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                      Introduction 

 Newly planted forests offer the potential to offset 
CO 2  emissions by taking up and storing carbon 
(C) in forest biomass and soils. The sequestration 
potential of these forest sinks in Ireland has been 
substantially enhanced by the establishment of 
more than 250   000 ha of plantation forest since 

1990, most of which ( ~ 50 per cent) is pure Sitka 
spruce stands. While historically most affores-
tation has taken place on peat soils, increased 
plantation establishment on marginal grasslands, 
primarily on surface-water gleys, has resulted in 
a proportional decline in the afforestation of peat 
soils from 56 per cent in 1990 to 29 per cent in 
2003. Clearly, therefore, more information on 
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 Summary 

  We assessed age-related alterations in carbon (C) stocks and sequestration rates of fi rst rotation Sitka 
spruce ( Picea sitchensis  (Bong.) Carr) plantations on predominantly surface-water gley soils. Sites 
were selected to represent a typical Sitka spruce chronosequence following land use transition from 
grasslands dominated by surface-water gley soils. Based on inventory, eddy covariance, physiological 
and modelling assessments of net ecosystem productivity (NEP), we show that afforested stands 
are a C sink at 10 years, and possibly earlier, followed by an increase to a maximum of 9 t C ha  � 1  
year  � 1  before the fi rst thinning cycle. NEP subsequently declined from 9 t C ha  � 1  year  � 1 , at closed 
canopy, to 2 t C ha  � 1  year  � 1  in older and thinned stands. Reductions in the C sequestration rate of 
older stands were coupled with a decrease in gross primary productivity, increases in maintenance/
growth respiration and decomposition losses following harvest. We suggest that the high 
sequestration potential of these forests may be associated with the high net primary productivity of 
these plantations in Ireland, a high allocation of assimilates and litter into the belowground C pool 
and accumulation of C in mineral gley soils following afforestation.   
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Sitka spruce forests occurring on mineral soils is re-
quired in order to provide a better understanding of 
the C-sequestrating capacity of recently planted for-
ests in Ireland. Although the establishment of forest 
plantations on mineral soils offers the potential to 
sequester C over the short to long term, the mag-
nitude of the forests sink varies considerably with 
stand age ( Waring  et al. , 1998 ;  Kolari  et al. , 2004 ; 
 Kowalski  et al. , 2004 ;  Magnani  et al. , 2007 ). 

 Net ecosystem productivity (NEP) represents the 
C balance resulting from C losses (sources) due to 
disturbance and decomposition and C gains (sinks) 
due to stand photosynthesis (gross primary produc-
tivity, GPP) and growth (net primary productivity, 
NPP). The forest ecosystem is typically a C source 
over the fi rst few years, followed by a net uptake 
and peak in NEP prior to canopy closure. In older 
stands, NEP declines due to higher decomposition 
losses associated with thinning and accumulated 
litter, lower GPP by the trees and lower leaf area 
index (LAI,  Waring  et al. , 1998 ). The dynamics 
associated with the transition from a source to a 
sink and the timing of the decline in older stands is 
dependent on numerous factors including manage-
ment, soil type, species, productivity and climatic 
conditions. The magnitude of the variations in age-
related dynamics makes it diffi cult to understand 
the controlling processes and the magnitude of for-
est sinks at the regional and global scale. 

 In this study, we report on the changes in total 
C stocks and component C fl uxes of a Sitka spruce 
chronosequence located on surface-water gley 
soils using a combination of eddy covariance, tra-
ditional inventory, physiological information and 
modelling. We discuss the factors contributing to 
and the magnitude of the sequestration potential 
of this forest type in Ireland in relation to global 
and European temperate coniferous forests. 

  Methodology  

  Site description and management 

 A chronosequence of eight, even-aged, fi rst rota-
tion, Sitka spruce stands of typical Yield Class 
(YC) (a productivity index based on top height and 
stand age (YC) = 20 – 24) and management regimes, 
with similar edaphic and climatic conditions, ex-
tending across a typical rotation length in Ireland 
were identifi ed ( Tables 1  and  2 ). The age classes of 

the selected stands across the chronosequence were 
normalized to 22, based on top height to age func-
tions according to  Edwards and Christie (1981 , 
see  Table 2 ). Site D14 was selected as the core site, 
where eddy covariance measurements were made 
and the information obtained from this site used to 
parameterize ecosystem models. Standard measure-
ments that were made at all sites included inventory 
surveys, soil C analysis, soil respiration measure-
ments, litter fall collections and biomass harvests.         

 The land use prior to afforestation was rough 
grassland or pasture (predominantly  Agrostis 
spp ,  Holcus lanatus  L. and  Lolium perenne  L.) 
with  Carex paucifl ora  Lightf.,  Ulex gallii  L. and 
 Rubus fruticosus  agg. encroaching from drains 
and hedgerows ( Table 1 and 2 ). Cultivation at 
establishment was either mole drained, mould-
board ploughed or ripped drains ( Table 1 ). Plant-
ing on the younger sites (B9, D9, C14 and D14) 
was along ripped lines, 1 m deep and 2 m apart. 
Surface drains were installed at right angles to 
the cultivation lines at 50-m intervals. Prior to es-
tablishment, the older sites (G24, D30, C45 and 
D47) were ploughed at 1.7-m intervals, following 
the contour lines of the slope. No fertilizer was 
applied at or after establishment.  

  Soil descriptions 

 Stands established on surface-water gley soils 
were chosen as a representative of mineral soil 
sites supporting post-1990 plantations of Sitka 
spruce in Ireland. The soil type and texture was 
similar for all the selected stands. However, the 
water-holding capacity of the soil in the C45 
stand was lower due, most probably, to increased 
surface runoff resulting from the 10 per cent 
slope. Mean sand, silt and clay contents of the 
sites in the chronosequence were 22 , 36 and 42 
per cent, respectively ( Table 3 ).      

  Biomass harvests 

 The data used for the development of total biomass 
and biomass component models ( Table 4 ) were 
based on trees harvested in 2003 (see  Tobin  et al. , 
2006 ). Prior to harvesting, the height, top height 
and diameter at breast height (d.b.h.) of all trees 
in three randomly located plots at each site ( ~ 100 
individuals) were measured for estimation on YC 
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( Table 2 ) and other model parameters (see  Appendix 
1 ). C and nitrogen (N) contents of the dried biomass 
samples were measured using a C – N analyser (Leco 
CSN-1000, Leco Corp., St Joseph, MI, USA).     

 Estimates of specifi c leaf area and LAI were 
taken from a related paper ( Tobin  et al. , 2006 ). 

 Fine root biomass and turnover data were 
derived from published estimates previously re-
ported for the same sites ( Saiz  et al. , 2006 ,  2007 ; 
 Black  et al. , 2007 ).  

  Annual surveys 

 Four randomly selected sampling plots at each site 
within the chronosequence ( Table 2 ) were surveyed 
over a period of 1 week in July 2002 to obtain in-
ventory information including tree height, height to 
crown base, crown diameter and d.b.h. measure-

ments. Plots were of 0.01 ha size at sites B9, C14 
and D14. This was increased to 0.02 ha at the G24 
and D30 stands and 0.03 ha at the C45 stand, in 
order to account for the lower number of trees per 
hectare in the older stands. This ensured that be-
tween 20 and 35 trees were measured in each plot. 
In 2002, the trees were marked with white paint at 
1.3 m high (i.e. at breast height) so that the d.b.h. 
measurements could be repeated in 2004 at the 
same points. Tree height was estimated using a 
laser hypsometer (Laser Technology Inc.   , Centen-
nial, Colorado).  

  Litter and soil analysis 

 Litter input was measured monthly using 35 cm 
diameter collectors ( n  = 10) at each site. For the 
grassland site (G0), litter fall estimates were made 

 Table 1  :    Location and management history of chronosequence sites     

  Site name/code
Planting 
date YC

Georeference 
position

Previous land 
management

Cultivation and 
management

Thinning history 
(dates)  

  Baunoge (B9) 1993 22 52° 55 ′  N, 
 7° 14 ′  W

Grass/rush 
 pasture

Ripped (1 m depth 
 with ball and chain), 
 surface drains across 
 rip lines, no fertilizer

not applicable 

 Dooary (D9) 1993 22 52° 57 ′  N, 
 7° 15 ′  W

Grass/rush 
 pasture

Ripped (1 m depth 
 with ball and chain), 
 surface drains across 
 rip lines, no fertilizer

not applicable 

 Clontycoe (C14) 1988 22 52° 56 ′  N, 
 7° 15 ′  W

Poor fertilized 
 marginal 
 grassland

Ripped (1 m depth 
 with ball and chain), 
 surface drains across 
 rip lines, no fertilizer

not applicable 

 Dooary (D14) 1988 24 52° 57 ′  N, 
 7° 15 ′  W

Grassland, 
 regularly 
 fertilized

Ripped (1 m depth 
 with ball and chain), 
 surface drains across 
 rip lines, no fertilizer

Due in 2007 

 Glenbarrow (G24) 1978 20 53° 8 ′  N, 
 7° 27 ′  W

Rough 
 grassland

Mouldboard ploughed, 
 poor establishment 
 (80%)

First 1998 

 Dooary (D30) 1972 22 52° 57 ′  N, 
 7° 16 ′  W

Grass pasture Mole drained, shallow 
 ploughed, no fertilizer

1991, 1995, 1999, 
 1903 

 Cullenagh (C45) 1957 22 52° 57 ′  N, 
 7° 15 ′  W

Rough 
 grassland

Mouldboard ploughed, 
 no fertilizer

Mid-1970s, 1981, 
 late 1980s, mid- 
 1990s, 2001 and 
 felled in 2004 

 Dooary (D47) 1955 22 52° 57 ′  N, 
 7° 16 ′  W

Grass pasture Mouldboard ploughed, 
 no fertilizer

Mid-1970s, 1981, 
 late 1980s, mid-
 1990s, 2001 and 
 felled in 2003.  
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 Table 2  :    Description and stand characteristics of chronosequence stands in 2002  

  Forest 
code

Rescaled 
age *  (Years)

Stocking density 
(stem ha  � 1 )

d.b.h. 
(cm) Height

Basal area 
(m 2  ha  � 1 )

LAI  †   
(m 2  m  � 2 )

Crown to 
height ratio  

  B9 9 2333 6 3.5 6.3 4.3 0.08 
 C14 14 2533 13 7.3 34.0 7.2 0.13 
 D14 16 2467 16 9.5 52.2 7.4 0.41 
 G24 22 1250 22 14.3 48.9 5.7 0.56 
 D30 30 1033 24 16.8 60.7 5.6 0.59 
 C45 45 767 31 24.7 65.3 4.8 0.62 
 D47 47 821 33 26.5 70.2 n.d. 0.61  

  n.d. = not determined.  
   *       Stand ages were normalized to a YC of 22 based on top height – age functions ( Edwards and Christie, 1981 ).  
    †        LAIs of stands were previously reported by  Tobin  et al . (2006) .   

 Table 3  :    Soil description and characteristics of sites where soils were sampled and soil respiration measurements 
were taken  

  Forest 
code

Rescaled 
age (years) * Sand (%) Silt (%) Clay (%) pH

Topography/
slope (%)

Bulk density 
(kg m  � 3 )  

  G0 0 23 41 36 5.3 3 0.918 
 B9 9 37 32 30 4.8 1 0.950 
 D14 16 9 38 53 5.0 3 0.998 
 D30 30 14 39 47 4.3 8 1.002 
 C45 45 20 50 30 4.3 10 1.063 
 D47 47 n.d. n.d. n.d. 4.1 4 1.054  

   *       Stand ages were normalized to a YC of 22 based on top height – age curves ( Edwards and Christie, 1981 ).   

 Table 4  :    Regression models for total biomass (TB) and biomass C partitioning into stem (St  f  ), timber (stem up 
to diameter > 7 cm; T  f  ), coarse root (>5 mm; CR  f  ), needle (N  f  ), live branch (B  f  ) and attached dead branch (DB  f  ) 
fractions expressed as a ratio of total tree biomass C (TB, excluding fi ne root biomass < 5 mm)  

  Biomass fraction Model  r  2 SEE  

  TB 0.286 × (d.b.h. × H) 1.138 0.98 0.021 
 St  f  0.2814 + 0.4346 × (1  −  exp( − 0.0089 × TB)) 0.92 0.057 
 T  f   − 0.0128 + 0.654 × (1  −  exp( − 0.0139 × TB)) 0.96 0.052 
 CR  f  0.1571 + 0.1396 × exp( − 0.0079 × TB) 0.79 0.041 
 N  f  0.0332 + 0.18 × exp( − 0.0178 × TB) 0.95 0.016 
 B  f  0.0459 + 0.2438 × exp(-0.019 × TB) 0.96 0.02 
 DB  f   − 0.0119 + 0.1099 × exp( − 0.5 × (Ln(TB/159.88)/1.0558) 2 ) 0.84 0.023  

  Regression models are based on a sample of 36 trees from stands shown in  Table 2  (six trees per site). The St  f   
and T  f   functions include bark biomass.  
  SEE = standard error of estimates.   

using the harvest technique of  Sims  et al.  (1978) . 
The same technique was also used to estimate the 
increase in grass litter due to canopy closure in 
the 9-year-old site (D9). The green leaf and bud 

scale components of litter fall ( Δ  F  litter ) were used 
in the NPP estimates (see  Black  et al.,  2007    ). The 
C and N concentrations were measured using a 
CHN analyser. 
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 A total of 15 soil cores per site (10 cm diam-
eter with a penetration depth of 30 cm includ-
ing the O, A, B and E horizons) were collected 
over an area of 900 m 2  during the 2003 – 2004 
season. Total C content of the soils at each site 
was estimated for each of the organic and upper 
mineral horizons based on loss on ignition, which 
was calibrated using a CHN analyser. The soil C 
stock in the top 30 cm of the mineral layer was 
calculated using C content and bulk density of 
the soil core (for detailed procedure see  Black and 
Farrell, 2006 ).  

  Soil respiration, harvest residue and 
decomposition 

 Soil respiration measurements at four sites (D9, 
D14, D30 and C45), as reported by  Saiz  et al.  
(2006, 2007) , allowed the investigation of au-
totrophic and heterotrophic components to soil 
respiratory fl ux. 

 Estimates of harvest residue (Hr) in the form 
of stumps and dead wood >7 cm diameter were 
taken from published data obtained from the 
same experimental sites (see  Tobin  et al. , 2007 ). 

 The decomposition of dead branches and nee-
dles still attached to trees (Br) was calculated ac-
cording to  Black  et al.  (2007) .  

  Parameterization of MAESTRA 

 MAESTRA ( http://www.bio.mq.edu.au/maestra/ ), 
a modifi ed version of MAESTRO (see  Norman and 
Jarvis, 1974 ,  1975 ;  Wang and Jarvis, 1990a ,  b ), is 
a light interception and photosynthesis model rep-
resenting an array of trees in a stand. The model 
comprises seven submodels, which account for the 
radiation absorbed by leaves and CO 2  and water 
exchanges between leaves in the crown and the 
ambient air. MAESTRA differs from other mod-
els because it takes account of the heterogeneous 
distribution and age structure of leaves within the 
canopy. These structural characteristics are impor-
tant for estimating radiation absorption and GPP 
of a conifer canopy ( Wang and Jarvis, 1990b ). 

 The inputs to the submodels include site, soil, 
leaf, physiological, tree, weather and radiation 
data. Details of specifi c parameters are included in 
 Appendix 1 . The site information relating to geo-

graphical reference, plot dimensions and trees per 
plot were obtained from the same chronosequence 
plots surveyed in 2002 ( Tables 1  and  2 ). The x, y 
and z coordinates, crown radii, live crown length, 
heights and total leaf area were obtained from 
measurements taken in the 2002 survey, supple-
mented by measurements made in early 2003 and 
published data from the same plots ( Black  et al. , 
2004 ;  Black and Farrell, 2006 ;  Tobin  et al. , 2006 , 
 2007 ). 

 The physiological parameters were taken from 
the literature ( Appendix 1 ). Leaf N concentration 
was obtained from harvested tree data obtained 
in 2003 at sites specifi ed in  Tables 1  and  2 . 

 An automatic weather station installed at the 
D14 (Campbell Scientifi c Ltd, Shepshed, England) 
recorded meteorological data, including air tem-
perature, relative humidity, wind speed above the 
canopy and direction, net radiation, incident irra-
diance, the diffuse fraction of irradiance, air pres-
sure and rainfall. The ambient CO 2  concentration 
was assumed to be 380  μ mol mol  � 1 .  

  Validation of GPP output from MAESTRA 

 Eddy covariance measurements of net ecosystem 
exchange (NEE  ≈ NEP) were made over the pe-
riod from February 2002 to February 2004, as 
described in detail by  Black  et al.  (2007) . GPP 
outputs from MAESTRA for the D14 stand were 
validated using GPP estimates derived from eddy 
covariance assessments ( Black  et al. , 2006 ):

  GPP NEE Rd,= − −  (1)

where NEE is net ecosystem exchange and Rd is 
annual respiration (t C ha  � 1  year  � 1 ). For a de-
tailed description of the eddy covariance-based 
estimates of GPP refer to  Black  et al.  (2006) . GPP 
estimates were validated for the D14 stand only.  

  Calculation of ecosystem C balance 

 It was not possible to derive eddy covariance-based 
estimates of NEP across the chronosequence due 
to logistical and budgetary constraints. Therefore, 
NEP was derived from assessments of NPP and 
annual estimates of ecosystem heterotrophic res-
piration (Rh). However, NEP could not be esti-
mated for all stands in the chronosequence due to 
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the lack of respiration data required to close the C 
balance from the C14 and G24 stands ( Table 1 ). 
Where possible, NEP was calculated as

  NEP NPP Rh= −  (2)

with

  
Rh Fs Hr Br.het= + +

  (3)

 NPP was estimated from inventory data using 
the approach adopted by  Black  et al.  (2007) . De-
composition losses are the sum of heterotrophic 
respiratory fl uxes associated with soils and litter 
(Fs het ,  Saiz  et al. , 2006 ), harvest residues (Hr) 
and dead branches attached to the tree (Br,  Black 
 et al. , 2007 ;  Tobin  et al. , 2007 ). 

 For the purpose of compiling a complete C bal-
ance, autotrophic respiration (Ra) was derived as 
the difference between GPP and NPP estimates.  

  Belowground C allocation 

 Total belowground C allocation (TBCA) was es-
timated using the mass balance approach as de-
scribed by  Giardina and Ryan (2002) , where inputs 
into the system are assumed to be equal to outputs 
over a period of time ( Zerva  et al. , 2005 ):

  

TBCA Fs Fe Litter

SOM r Cr
tot= + − ∆ +

∆ + ∆ + ∆ ∆( ) / .F t  
 (4)

 Values for Fs tot,  the total soil respiration, were 
taken from  Saiz  et al.  (2006) ; Fe, the fl ux of C 
due to leaching, runoff and erosion, was assumed 
to be of minor signifi cance ( Zerva  et al. , 2005 ); 
 Δ Litter, the total litter fall was taken from  Tobin 
 et al.  (2006) ;  Δ SOM, the soil stock change, was 
assumed to be represented by the difference in 
soil C stock over the chronosequence;  Δ Fr, fi ne 
root turnover, was taken from  Saiz  et al.  (2006)  
and  Δ Cr, the coarse root (>5 mm diameter) incre-
ment, was estimated using repeat inventory mea-
surements and biomass algorithms ( Table 4 ). All 
fl uxes were calculated as t C ha  � 1  year  � 1 .  

  Statistical analysis 

 We examined potential uncertainties associated 
with the sampling, model and measurement errors 

for the different ecosystem component estimates. 
Sampling errors, in this case, represent the vari-
ability in the estimate due to measuring a subset 
of the population. Model errors, such as the allo-
metric functions or respiration models, were esti-
mated using per cent SEE from regression analysis 
of observed and predicted values (see  Black  et al. , 
2007 ). The only measurement errors assessed 
were the tolerances for d.b.h. (1 mm) and height 
(0.05 m). The total combined standard error for 
all components was estimated as:

  σ σ σ σ σx a b c n= + + + +
2 2 2

1
2  (5)

where,  σ   x   is the total standard error and  σ  is the 
standard error of individual components.   

  Results 

  Biomass C stocks and allocation 

 The biomass C stock of the non-forested grass-
land site was estimated to be 2.3 t C ha  � 1 . Stand-
ing biomass C stocks of afforested stands varied 
from 14.1 t C ha  � 1 , for the 9-year-old stand, to 
211 t C ha  � 1 , for the 45-year-old stand ( Table 5 ). 
The biomass stock removed from the stands sub-
jected to thinning (i.e. G24, D30, C45 and D47) 
varied from 29.6 – 132.7 t C ha  � 1  depending on 
stand age and number of thinning cycles. The har-
vest residue C stock resulting from cut stumps and 
logs accumulating on-site after harvest was 4.9 t 
C ha  � 1  after the fi rst thinning cycle (i.e. site G24) 
and  ~ 26 t C ha  � 1  for sites (D30 and C45) sub-
jected to two or more thinning cycles ( Table 5 ).     

 The relative allocation of biomass into timber, 
as evident from the ratio of total biomass to tim-
ber biomass (i.e. biomass expansion factor, BEF), 
varied from 12.8 to 3 t t  � 1  in the younger stands 
prior to the fi rst thinning. Biomass allocation into 
timber increased after stands were thinned and 
remained constant (BEF  ~  1.6 t t  � 1 ) in the older 
stands (30 – 47 years old,  Figure 1A ). The increased 
allocation into timber across the chronosequence 
was consistent with an increased allocation into 
aboveground relative to belowground biomass 
(S : R;  Figure 1A ,  Table 5 ). The aboveground 
biomass allocation into live needles and branches 
(used here as a proxy measure of photosyn-
thetic tissue) generally increased with stand age. 
However, the allocation into the photosynthetic, 
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relative to the non-photosynthetic (i.e. stem-
wood, attached dead branches and needles), 
biomass pool (P : N-P,  Figure 1B ) decreased 
exponentially with age. These trends in the al-
location into photosynthetic tissue were similar 
to the observed changes in the fi ne root (Fr) to 
coarse root (Cr) biomass ratio ( Figure 1B ). The 
coarse root biomass (Cr) initially increased and 
remained relatively constant at 20 – 30 t C ha  � 1  
after canopy closure. Fine root biomass was rel-
atively constant ( ~ 4 t C ha  � 1 ) for most stands, 
with the exception of the stand at site D45, 
where the fi ne root biomass pool decreased six-
fold. This may be associated with the different 
texture of the soil and topography at the C45 
stand ( Tables 3  and  5 ).      

  Soil and litter C stocks 

 Litter depth and C stocks increased with an 
increase in stand age and associated increases 
in LAI, harvest residue and stand biomass 
( Tables 2  and  5 ). In the 9-year-old site (D9), 
there was still living understorey vegetation and 
an open canopy, which partially explains the 
lower litter accumulation at this site. The oldest 
site (D47) showed greatest variation in litter ac-
cumulation due, in part, to standing water and 
patches of bare soil where no litter accumulated 
( Table 5 ). The accumulation of litter at the 45-
year-old site (C45) was lower, when compared 
with the 47-year-old site (D47). However, the 
topography of this site (C45) was sloped with 
a gradient of 10 per cent. In addition, the soils 
from the C45 site had higher sand and lower 
clay contents ( Table 3 ). 

 Afforestation resulted in an initial increase in 
soil C stock (in the bulked top 30-cm mineral 
layer, i.e. O, A, B and E horizons) from 97.2 ± 
27.3 t C ha  � 1  in the unplanted grassland to 137.3 ± 
55.7 t C ha  � 1  for the closed canopy stand (D14, 
 Table 5 ). This represents an annual increment 
( Δ SOM) of 2.2 – 2.5 t C ha  � 1  year  � 1  over the fi rst 
16 years of the rotation. The  Δ SOM decreased 
to 0.2 t C ha  � 1  year  � 1  in two of the older stands 
(D30 and C45,  Figure 5 ). Again this lower ac-
cumulation of soil C in these older stands may be 
associated with the sloping topography in these 
stands ( Table 3 ).  

  Net primary productivity    

 Stand and component NPP were estimated using 
biometric assessments from repeat inventories 
in 2002 and 2004 and biomass algorithms (see 
 Table 6 ). Fine root growth ( Δ Fr) was taken from 
previously published papers ( Saiz  et al. , 2006 ; 
 Black  et al. , 2007 ). Where  Δ Fr and biomass de-
tritus in the form of litter ( Δ  F  litter ) was not de-
termined (ages 14 – 16 and 22 – 24 years old), the 
mean component NPP across all stands was used 
(see footnote ¶ in  Table 6 ).     

 Stand NPP was highest at canopy closure fol-
lowed by a decline after the fi rst thinning cycle 
( Figure 2 ). There was also a signifi cant ( P  < 
0.01) linear correlation between LAI and stand 
NPP over the chronosequence (inset of  Figure 2 , 
 Tables 2  and  6 ).     

  

 Figure 1.      Changes in biomass allocation expressed 
in (A) BEF shown as the clear histogram and above 
to belowground ratio (AG : BG) shown as black his-
togram and in (B) the photosynthetic (live branches 
and needles) to non-photosynthetic biomass ratio (P : 
N-P) shown as the black histogram and the fi ne root 
to coarse root ratio (Fr : Cr) shown as the clear histo-
gram. Regression lines are included only to indicate the 
allocation patterns over the fi rst rotation ( r  2  is the coef-
fi cient of correlation and X is normalized stand age).    
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 Aboveground biomass increment represented 
the largest component of stand NPP, account-
ing for 68 – 81 per cent of the NPP stock incre-
ment ( Table 6 ). Timber NPP (current annual 
increment of timber biomass) varied from 1.4 to 
7.7 t C ha  � 1  year  � 1  and was highest at canopy 
closure and after the fi rst thinning cycle. The 
equivalent volume increment at felling (i.e. at 
site C45 = 24 m 3  ha  � 1  year  � 1 ) was broadly con-
sistent with the Forestry Commission YC table 
predictions (YC = 22, see  Table 2 ,  Edwards and 
Christie, 1981 ). This is based on a wood basic 
density of 0.4 t m  � 3  and a C content of 49 per 
cent ( Black  et al. , 2006 ). Annual C storage in the 
photosynthetic tissue (needles and live branches) 
initially increased as the canopy developed, but 
subsequently declined due to needle senescence 
(site D14), thinning operations and a higher al-
location into timber and dead branch biomass 
( Table 6 ). 

 Changes in coarse root belowground NPP over 
the chronosequence were similar to the trends 
observed for NPP of photosynthetic tissue. How-
ever, the NPP of fi ne roots ( Δ Fr) was constant 
across the chronosequence. 

 The loss of live needles, shoots and buds from 
the aboveground component, as litter ( Δ  F  litter ), 
did not vary across the chronosequence and was 
only  ~ 3 to 5 per cent of total litter fall.  

  Gross primary productivity 

 There was generally a good agreement (( r  2  = 0.72), 
 P  < 0.001; slope = 1.02 and root mean squared 
error (RMSE)    = 1.8) between the MAESTRA-based 
and eddy covariance-based estimates of daily GPP 
( Figure 3 ). Estimates of GPP for three other stands 
(B9, D30 and C45) were simulated using the same 
physiological parameters as those used for the 
D14 stand. Although we could not validate the 
GPP predictions for the other stands across the 
chronosequence, we assumed that there were no 
systematic under- or overestimation of GPP in the 
different aged stands.     

 The age-related trends in GPP mirrored those 
observed for NPP and LAI ( Figures 2  and  4 ). 
Stand GPP initially increased as the canopy 
closed, followed by a decline due to the removal of 
photosynthetic tissue during thinning operations.          

 Table 6  :    NPP of different biomass components over the chronosequence  

  

Stand age (years) *  

 9 – 11 14 – 16 16 – 18 22 – 24 30 – 32 45 – 47  

  NPP (t C ha  � 1  year  � 1 )  
     Stems 2.2 ± 1.1 8.4 ± 2.6 7.8 ± 0.9 7.8 ± 2.7 6.1 ± 1.1 5.2 ± 0.6 
     Timber 1.4 ± 0.9 7.9 ± 3.0 7.7 ± 0.8 7.0 ± 2.4 5.3 ± 0.9 4.6 ± 0.5 
     Needles 0.7 ± 0.2 0.7 ± 0.2 0.3 < 0.1 0.2 < 0.1 0.2 < 0.1 0.2 < 0.1 
     Live branches 0.9 ± 0.2 0.9 ± 0.3 0.4 < 0.1 0.4 ± 0.1 0.3 < 0.1 0.3 < 0.1 
     Attached dead 
  branches

0.2 ± 0.2 1.5 ± 0.6 1.5 ± 0.2 0.5 ± 0.1 0.1 < 0.1 0.1 ± 0.1 

 Aboveground biomass  †  3.9 ± 1.7 11.5 ± 2.7 10.1 ± 1.1 8.9 ± 3.1 6.8 ± 1.2 5.6 ± 0.1 
 Belowground biomass  ‡  1.4 ± 0.6 3.1 ± 0.3 2.4 ± 0.3 1.4 ± 0.5 1.1 ± 0.2 1.1 ± 0.2 
 Litter fall ( Δ  F  litter ) § 0.11 ± 0.02 0.14 ± 0.03 0.19 ± 0.03 0.14 ± 0.03 0.13 ± 0.02 0.12 ± 0.04 
 Fine root growth ( Δ Fr) 0.38 ± 0.11 ¶ 0.35 ± 0.09  #  0.43 ± 0.18 ¶ 0.35 ± 0.09  #  0.41 ± 0.05 ¶ 0.16 ± 0.04 ¶  
 NPP  ||  5.79 ± 1.81 15.09 ± 2.71 13.12 ± 1.15 10.76 ± 3.14 8.44 ± 1.23 6.98 ± 0.23  

  NPP is expressed as current annual increment based on survey data taken in 2002 and 2004. Values are means ± 
standard deviations ( P  < 0.05,  n  = 4 plots per site).    
   *       Stand age was normalized for YC 22 based on top height – age functions (( Edwards and Christie, 1981 ).  
    †        aboveground biomass = total biomass  –  coarse root biomass.  
    ‡        belowground biomass only includes coarse roots (>5 mm).  
   §       current year litter only include green shoots and bud scales.  
   ¶       fi ne root growth was taken from  Black  et al.  (2007)  and Saiz  et al.  (2006)   .  
    #        where fi ne root data were not determined, the mean value for all sites was used.  
    ||        NPP = DB (aboveground + belowground NPP) +  Δ  F  litter  +  Δ Fr (see  Black  et al. , 2007 ).   
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 Figure 2.      (A) Age-related changes in LAI (shown as 
the white circles) and NPP (shown as black circles 
with standard error bars) over the Sitka spruce chro-
nosequence; (B) the linear relationship between LAI 
and NPP (black triangles).    

  

 Figure 3.      Cross-validation of GPP estimates based 
on the MAESTRA model (solid line) and eddy cova-
riance measurements (white circles) for the core site 
(D14) in 2003. The correlation between coeffi cient 
modelled and measured GPP estimates were signifi -
cant at  P  < 0.001; slope = 1.02 and RMSE = 1.8.    

  Integration of chronosequence data 

 The chronosequence approach, together with 
modelling and fl ux measurements, shows that af-
forested stands are a C sink after 10 years, and 
possibly earlier, followed by a further increase to 
a maximum of 8 – 9 t C ha  � 1  year  � 1  before the fi rst 
thinning cycle ( Figure 4 ). There was good agree-
ment between the inventory/modelling ( equation 
2 ) and eddy covariance-based estimates of NEP at 
the reference stand (D14,  Figure 4 ). It was also pos-
sible, in most cases, to close the C balance for the 
sites investigated. However, there were some dis-
crepancies in the C balance of the youngest stand, 
as evident from the higher root Ra when compared 
with the total ecosystem Ra (Ra = GPP  −  NPP). 

 The ratio of NPP to GPP, which represents the 
relative respiratory cost for forest growth, was 
0.57, 0.69, 0.60 and 0.61 for the 9-, 16-, 30- and 
45-year-old stands, respectively. The ratio of NEP 
to NPP, which refl ects the relative heterotrophic 
respiratory (Rh) loss from soils, litter and harvest 
residue, was 0.24, 0.75, 0.42 and 0.30 for the 
9-, 16-, 30- and 45-year-old stands, respectively. 
The lower NEP : NPP ratio in the youngest stand 
was primarily due to the relatively higher soil Rh, 
which may have been exacerbated by grassland 
root turnover and associated decomposition pro-
cesses. The higher decomposition losses from the 
older stands were due to C losses associated with 
harvest residues (Hr,  Figure 4 ).  

  Total belowground C allocation 

 The belowground inputs defi ned as litter and 
photoassimilates (photoassimilate input = TBCA  −  
 Δ Litter) were higher in the younger 9- and 16-
year-old stands. Based on the TBCA and GPP es-
timates for the 16-, 30- and 45-year-old-stands, 
we estimate that 10 – 29 per cent of GPP is allo-
cated to belowground processes. 

 The higher accumulation of soil C ( Δ SOM) in 
younger, compared with older, stands was asso-
ciated with a higher input of C, from litter, non-
forest vegetation and photoassimilates, and a 
relatively higher C loss via heterotrophic respira-
tion from soils ( Figure 5 ). This is consistent with 
the decrease in the ratio of TBCA : Fs (het)  from 
 ~ 2.8, in the younger stands, to 1.6 in the older 
stands. Total soil respiratory losses were greater 
than the TBCA in the 30- and 45-year-old stands 
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 Figure 4.      Age-related changes in ecosystem and component C fl uxes across the Sitka spruce chronosequence. 
Details relating to the different sites B9/D9, D14, D30 and C45 are listed in  Tables 1 – 3 . NEPm is eddy 
covariance-derived net ecosystem exchange ( Black  et al. , 2007 ) and NEP, net ecosystem exchange (see test 
for description and derivation of fl uxes). Negative fl ux values represent a loss of C (i.e. a C source) and posi-
tive values represent a C sink. It was not possible to close the C balance in the 9- to 11-year-old stand.    

despite the small increase in  Δ SOM. This may 
refl ect the effl ux of C from decomposing stumps 
and roots following thinning operations in older 
stands.   

  Discussion 

 The chronosequence approach is a useful tool to 
rapidly obtain information on age-related changes 
in ecosystem C balance over time (as shown in this 

study,  Mund  et al. , 2002 ;  Zerva  et al. , 2005 ). Our 
experimental, modelling and fl ux measurements 
show that it was, in most cases, possible to close the 
C balance for different aged stands. The failure to 
close the C balance in the 9- to 11-year-old stands 
( Figure 4 ) could arise from an underestimation of 
GPP and/or the omission of contributing fl uxes 
from the grassland vegetation. Most process-based 
forest C balance models, including MAESTRA, do 
not simulate non-forest vegetation C dynamics. 
For the purpose of this exercise, grassland NEP 
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 Figure 5.      Age-related changes in TBCA and component fl uxes across the Sitka spruce chronosequence. Details 
relating to the different aged stands are listed in  Tables 1 – 3 . Assim., photoassimilates; Fs het , heterotrophic 
soil respiration; Fs auto , autotrophic soil respiration;  Δ root, total root turnover;  Δ Fr, fi ne root turnover;  Δ Cr, 
coarse root turnover and  Δ SOM, change in soil C stocks (see text for description and derivation of fl uxes).    

was assumed to be zero. The high root Ra rate 
measured at the 9-year-old stand ( Saiz  et al. , 2006 ) 
could also include C effl ux from non-forest vegeta-
tion. It is plausible that total ecosystem GPP and 
NPP fl uxes (i.e. forest and non-forest vegetation) 
for the 9-year-old stand could be larger and NEP 
fl uxes either larger or smaller if grassland dynamics 
relating to the transition to forestry were included. 
The non-forest vegetation dynamics following land 
use transition into forests is an important pool re-
quired for reporting forest sources and sinks under 

article 3.3 of the Kyoto protocol. Ecosystem fl ux 
measurements across a Sitka spruce chronose-
quence on deep blanket peat in Scotland suggests 
that C losses following afforestation are compen-
sated for by the rapid uptake of C by non-forest 
vegetation ( Hargreaves  et al. , 2003 ). In contrast, 
the contribution of non-forest vegetation to the C 
balance in the older stands is very small and it can 
be assumed that the contribution to ecosystem C 
balance in Sitka spruce stands, following canopy 
closure, is negligible ( Black  et al. , 2007 ). 
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 The results presented here show that afforested 
stands are a C sink at 10 years, and possibly ear-
lier, followed by an increase to a maximum of 9 t 
C ha  � 1  year  � 1  before the fi rst thinning cycle. NEP 
subsequently declined from 9 t C ha  � 1  year  � 1 , at 
closed canopy, to  ~ 2 t C ha  � 1  year  � 1  in older, 
thinned stands. These fi ndings are consistent with 
ecosystem fl ux measurements reported for Sitka 
spruce stands in the UK, which varied from 7 t C 
ha  � 1  year  � 1  at canopy closure to 3 t C ha  � 1  year  � 1  
in older stands ( Kowalski  et al. , 2004 ;  Magnani 
 et al. , 2007 ). However, the maximum NEP of Sitka 
spruce stands, as determined by eddy covariance 
(this study;  Kowalski  et al. , 2004 ), were higher 
than the values reported (0.2 – 6.5 t C ha  � 1  year  � 1 ) 
for other coniferous forest stands across Europe 
( Magnani  et al. , 2007 ). These fi ndings support 
a previous suggestion that Sitka spruce planta-
tions in Ireland and the UK may be the species 
of choice for realizing the maximum C sequestra-
tion potential ( Dewar and Cannell, 1992 ). 

 A comparison of ecosystem and component 
C fl uxes obtained from this study and data for 
other temperate coniferous forests from European 
and global databases (see  Luyssaert  et al. , 2007 ; 
 Magnani  et al. , 2007 ) suggest that the high seques-
tration potential of Sitka spruce on surface-water 
gley soils is possibly associated with a proportionally 
lower respiratory loss ( Zerva  et al. , 2005 ). This is 
illustrated by the lower mean Ra : GPP (0.67) ratios 
for the closed C balance stands ( Figure 4    ), when 
compared with other published values (0.76 – 0.82) 
for coniferous forests in temperate regions 
( Luyssaert  et al. , 2007 ;  Magnani  et al. , 2007 ). The 
higher mean NPP : GPP ratio (0.63) presented here, 
compared with other published mean values (0.44) 
for temperate conifer forests ( Luyssaert  et al. , 2007 ), 
suggests that maintenance and growth respiration 
in intensively managed Sitka spruce plantations are 
lower than other conifer forests. This may be due 
to a higher LAI and increased allocation into pho-
tosynthetic biomass, when compared with other 
temperate forest plantation species (see  Luyssaert 
 et al.  2007 ). The mild oceanic climate with a higher 
rainfall and relative humidity in Ireland ( Hemming 
 et al. , 2005 ;  Black  et al. , 2007 ) may facilitate a 
higher LAI, NPP, NEP and lower respiratory 
losses, when compared with other European forests 
( Hemming  et al. , 2005 ;  Luyssaert  et al. , 2007 ). 

 An alternative explanation for variations in NEP 
and Rd    : GPP ratio across different temperate coni-

fer forests may be coupled to age-related changes in 
NEP, GPP and Ra. The stands listed in several com-
parative studies (0 – 120 years old, see  Hemming 
 et al. , 2005 ;  Luyssaert  et al. , 2007 ;  Magnani  et al. , 
2007 ) are generally older than those reported in this 
study ( Table 1 ). While it has been suggested that the 
ratios of NPP : GPP are relatively constant across 
various forest types ( Waring  et al. , 1998 ;  Luyssaert 
 et al. , 2007 ), other studies ( Mäkelä and Valentine, 
2001 ) suggest that NPP : GPP could vary with stand 
age ( Figure 4 ). We suggest that age-related decline 
in NEP in older stands in this study may be due to 
three major factors: (1) a decrease in GPP; (2) an in-
crease in maintenance and growth respiration (i.e. 
a lower NPP : GPP) and (3) an increase in decom-
position losses following disturbance (i.e. a lower 
NEP : NPP). A reduction in GPP in older stands 
may primarily be due to thinning and canopy senes-
cence, which effectively reduces the LAI and light 
capture by the stand ( Chapin  et al. , 2002 ). Light 
capture is further reduced by an increased alloca-
tion of C into non-photosynthetic material, such as 
timber ( Figure 1 ). It has also been suggested that 
hydraulic constants also limit GPP in older stands 
( Mencuccini and Grace, 1996 ). The hydraulic limi-
tations on GPP have not, however, been character-
ized in MAESTRA. Age-related variations in NPP : 
GPP following canopy closure have been related to 
an increase in maintenance respiration ( Mäkelä 
and Valentine, 2001 ), a component of Ra. We sug-
gest that this may be associated with a higher al-
location of biomass into non-photosynthetic tissue 
( Figure 1 ). The fl uctuations in NEP across the age 
sequence were also associated with alternations in 
NEP : NPP, which refl ects differences in the relative 
decomposition losses. Management-related distur-
bance events, such as establishment and thinning, 
result in an increase in decomposition losses from 
forest stands ( Figure 4 ;  Chapin  et al. , 2002 ;  Kolari 
 et al. , 2004 ). 

 The long-term storage of C in forest ecosystems 
is a function of allocation and sequestration of bio-
mass C into soils. In this study we show that land 
use change from unmanaged grasslands to Sitka 
spruce forests on wet mineral gley soils resulted in 
an accumulation of soil C (in the top 30 cm) over 
the fi rst rotation. In a similar study conducted on 
peaty gley soils, it was shown that  ~ 100 t C was 
lost from these soils following afforestation of grass-
land with Sitka spruce ( Zerva  et al. , 2005 ). The 
estimated TBCA values presented in this study are 
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within the global range of 2.6 – 11.3 t C ha  � 1  year  � 1  
presented by  Raich and Nadelhoffer (1989)  as well 
as values reported by  Zerva  et al.  (2005) . Compari-
sons of TBCA and GPP values, obtained from eddy 
covariance measurements and MEASTRA model 
predictions, showed that 31 – 43 per cent of GPP is 
allocated to belowground pools in the 16- to 45- 
year-old stands ( Figures 4  and  5 ). These values are 
consistent with previous estimates (31 and 57 per 
cent) for Sitka spruce in the UK. ( Zerva  et al. , 2005 ). 
The accumulation of C in wet mineral gley soils may 
be associated with the higher TBCA and reduced de-
composition due to anaerobic conditions normally 
associated with these water-saturated soils. The 
TBCA previously reported for a mature Sitka spruce 
afforested stand on peaty gley soils was 1 t C ha  � 1  
year  � 1  ( Zerva  et al. , 2005 ) compared with 4.9 C 
ha  � 1  year  � 1  for a mature afforested stand located on 
a surface-water gley in the present study ( Figure 5 ). 
The higher TBCA reported for stands investigated in 
this study were associated with higher litter inputs, 
consistent with the differences in YC between the 
two stands (10 – 12 in the UK  vs  22 – 24 in Ireland). In 
addition, the turnover and loss of these belowground 
pools in mature afforested Sitka spruce stands, mea-
sured as total soil respiration ( ~ 5 t C ha  � 1  year  � 1 ), 
was similar for both the peaty gley ( Zerva  et al. , 
2005 ) and surface-water gley soils ( Saiz  et al. , 2006 , 
 Figure 5 ). While belowground component fl uxes in 
young afforested peaty gley soils were not reported 
by  Zerva  et al.  (2005) , is it plausible that creation 
of aerobic conditions in the peat layer following 
afforestation would have resulted in a signifi cant 
loss of labile soil C ( Zerva  et al. , 2005 ). Other peat 
land C fl ux studies suggest the loss of soil C from 
afforested peat soils is initially rapid followed by 
a slower release after 4 – 8 years ( Hargreaves  et al. , 
2003 ). Slower peat decomposition in older stands 
(e.g. reported by  Zerva  et al. , 2005 ) may be due to 
inhibition of decomposition associated with a lower 
pH, decreased soil temperature due to shading or 
reduced litter quality ( Hargreaves  et al. , 2003 ). 

 Although the age sequence of stands was selected 
to minimize constraints associated with differences 
in ecological conditions, silviculture and land use 
history, these constraints could not be completely 
satisfi ed simultaneously. It was particularly diffi cult 
to select an identical soil type across the chronose-
quence within a similar geographic location repre-
senting a similar previous land use. Sites represented 
by a sloping topography were characterized by a 

more sandy soil, with a lower moisture content. 
The results presented in this and associated studies 
( Saiz  et al. , 2006 ,  2007 ) suggest that site topogra-
phy can infl uence the fi ne root turnover, soil and 
litter C accumulation. It is also plausible that the 
lower soil moisture content at D30 and C45 stands 
( Saiz  et al. , 2006 ) may result in a higher turnover 
and decomposition of litter and root exudates in 
the older stands in the chronosequence.  
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  Parameters, settings, values and sources used to run    MAESTRA     

  Parameter Description Value Notes/source  

  Control fi les Confi le.dat  
     IOHOURLY Hour counter for simulation 0 Daily output 
     IOTUTD Controls how often diffuse fractions are 

 calculated
1 Once a day 

     IORESP Simulation of respiration fl uxes 1 Daily output 
     START Start date for simulation 1 January 2002  
     END End date for simulation 31 December 

 2002
 

     NSTEP Calculation outputs 1 Daily output 
     NOTREES Number of trees in plot 50 Based on survey (this 

 study) 
     NOTARGET Number of target trees used when 

 calculating radiation interception
10 – 20 Based on survey (this 

 study) 
     NOLAY Number of canopy layer used to calculate 

 interception
6 Default 

     NZEN Number of zenith angles to calculate 
 diffuse transmittance

5 Default 

     NAZ Number of azimuth angles to calculate 
 diffuse transmittance

11 Default 

     MODELGS Stomatal conductance model 1  Wang and Jarvis (1990b)  
     MODELJM Farquhar parameters 1 From N content fi le 
     MODELRD Leaf respiration model 1 From N content fi le 
     MODELSS Wood respiration model 0 Depends on woody 

 biomass 
     MODELSS Calculation of sun/shade leaves 0 Average PAR 
     ITERMAX Photosynthesis/transpiration 0 Use leaf temperature 
     OIHIST PAR histogram 0 No output 

 Tree fi les trees.dat  
     X,YMAX Plot dimension (m)  * See survey methods 
     SLOPE Slope in XY  * See  Table 2  
     XYCOORDS x – y coordinates for each tree Variable Measured in ploy surveys 
     ALLRAD Crown radius in X and Y  * See survey methods 
     ALLHTCROWN Crown height  * Survey ( Table 2 ) 
     ALLDIAM d.b.h. Survey ( Table 2 ) 
     ALLAREA Area per tree  * Appendix B 
     PHENOLOGY Area development 0 Assumed to be negligible 

 Climate fi les met.dat  
     DAYORHR Daily or hourly output 1 Daily 
     CA Ambient CO 2  concentration 380ppm From eddy covariance 

 (site D14) 
     DIFSKY Distribution of diffuse radiation 0 Uniform 
     PRESS Atmospheric pressure (Pa)   †  Form met station 
     WIND Wind speed above canopy (m s  � 1 )   †  Form met station 
     TMIN Minimum temperature (°C)   †  Form met station 
     TMAX Minimum temperature (°C)   †  Form met station 
     PAR (400 – 700 nm, MJ d  � 1 )   †  Form met station 
     SI Shortwave incident radiation  *  Norman and Jarvis (1975)  
     FBEAM Direct beam PAR fraction  *  Norman and Jarvis (1975)  
     LAT Latitude  * See  Table 1  
     LONHEM Hemisphere W  

  app1  Appendix 1      
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  Parameter Description Value Notes/source  

     LATHEM Hemisphere N  
     LON Longitude  * See  Table 1  
     TZLONG Longitude of the meridian time zone 0  

 Crown Structure Str.dat  
     CSHAPE Crown shape CONE  
     ELP Leaf angle distribution 1 Spherical ( Wang and 

 Jarvis, 1990b ) 
     NALPHA Number of leaf age classes 1 Default value 
     JLEAF Leaf area density distribution 2 Beta distribution ( Wang 

 and Jarvis, 1990b ) 
     BPT Beta distribution coeffi cients Variable ( Norman and Jarvis, 

 1974 ;  Wang and 
 Jarvis, 1990b ) 

     RANDOM Clumping factor 0.7  Norman and Jarvis 
 (1974) , projected to 
 shoot to needle ratio 

     NOAGEC Number of age classes for which 
 leaf area distribution is specifi ed

1  

     NFOL Seasonal variation in leaf N 0 No variation 
     EXTWIND Decline in wind speed in canopy 0 Default 
     COEFFT Allometric coeffi cient for woody biomass 102.08   ‡   
     EXPONT Allometric coeffi cient for woody biomass 1.687   ‡   

 BCOEFFT Allometric coeffi cient for branch biomass 2.28   ‡   
     BEXPONT Allometric coeffi cient for branch biomass 0.686   ‡   
     RCOEFFT Allometric coeffi cient for roots 11.66   ‡   
     REXPONT Allometric coeffi cient for roots 0.99   ‡   
     FRFARC Fine root fraction of total root 0.3 This study (assumed to be 

 constant in MAESTRA) 
 Physiological 
 parameters

phy.dat  

     NOAGEP Number of age classes for which 
 physiological parameters are specifi ed

1  

     NOLAYERS Number of layers for which refl ectance 
 and transmittance are specifi ed

1  

     RHSOIL Soil refl ectance (PAR, NIR, thermal) 0.1  Norman and Jarvis (1974)  
 0.3 
 0.05 

     ATAY Leaf transmittance (PAR, NIR, thermal) 0.03  Norman and Jarvis (1974)  
 0.26 
 0.01 

     ARHO Leaf refectance (PAR, NIR, thermal) 0.09  Norman and Jarvis (1974)  
 0.33 
 0.05 

     JMAXA Electron transport rate ( J max  μ mol m  � 2  
 s  � 1 )

71  Black  et al.  (2005)  

     JMAXB Electron transport rate ( J max  μ mol m  � 2  
 s  � 1 )

 − 3  Black  et al.  (2005)  

     VMAXA Carboxylation parameter ( μ mol m  � 2  s -1 ) 32  Black  et al.  (2005)  
     VMAXB Carboxylation parameter ( μ mol m  � 2  s -1 )  − 2  Black  et al.  (2005)  

 THETA Curvature of electron transport curve 0.8  Wang and Jarvis (1993)  

Appendix 1: continued.
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  Parameter Description Value Notes/source  

     EAVJ Activation energy of  J max (J mol  � 1  K  � 1 ) 37   000  Medlyn and Jarvis, 1999  
     EDVJ Deactivation energy of  J max (J mol  � 1  K  � 1 ) 220   000  Medlyn and Jarvis (1999)  
     DELSJ Entropy term (J mol  � 1 ) 710  Medlyn and Jarvis (1999)  
     EVAC Activation energy of  V max (J mol  � 1  K  � 1 ) 58   520  Medlyn and Jarvis (1999)  
     EDVC Curvature of temperature response to 

  V c (J mol  � 1 )
0  Medlyn and Jarvis (1999)  

     DELSC Curvature of temperature response to J 
 (J mol  � 1 )

0  Medlyn & Jarvis (1999)  

     RTEMP Temperature at which RD is specifi ed (°C) 25  Wang and Jarvis (1990a)  
     Q10F Foliage temperature response exponent 0.083  Wang and Jarvis (1990a)  
     DAYRESP Faction by which dark respiration in 

 inhibited in the light
1  Medlyn and Jarvis (1999)  

     GSJA Constant in linear response of stomatal 
 conductance (mol  μ mol  � 1 )

0.0004  Medlyn and Jarvis (1999)  

     RDA Leaf dark respiration parameter 
 ( μ mol m  � 2  s  � 1 )

0.95  Black  et al.  (2005)  

     RDB Leaf dark respiration parameter 
 ( μ mol m  � 2  s  � 1 )

 − 0.62  Black  et al.  2005  

     GSREF Maximal stomatal conductance 
 (mmol m  � 2  s  � 1 )

0.38  Black  et al.  (2005)  

     GSMIN Cuticular conductance (mmol m  � 2  s  � 1 ) 0.003  Wang and Jarvis (1990a)  
     PAR0 Stomatal conductance irradiance response 

 parameter
20  Wang and Jarvis (1990a)  

     D0 Stomatal conductance humidity response 
 parameter

375  Wang and Jarvis (1990a)  

     T0 Minimum temperature at which 
 conductance = GSMIN (°C)

 − 5  Wang and Jarvis (1990a)  

     TMAX Maximum temperature at which 
 conductance = GSMIN

40  Wang and Jarvis (1990b)  

     TREF Temperature at which conductance = 
 GSREF

15  Wang and Jarvis (1990b)  

     WLEAF Needle width (m) 0.002  M. Mencuccini 
 (unpublished    data  )  

     NSIDES Number of sides of needle with stomata 1  M. Mencuccini 
 (unpublished data)  

     EFFY Coeffi cient of growth respiration for 
 woody biomass (g g  � 1 )

0.33  Medlyn and Jarvis (1999)  

     RMW Woody, branch and root biomass 
 maintenance respiration (g CO 2  g  � 1  
  DW)

0.08807  Medlyn and Jarvis (1999)  

     Q10W,B Woody and branch biomass respiration 
 response exponent

0.07  Medlyn and Jarvis (1999)  

     RTEMP Room temperature at which RMW is 
 specifi ed (°C)

15  Medlyn and Jarvis (1999)  

     Q10R Root biomass respiration response 
 exponent

4.1  Saiz et al. (2006)  *  

     SLA Specifi c leaf area (m 2  kg  � 1 ) 4.46  Tobin et al (2006)  *   

   NIR = near infra-red radiation; PAR = photosynthetically active radiation; RD = dark respiration; Var. = variable.  
   *       Specifi c values for plots calculated or measured during surveys.  
    †        All climatic variables obtained from met station installed at D16 site.  
    ‡        Biomass algorithms form harvested trees in this study, but specifi cally derived for MAESTRA: BIOM = 
COEFFT × H × (d.b.h. EXPONT ) + INRERC   , where INTERC = 0.   

Appendix 1: continued.


