values describe the trend in the measured data better
than the mean of the observations. A negative value
indicates that the simulated values describe the data less
well than a mean of the observations. The relative error,
E, determines the bias in the total difference between
simulations and measurements and is defined as:E =
(100/n)

∑n
i=1(Oi − Pi)/Oi (Addiscott and Whitmore,

1987).
Note, however, thatr and EF are of limited use in

determining accuracy of model simulations for cases
where there is no clear trend in the measured data to
g lues.
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Table 2
Parameter values in the water balance, plant production and soil N balance submodels estimated forE. globulus plantations in south-western
Australia

Parameter Value Site- or
species-specific

Source

ab max, af max 0.40, 0.33 Species Fitted
ar 0.42 (Mumballup), 0.49 (Darkan),

0.36 (Northcliffe)
Both Fitted

aN 0.75 Species Based onPereira et al. (1992)
b1, b2 4.83, 0.350 Species Based on F.J. Hingston, unpublished data
b3, b4 5.61, 0.346 Species Based on F.J. Hingston, unpublished data
cdm 0.48 g C g−1 DM Species Nominal value
FPw crit 0.6 Species Beadle et al. (1995)
FLw max 0.6 Both Fitted
FLw min 0.0 Both Based on F.J. Hingston, unpublished data
FTw max 0.4 Species Fitted
FTw min 0.028 Species Fitted
H0, H1 5, 30 Species Based on F.J. Hingston, unpublished data
kp 0.5 Species Linder (1985)
kt 0.4 Species Ritchie (1972)
lb, lr, ls, lh 0.03, 2.4, 0, 0 yr−1 Species F.J. Hingston, unpublished data,Kätterer et al. (1995)
Lcc 2.0 m2 m−2 Species Fitted
lf max 0.6 (Mumballup, Darkan), 0.8

(Northcliffe) yr−1
Both Fitted

lf min 0.2 (all sites) yr−1 Both Fitted
LS0, LS1 8000, 2700 Species F.J. Hingston, unpublished data
Lvap 2.45× 10−6 J kg−1 (20◦C) – Physical constant
nb, nnw, nsw 0.0035, 0.0025, 0.0015 – A.M. O’Connell, unpublished data
nf M max 0.022 (seeFig. 7) Species Cromer and Williams (1982), Judd et al. (1996),

Bennett et al. (1997), A.M. O’Connell, unpublished data
nf max 0 SeeFig. 7, Eq.(11) Species Cromer and Williams (1982), Judd et al. (1996),

Bennett et al. (1997), A.M. O’Connell, unpublished data
nf Y max 0.066 (seeFig. 7) Species Cromer and Williams (1982), Judd et al. (1996),

Bennett et al. (1997), A.M. O’Connell unpublished data
nr max 0.017 Species Bauhus et al. (2000)
rs 0.1 yr−1 Species Based on S.J. Rance, unpublished data
tb, tf , tr 0.5, 0.45, 0. Species F.J. Hingston, unpublished data,Gordon and Jackson

(2000)
TM 6 yr (seeFig. 7) Species Cromer and Williams (1982), Judd et al. (1996),

Bennett et al. (1997), A.M. O’Connell, unpublished data
qet 0.7 Both Fitted
Wffmax, 8 mm (all sites) Site Estimated
Wt max 250 mm (Mumballup), 230 mm

(Darkan), 600 mm (Northcliffe)
Site Based on data fromHingston et al. (1998)

Wtopmax 50 mm (all sites) Site Based on F.J. Hingston, unpublished data
γ 66 Pa◦C−1 – Physical constant
δBS 0.5 Species Fitted
δLS 0.5 Species Fitted
εo 3.3× 10−3 kg DM MJ−1 PAR Species Sands and Landsberg (2002)
λl 0 yr−1 Both Based onCarlyle (1995)
λp 10.2 yr−1 Species Fitted
ρ 480 kg DM m−3. Species S.J. Rance, unpublished data
σmax 11 m2 kg−1 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 inTable 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 zone (Wt max, Table 2), daily
weather data, and observed LAI data. The model was
first calibrated to soil water data at the Mumballup site
by adjusting the critical soil water contents, FTw min
and FTw max, that characterise the water dependence
of stomatal conductance (Table 2, see alsoHingston
et al., 1998for more details). All other parameters in
the water balance submodel were given values a priori
on the basis of published information (seeTable 2).
The soil moisture profile shows high rates of recharge
in autumn and drying during late spring (Fig. 3a). The
model’s ability to predict rates of drying and rewetting
is crucial because simulated NPP is dependent upon
soil water content ifWt < 0.6 Wt max (see below, i.e.
if root-zone PAW is less than 150 mm at Mumballup,
Eq.(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
m
a lated
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Fig. 3. Comparison of measured (symbols) and simulated (line) plant
available water (mm) in the root-zone (to 3 m soil depth) underE.
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 site.r, coefficient of lin-
ear correlation between observed and simulated values; RMSE, root
mean square error; EF, relative model efficiency;E, relative error.

water content was low. Therefore, for each site, we
assumed that the specific rate of leaf litterfall increased
from a minimum value (lf min) when the soil is wet
(Wt:Wt max≥ FLw max) to a maximum (lf max), when the
soil is dry (Wt = 0) (Eq.(17), Table 2). Parameter val-
ues forlf min, lf max and FLw max 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 presented inFig. 4, together with cumulative
amounts of observed and simulated leaf litterfall during
the period when litterfall was measured.Fig. 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
odel. The results for the Darkan site (Fig. 3b) show
strong correlation between observed and simu

alues (r = 0.95) with high model efficiency (EF = 0.8
nd low bias (E =−9), illustrating that the simple wat
alance submodel of G’DAY was able to provid
ood simulation of soil water dynamics under euca
tands in the sandy soils of south-western Austr
rees at Northcliffe were able to extract water at de
p to 6 m or more (Wt max= 600 mm,Table 2, Hingston
t al., 1998), so available soil moisture measureme

o depths of 3 m (not shown) do not reflect water
s accessible by trees on this site.

.2. Litter production parameters

Observations at the three sites showed that lea
erfall rates varied throughout the year, with in g
ral higher rates during the dry season when
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Fig. 4. Comparison of measured (bold line) and simulated (fine line) monthly leaf litter production fromE. globulus 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 2).

∑
LFobsand

∑
LFsim 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 efficiency;E, relative error.

(RMSE, EF) and bias (E). It suggests that drought stress
effects on leaf senescence are complex and that other
mechanisms (such as wind, temperature, radiation and
age effects) may have to be included to accurately pre-
dict leaf fall. Simulated seasonal timing of peak leaf
litterfalls often mismatched observations possibly for
these reasons (Fig. 4). However, despite this, simula-
tion of the total leaf litterfall amounts that occurred
during the measuring period matched measurements
reasonably well.

The specific rate of branch/coarse root litter produc-
tion (lb) was assumed to be a constant 0.03 yr−1 for all
sites in this study. This value represents a mean cal-
culated from all available observed data on ‘non-leaf’
litterfall at the three sites. ‘Non-leaf’ litterfall rate was

estimated at 0.028, 0.027 and 0.035 yr−1, respectively
at Mumballup, Darkan and Northcliffe (F. Hingston,
unpublished data). Likewise, the specific rate of fine
root litter production (lr) was given a constant value of
2.4 yr−1 for all three sites, based on data fromKätterer
et al. (1995). Litter production from stem (ls, lh) was
assumed to be negligible and therefore set at zero. The
rate of conversion of sapwood to heartwood (rs) was
set at 0.1 yr−1.

4.3. Plant production submodel

The next step was to parameterise the plant pro-
duction submodel. Potential radiation-use efficiency
(εo) was set at 3.3× 10−3 kg DM MJ−1 PAR, which
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represents a realistic upper limit forE. globulus in
West Australia (Sands and Landsberg, 2002), and is
similar to the values estimated byMcMurtrie et al.
(1994). It is lower than the theoretical maximum of
3.8× 10−3 kg DM MJ−1 PAR, proposed byLandsberg
et al. (2003), to account for limitations by non-optimal
temperatures (Sands and Landsberg, 2002). The effec-
tive value of radiation-use efficiency in the model
was obtained by modifying the potential value (εo)
for water and N availability (Eq.(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 (FPw crit), calculated as 60% of max-
imum available water in the soil profile, and reaches
zero when available soil water is zero (see Eq.(9)). The
critical foliar N:C ratio for maximum productivity was
set at 0.05 and 0.016 (aN = 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 twoE. globulus stands in
the region (Fig. 2). This relationship, together with Eq.
(8), produces a SLA of new foliage that declines from
9–11 m2 kg−1 for 1–2-year-old stands to 4–6 m2 kg−1

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
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observed leaf to sapwood area ratio (LS) and tree height
(H), was used to parameterise Eqs.(10a)–(10c), giving
H0 = 5 m,H1 = 30 m, LS0 = 8000, LS1 = 2700. Parame-
ter values fitted to data on tree height versus stem mass
(Eq.(11)) and branch mass versus stem mass (Eq.(14))
were:b1 = 4.8,b2 = 0.35,b3 = 5.61 andb4 = 0.35. Max-
imum leaf- and branch-allocation coefficients were set
at af max = 0.33 andab max= 0.40, and root allocation
wasar = 0.42, 0.49 and 0.36 at Mumballup, Darkan and
Northcliffe, respectively. The lack of root data makes
it impossible to independently estimate parametersεo
andar. The value ofεo × (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 above,Table 2).

The model was able to reproduce observed tree
growth data reasonably well at the three sites
(Figs. 5 and 6). Simulated seasonal changes in LAI,
resulting from decreased growth and enhanced leaf lit-
terfall during summer, followed the observed patterns
at Mumballup closely (RMSE = 0.27;E = 0.9). Model
simulations overestimated LAI at Darkan (E =−29)
and to a lesser extent at Northcliffe (E =−7). Our
simulations are within the margin of error in LAI
estimated by the LICOR-2000 plant canopy analyser,
which underestimates LAI in discontinuous canopies
(Fassnacht et al., 1994).
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The C-allocation model was parameterised f
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. globulus stands aged 2–7 years (F.J. Hings
npublished data). We assumed dry sapwood
ity ρ = 480 kg DM m−3. The relationship betwee
ig. 5. Comparison of measured (symbols) and simulated (line
rea index (LAI) forE. globulus plantations at (�) Mumballup, (�)
arkan and (+) Northcliffe. Simulations commenced 1st July 1
st July 1987 and 1st July 1986 at Mumballup, Darkan and N
liffe, respectively. Measured data are fromHingston et al. (1998.
MSE, root mean square error;E, relative error.



M. Corbeels et al. / Ecological Modelling 187 (2005) 449–474 463

Fig. 6. Comparison of measured (symbols) and simulated (line)
stemwood biomass 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 fromHingston 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 sites (r = 0.99, 0.98, 0.99, respectively, for
Mumballup, Darkan and Northcliffe and EF = 0.99 for
all three sites) (Fig. 6). Simulated stemwood produc-
tions showed a seasonal pattern that reflected seasonal
change in soil moisture, but the simulated pattern was
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 measurements (Table 2).
Data on N concentration in young, green leaves were
available fromE. globulus plantations of various ages.
Fig. 7 shows the relationship of maximum N:C ratio
of newly formed leaves (nf max 0) as a function of stand
age (Eq.(8)) for nf Y max= 0.066,nf M max = 0.022 and
TM = 6 years, together with the observed data. Max-
imum N:C ratio of newly formed fine roots is kept
constant with stand age (Table 2). For simplicity, the
N:C ratios of branches and stems were assumed to be
constant with stand age, and not dependent on N avail-
ability.

Nitrogen retranslocation from senescing leaves (tf )
and fine roots (tr) are important model parameters
because they have a large effect on the N content of the
bulk plant litter. Nitrogen retranslocation determined

Fig. 7. Foliar N:C ratio ofE. globulus stands as function of stand age.
Experimental data (symbols) are fromCromer and Williams (1982),
Judd et al. (1996), Bennett et al. (1997)and 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 withSauer et al.’s (2000)values of
46–58% N retranslocated in youngE. globulus trees.
We assumed foliar retranslocation of 45% (Table 2) for
all three sites. Precise information on N retranslocation
in senescing fine roots is lacking because of method-
ological complications. Drawing upon data from a
range of published studies,Gordon 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 set fine root N retranslocation (tr) at
zero (Table 2). Based on measured N concentrations in
living and senesced branches, we assumed N retranslo-
cation in branches (tb) to be 50% (Table 2).

4.5. Decomposition submodel

We determined the biochemical composition ofE.
globulus leaf and branch litter by a proximate frac-
tionation analysis (Table 3) and used these data to
partition plant litter production into the different lit-
ter pools of the decomposition submodel. Since foliar
litter consists of senescent tissues, its biochemical com-
position is different from foliar harvest residues which
are mainly fresh green leaves. Other parameter val-
u e as
t uca-
es of the decomposition submodel were the sam
hose used when simulating mineralisation of e
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Table 3
Biochemical composition ofE. 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 1 inCorbeels et al.,
2005b).

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 sites (O’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. This is a typical value for sandy soils under euca-
lypt plantations in south-western Australia (Mendham
et al., 2002). The pools ofYoung andOld SOM in the
decomposition submodel are defined on a conceptual
basis (Corbeels et al., 2005b) and direct measurement
of their size is problematic. Their initial values in the
0–20 cm 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, 20◦C) during a 220-day period.Table 4shows
the results of these fitting runs as ratios ofYoung C to
total C andYoung N to total N for the three sites. The
soil at Darkan shows higher proportions ofYoung C
and N compared to the other two sites, which means
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 analyses (Table 1).

Nitrogen input through atmospheric deposition was
set at 8 kg N ha−1 yr−1 (O’Connell, 1985). Leaching
a t the

T
I ree
s

S

M
D
N

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 minimal (Carlyle, 1995), 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 (0–20 cm) and litter (both above- and below-
ground) together with observed values in the top 20-cm
soil layer (O’Connell and Rance, 1999) are 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 mineralised (Connell et al., 1995). Sim-
ulated annual rates of N mineralisation ranged from 51
t −1 −1
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l ation
w ated
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b

nd gaseous losses of N were not measured a

able 4
nitial values forYoung soil C and N in model simulations at the th
ites (expressed as % of total C and N, respectively)

ite Young soil C (%) Young soil N (%)

umballup 20 15
arkan 40 40
orthcliffe 25 20
o 94, 55 to 126 and 84 to 159 kg N hayr , at Mum-
allup, Darkan and Northcliffe, respectively. There w
o obvious common trend with stand age. At No
liffe simulated annual rate of N mineralisation pea
t age 3 years, at Mumballup highest rates were s

ated at ages 3–5, whereas at Darkan N mineralis
as highest at age 5. Total model error as indic
y RMSE was highest for Darkan, followed by Mu
allup and then Northcliffe. The negativeE values for
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Fig. 8. Simulated (line/open symbols) and measured (solid symbols)
annual rates of net soil N mineralisation forE. globulus planta-
tions at (a) Mumballup, (b) Darkan and (c) Northcliffe. Simulations
commenced 1st July 1988, 1st July 1987 and 1st July 1986 at Mum-
ballup, Darkan and Northcliffe, respectively. Measured data are from
O’Connell and Rance (1999). RMSE, root mean square error;E, rel-
ative error.

the three sites suggested an overall bias towards over-
estimation by the model. On three occasions (twice
at Darkan and once at Mumballup) overestimation of
more than 25% occurred.

Model output mirrored the seasonal pattern of mea-
sured N mineralisation, as shown for the Mumballup
site inFig. 9. Mineralisation rates were highest during

Fig. 9. Comparison of measured (black line) and simulated (grey
line) daily net soil N mineralisation rates (0–20 cm) for theE. globu-
lus plantation at Mumballup. Simulations of G’DAY commenced on
1st July 1988. Measured data are fromO’Connell 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. An iden-
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-
ters), were identifiable. The formulae of this analysis
are outlined inBrun et al. (2001)andCorbeels et al.
(2005b).

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
strongest overall contribution to variability in model
output: 6 of the 10 most sensitivity parameters are from
the C-allocation algorithm of the model. Besides, 8 of
the 13 ‘fitted’ parameters belong to the 25 most sensi-
tive parameters.

nsist
o sen-
To be identifiable a parameter subset has to co
f sufficiently sensitive parameters and, secondly,
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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
threeE. globulus sites

Rank Parameter δ
msqr
j

1 b2 1.157
2 b1 0.708
3 ar 0.634
4 εo 0.482
5 H1 0.454
6 cdm 0.429
7 Wt max 0.418
8 ρ 0.313
9 ab max 0.283

10 LS1 0.240
11 rs 0.220
12 lf max 0.199
13 αlab 0.191
14 kp 0.172
15 FTw max 0.169
16 b4 0.163
17 σ0 0.147
18 b3 0.144
19 FPw crit 0.140
20 σmax 0.134
21 LS0 0.111
22 FLw max 0.104
23 lf min 0.099
24 af max 0.095
25 Lcc 0.090
31 qet 0.0469
33 δLS 0.0453
41 FTw min 0.0241
43 δBS 0.0178
50 λp 0.0152

Simulations were run for a 10-year period for each site.δ
msqr
j is

root mean square sensitivity of the model output to a change in the
parameter. Values ofδmsqr

j 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 A inCorbeels et al. (2005b). Prior
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,γK, are calculated for subsets of
parameters, and parameter subsets showing aγK below
a threshold of 10 are considered as potentially identi-
fiable subsets (Brun et al., 2001). Results are given in
Table 6. There are parameter subsets up to size 11 which
fulfil γK < 10 (subsets no 6 inTable 6). Subsets of size
12 and higher haveγK > 10. A maximum of 11 parame-
ters is, therefore, considered as potentially identifiable
from the available measurements. The seven most sen-

sitive ‘fitted’ parameters (subset no. 1) show aγK of
5.5, and are thus identifiable. Adding to this subset the
8th most sensitive ‘fitted’ parameter,Lcc, which repre-
sents the LAI 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 ofLcc 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 withoutLcc, showsγK 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, 1993) to
simulate C and N cycling in fast-growing, short-
rotation forest plantations. The new version of G’DAY
was applied to threeE. globulus stands in south-
western Australia. We were able to correctly simulate
the observed time-course of stemwood and LAI at all
three sites (Figs. 5 and 6). With an a priori parameter-
isation of the decomposition submodel forE. globulus
residues (seeCorbeels et al., 2005b), the model was
then used to predict soil N mineralisation rates at the
three sites (Fig. 8).
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similar way—i.e. their maximum rates are all p
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f plant N uptake: microbial N uptake) characteri

he relative competitive abilities of trees and micro
anisms for soil inorganic N. Experimental evide

or competition for N between plants and micro
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eterminants that are evident include spatial di
nces in N availability and in root and microbial dis
ution, together with temporal differences in microb
nd root turnover (Hodge et al., 2000). A very feasible
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ould be to use the model to test different hypo
es – about competitive advantages between plan
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Table 6
Collinearity indices of selected parameter sets consisting of ‘fitted’ model parameters

Set no. Set size Parameters γK

1 7 The seven most sensitive ‘fitted’ parameters: 5.5
ar, ab max, lf max, FTw max, FLw max, lf min, af max

2 8 The eight most sensitivity ‘fitted’ parameters: 82.4
ar, ab max, lf max, FTw max, FLw max, lf min, af max, Lcc

3 8 The nine most sensitive ‘fitted’ parameters excludingLcc: 9.3
ar, ab max, lf max, FTw max, FLw max, lf min, af max, qet

4 9 The 10 most sensitive ‘fitted’ parameters excludingLcc: 9.6
ar, ab max, lf max, FTw max, FLw max, lf min, af max, qet, δLS

5 10 The 11 most sensitive ‘fitted’ parameters excludingLcc: 9.8
ar, ab max, lf max, FTw max, FLw max, lf min, af max, qet, δLS, FTw min

The parameter subsets of size 11 withγK < 10:
6a 11 ar, lf max, FTw max, FLw max, lf min, af max, qet, δLS, FTw min, δBS, λp 6.5
6b 11 ab max, lf max, FTw max, FLw max, lf min, af max, qet, δLS, FTw min, δBS, λp 6.6
6c 11 lf max, FTw max, FLw max, lf min, af max, Lcc, qet, δLS, FTw min, δBS, λp 6.6
6d 11 ar, lf max, FTw max, FLw max, lf min, af max, Lcc, qet, δLS, FTw min, λp 9.7
6e 11 ar, ab max, lf max, FTw max, FLw max, lf min, af max, qet, δLS, FTw min, λp 9.8

7 13 All 13 ‘fitted’ parameters: 86.9
ar, ab max, lf max, FTw max, FLw max, lf min, af max, Lcc, qet, δLS, FTw min, δBS, λp

γK: indicates the degree of linear dependence of normalised sensitivities to the parameter subset. For formula, see Appendix A inCorbeels et al.
(2005b).

microorganisms for N – against existing experimental
data.

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 ha−1 (in the litter plus 0–20 cm soil
layers, assumed to represent about 80% of total N min-
eralisation,Connell et al., 1995) and are the result of
the interacting processes of litter production, SOM and
litter decomposition, and microbial N immobilisation
and (re-)mineralisation. Differences in temporal pat-
terns of soil N mineralisation across the three sites are
related to differences in temporal patterns and amounts
of litterfall, and to differences in soil moisture sta-
tus, which affects decomposition rate. As illustrated
in Fig. 10 for the Mumballup site, the model output
underlines a shift in the balance in source of N supply
from SOM to plant litter. The contribution from SOM
mineralisation to total N mineralisation decreases with
stand age, while recycling N through mineralisation
of litter (foliage and fine roots) becomes important fol-

lowing canopy closure, i.e. after about 3–4 years of tree
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

Fig. 10. Simulated rates of annual net soil N mineralisation for the
E. globulus plantation at Mumballup. ST is simulated total N miner-
alisation, SO is simulated N mineralisation from soil organic matter,
and SL is simulated N mineralisation from tree litter.
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Fig. 11. Simulated soil inorganic N content in the root zone underE.
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.

native SOM, whereas for established stands the amount
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 depleted (Fig. 11). This is
because, during the first years after planting, N min-
eralisation occurs faster than tree N uptake, whereas
between about years 2 and 5 (depending on the site),
when the trees are building their canopies, the tree
demand for N equals or exceeds the N mineralisa-
tion rate. Consequently, plantations are most likely to
respond to fertiliser N applications during the canopy
building phase, with scope for optimising N supply
for maximal productivity and minimal leaching. More-
over, the simulated levels of soil inorganic N emphasise
a higher risk for N loss through leaching during the
first few years just after planting the stand than later
after N has been incorporated into plant tissues. This
risk is likely to be heightened when N mineralisa-
tion is enhanced early in a rotation as a result of soil
disturbance during planting operations (Vitousek and
Matson, 1985). These hypotheses based on model sim-
ulations are in agreement with field observations under
second-rotation eucalypt plantations in south-western
Australia (O’Connell et al., 2004), showing that soil
inorganic N accumulates early, during the first 2 years
of the rotation, but decreases thereafter to low values.

The model results suggest that, depending on
t xi-

mately 70–120 kg N ha−1 yr−1 (0–20 cm) is not limit-
ing plantation productivity in south-western Australia
(Figs. 8 and 10). 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., 2004). The 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
environmental effects resulting from N leakage into
other ecosystems. Simpler, empirical models based on
a soil mineralisation index (e.g.O’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-specific and do
not account for temporal changes in N mineralisation
during stand development as litter inputs change (Paul
et al., 2002). On the other hand, G’DAY is responsive
to distinct site conditions and management practices
and able to capture the effects of interannual variations
in precipitation and residue additions (Corbeels et al.,
2 will
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.3. Fine root allocation and turnover

A great source of uncertainty in the above mo
imulations is the contribution to N mineralisation fr
ne roots. Simulations with altered rates of fine r
urnover and N content can illustrate the importanc
ne roots for N mineralisation and immobilisation. F
xample, if we halve both fine root turnover,lr from
.4 to 1.2 yr−1 and the maximum fine root N:C rat
r max from 0.017 to 0.0085 the model predicts (for
umballup site) a reduction in the annual rate of
mineralisation of about 75% during stand ages 3
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Fig. 12. Effect of changing parameters values for fine root turnover,
lr and maximum fine root N:C ratio,nr maxon simulated annual rate of
net soil 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. (bold line)lr = 2.4 yr−1 andnr max= 0.017; (fine line)lr = 1.2 yr−1

andnr max= 0.0085.

4, which decreases to about 20% during later years
(Fig. 12).

Measurements of (fine) root production and of their
turnover are, however, experimentally difficult and data
on fine root biomass (live and dead) are scarce. We
have used an average ‘best available’ value (2.4 yr−1,
Table 2) for fine root turnover ofE. globulus (Kätterer
et al., 1995). 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 (Eqs.
(10a)–(10c)and (14)). Estimated allocation to fine
roots ranged from 0.36 at Northcliffe to 0.49 at the
Darkan site (Table 2), 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)hypothesised 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.

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
to management 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, 2000). For-
est ecosystem models (e.g. CABALA,Battaglia et al.,
2004) 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
the relative importance of that process (e.g.May, 2004).
We have addressed this issue by analysing the model’s
sensitivity to specific parameters (Table 5). This anal-
ysis reveals that the model is most sensitive to several
C-allocation parameters (e.g.b1, b2, ar, H1), and to the
radiation-use efficiency (εo). 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 toεo suggests that modelling
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during senescence may result in less readily decom-
posable litter, further decreasing site N availability, and
thereby completing a negative feedback for the system.

Finally, we assumed in G’DAY that neither plant nor
the microbial organisms is capable of direct uptake of
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 (seeKay and Hart, 1997)
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.

8. Conclusions

The updated version of G’DAY, which allows the
simulation of C and N cycling in fast-growing forest
plantations, was parameterised forE. 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-
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
used to predict soil N mineralisation rates under the
three stands. The simulated rates of soil N mineralisa-
tion of 50–160 kg N ha−1 yr−1 tended to overestimate
o ated
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Appendix A

SeeTable A.1.

Table A.1
Symbols, description and units for model variables and parameters

Symbol Description

ab, af , ar, as Branches, leaf, fine root and stem allocation
coefficients

ab max, af max Maximum branch and leaf allocation coefficients
Aimm Flux of abiotic or chemical N immobilisation in

Young SOM (kg N m−2 yr−1)
aN Constant determining the relationship between

critical foliar N:C ratio (nf crit ) and maximum
leaf N:C ratio (nf max)

As Stem sapwood cross-sectional area (m2 m−2

ground)
b1, b2 Constant and exponent in tree height- stemwood

mass relationship
b3, b4 Constant and exponent in branch–stemwood

mass relationship
bff , bs Reduction factors on evaporation from forest

floor litter and top-soil layer for reduced

C

c
E nd

E
D b-

f R
f
f
F of

FLw max,
FLw min

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

FTw max,
FTw min

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

Gc Fractional ground cover
H Average tree height (m)
bserved values. The model simulations also indic
he importance of fine root production and turnover

supply. More knowledge on fine root dynamics
eeded for further model development and testing

On the whole, the results of this study suggest
he major feedbacks associated with litter produc
rganic matter decomposition and N availability
dequately integrated in G’DAY. The G’DAY mod
rovides, hence, a useful framework for evalua
anagement options for sustainable forest planta
roductivity and for analysing constraints on long-te
roductivity and C storage.
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b, Cf , Ch, Cr,
Cs, Cw

C mass of branches, foliage, heartwood, fine
roots, sapwood and stemwood (kg C m−2)

dm Carbon content of plant DM (g C g−1 DM)

ff , Etop Daily evaporation rate from forest floor litter a
top-soil layers (mm day−1)

o Daily potential evaporation rate (mm day−1)

ff , Dsub, Dtop Daily drainage rate out of forest floor litter, su
and top-soil layer (mm day−1)

L Reduction of NPP as function of absorbed PA

N Reduction of NPP as function of leaf N:C ratio

W Reduction of NPP as function of PAW
Pw crit Fractional PAW below which NPP is function

PAW
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Table A.1 (Continued)

Symbol Description

H0, H1 Tree height when the ratio of projected leaf area
index to stem sapwood cross-sectional area is,
respectively, LS0 and LS1

Ia Absorbed PAR (MJ m−2 yr−1)
Io Incident PAR (MJ m−2 yr−1)
kp PAR extinction coefficient
kt Total radiation extinction coefficient
L LAI
lb, lf , lr, ls, lh Litterfall rates of branches, leaves, fine roots,

sapwood and heartwood (yr−1)
Lcc LAI of closed canopy
lf max, lf min Maximum and minimum foliage litterfall rates

(yr−1)
LS The ratio of projected leaf area to stem sapwood

cross-sectional area
LS0, LS1 The ratio of projected leaf area to stem sapwood

cross-sectional area when tree height is,
respectively,H0 andH1

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

nf N:C ratio of leaves
nf crit Critical foliar N:C ratio below which NPP is

function of leaf N:C ratio
nf max 0 Maximum N:C ratio of newly formed leaves
nf M max Maximum N:C ratio of newly formed leaves at

mature stand age,TM

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

Nimm Gross N immobilisation flux (kg N m−2 yr−1)
Nin External N input flux (from deposition,

biological fixation and chemical fertiliser) to soil
inorganic N pool (kg N m−2 yr−1)

Ninorg Soil inorganic N pool (kg N m−2)
Nloss N loss flux (through leaching or gaseous

emissions) from soil inorganic N pool
(kg N m−2 yr−1)

Nmin Gross N mineralisation flux (kg N m−2 yr−1)
nr max Maximum N:C ratio of newly formed fine roots
Pn Net primary production (kg C m−2 yr−1)
qet Fraction of tree water uptake from top-soil layer
Reff Daily effective rainfall (mm day−1)
Rn Net radiation (J m−2 day−1)
rs Sapwood to heartwood turnover rate (yr−1)
s Slope of the saturation vapour

pressure–temperature curve (Pa◦C−1)
tb, tf , tr Fraction of N in branches, leaves and fine roots

retranslocated before senescence
TM Age of mature stand (yr)
Tsub, Ttop Daily transpiration rate from sub- and top-soil

layers (mm day−1)
Tt Daily total transpiration rate (mm day−1)
Up Flux of N uptake by plants (kg N m−2 yr−1)

Table A.1 (Continued)

Symbol Description

Wff , Wsub, Wtop Plant available water in forest floor litter, sub-
and top-soil layers (mm)

Wffmax,
Wtopmax,
Wt max

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

Wt Total plant available water (mm)
αlab Labile fraction of microbial biomass
δBS Parameter characterises the variability inab and

aw

δLS Parameter representing the variability inaf and
aw

γ Psychometric constant (Pa◦C−1)
εo Maximum PAR utilisation efficiency

(kg DM MJ−1)
λ Latent heat of water vaporisation (J kg−1)
λl Rate of loss from inorganic N pool (yr−1)
λm Potential rate of microbial N uptake from

inorganic N pool (yr−1)
λp Potential rate of plant N uptake from inorganic

N pool (yr−1)
ρ Sapwood density (kg m−3)
σ Specific leaf area (m2 kg−1)
σ0 Specific leaf area of newly formed foliage

(m2 kg−1)
σmax Maximum specific leaf area of newly formed

foliage (m2 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.

References

Aber, J.D., Melillo, J.M., Federer, C.A., 1982. Predicting the effects
of rotation length, harvest intensity and fertilization on fiber yield
from northern hardwood forests in New England. For. Sci. 28,
31–45.

Addiscott, T.M., Whitmore, A.P., 1987. Computer simulation of
changes in soil mineral nitrogen and crop nitrogen during
autumn, winter and spring. J. Agric. Sci. Camb. 109, 141–157.

Agus, C., Karyanto, O., Kita, S., Haibara, K., Toda, H., Hardi-
winoto, S., Supriyo, H., Na’iem, M., Wardana, W., Sipayung,
M.S., Khomsatun Wijoyo, S., 2004. Sustainable site productiv-
ity and nutrient management in a short rotation plantation of
Gmelina arborea in east Kalimantan, Indonesia. New For. 28,
277–285.

Almeida, A.C., Landsberg, J.J., Sands, P.J., 2004. Parameterisation
of 3 PG model for fast-growingEucalyptus grandis plantations.
For. Ecol. Manage. 193, 179–195.



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

Aronsson, P.G., Bergstrom, L.F., Elowson, S.N.E., 2000. Long-term
influence of intensively cultured short-rotation Willow Coppice
on nitrogen concentrations in groundwater. J. Environ. Manage.
58, 135–145.

Battaglia, M., Sands, P., White, D., Mummery, D., 2004. CABALA:
a linked carbon, water and nitrogen model of forest growth for
silvicultural decision support. For. Ecol. Manage. 193, 251–282.

Bauhus, J., Khanna, P.K., Menden, N., 2000. Aboveground and
belowground interactions in mixed plantations ofEucalyptus
globulus and Acacia mearnsii. Can. J. For. Res. 30, 1886–
1894.

Beadle, C.L., Honeysett, J.L., Turnbull, C.R.A., White, D.A., 1995.
Site limits to achieving genetic potential. In: B.M. Potss, N.M.G.
Borralho, J.B. Reid, W.N. Tibbits, C.A. Raymond (Eds.), Euca-
lypt Plantations, Improving Fibre Yield and Quality, Proc.
CRCTHF-IUFRO Conference Hobart, 19–24 February 1995.
CRC for Temperate Hardwood Forestry, Hobart, pp. 325–331.

Bennett, L.T., Weston, C.J., Attiwill, P.M., 1997. Biomass, nutrient
content and growth response to fertilisers of six-year-oldEuca-
lyptus globulus plantations at three contrasting sites in Gippsland,
Victoria. Aust. J. Bot. 45, 103–121.

Bernhard-Reversat, F., 1996. Nitrogen cycling in tree plantation
grown on a poor sandy savannah soil in Congo. Appl. Soil Ecol.
4, 161–172.

Brun, R., Reichert, P., K̈unsch, H.R., 2001. Practical identifiabil-
ity analysis of large environmental simulation models. Water
Resour. Res. 37, 1015–1030.

Campbell, J.L., Gower, S.T., 2000. Detritus production and soil N
transformations in old-growth eastern hemlock and sugar maple
stands. Ecosystems 3, 185–192.

Cannell, M.G.R., Dewar, R.C., 1994. Carbon allocation in trees—a
review of concepts for modeling. Adv. Ecol. Res. 25, 59–104.

Carlyle, J.C., 1995. Nutrient management in aPinus radiata planta-
tion after thinning: the effect of thinning and residues on nutrient
distribution, mineral nitrogen fluxes, and extractable phospho-

C of
or

C eral-
nge

C .S.,
pro-
idue
. For.

C M.,
lan-
ition

C mu-
.

D on
.

Dewar, R.C., Medlyn, B.E., McMurtrie, R.E., 1998. A mechanistic
analysis of light and carbon use efficiencies. Plant Cell Environ.
21, 573–588.

Dewar, R.C., Medlyn, B.E., McMurtrie, R.E., 1999. Acclimation of
the respiration photosynthesis ratio to temperature: insights from
a model. Glob. Change Biol. 5, 615–622.

Dunin, F.X., 2002. Integrating agroforestry and perennial pastures
to mitigate water logging and secondary salinity. Agric. Water
Manage. 53, 259–270.
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