
Summary Tree carbon (C) uptake (net primary productivity
excluding fine root turnover, NPP′) in a New Zealand Pinus
radiata D. Don plantation (42°52′ S, 172°45′ E) growing in a
region subject to summer soil water deficit was investigated
jointly with canopy assimilation (Ac) and ecosystem--atmos-
phere C exchange rate (net ecosystem productivity, NEP). Net
primary productivity was derived from biweekly stem diameter
growth measurements using allometric relations, established
after selective tree harvesting, and a litterfall model. Estimates
of Ac and NEP were used to drive a biochemically based and
environmentally constrained model validated by seasonal eddy
covariance measurements. Over three years with variable
rainfall, NPP′ varied between 8.8 and 10.6 Mg C ha−1 year−1,
whereas Ac and NEP were 16.9 to 18.4 Mg C ha−1 year−1 and
5.0--7.2 Mg C ha−1 year−1, respectively. At the end of the grow-
ing season, C was mostly allocated to wood, with nearly half
(47%) to stems and 27% to coarse roots. On an annual basis,
the ratio of NEP to stand stem volume growth rate was 0.24 ±
0.02 Mg C m−3. The conservative nature of this ratio suggests
that annual NEP can be estimated from forest yield tables.

On a biweekly basis, NPP′ repeatedly lagged Ac, suggesting
the occurrence of intermediate C storage. Seasonal NPP′/Ac
thus varied between nearly zero and one. On an annual basis,
however, NPP′/Ac was 0.54 ± 0.03, indicating a conservative
allocation of C to autotrophic respiration. In the water-limited
environment, variation in C sequestration rate was largely
accounted for by a parameter integrative for changes in soil
water content. The combination of mensurational data with
canopy and ecosystem C fluxes yielded an estimate of het-
erotrophic respiration (NPP′ − NEP) approximately 30% of
NPP′ and approximately 50% of NEP. The estimation of fine-
root turnover rate is discussed.

Keywords: canopy assimilation, eddy covariance, interannual
variability, model, respiration, water stress.

Introduction

The pivotal contribution of forests to the terrestrial carbon (C)
cycle is undisputed. Forests store an estimated 360 Pg C in

living biomass (plus 790 Pg in forest soils, Dixon et al. 1994),
and forest C sequestration is believed to account substantially
for the ‘‘missing carbon sink’’ (Tans et al. 1990, Schimel 1995).
Further, strategies to ‘‘offset’’ net C emissions by the promotion
of C uptake in additional plantations have been proposed
(Vitousek 1991, Kürsten and Burschel 1993). These strategies
take advantage of the relatively long life span of trees and the
amount of C that can be stored in wood products.

Forest growth is usually measured in terms of annual stem
volume increment or aboveground biomass increase (e.g.,
Hollinger et al. 1993, Kauppi and Tomppo 1993, Shvidenko
and Nilsson 1994). However, these measurements ignore C
allocated to root turnover. Because the understanding of C
cycles in forest soils and the regulation of heterotrophic respi-
ration loss is incomplete, assessments of total forest C cycles
based solely on growth measurements are severely limited.

During the last ten years, seasonal and continuous eddy
covariance measurements of ecosystem--atmosphere C ex-
change rates have become technically feasible (e.g., Wofsy et
al. 1993, Hollinger et al. 1994, Grace et al. 1995, Black et al.
1996). In forests these rates range from, for example,
−0.3 Mg C ha−1 year−1 in a boreal (Goulden et al. 1998) to
5.3 Mg C ha−1 year−1 in a temperate deciduous forest (Greco
and Baldocchi 1996). Significant interannual variability within
the same forest ecosystem has been related to changes in the
weather (Goulden et al. 1996). The micrometeorological flux
data are also increasingly utilized to analyze the processes
underlying the observed spatial and temporal variability in C
exchange rates (e.g., Amthor et al. 1994, Hollinger et al. 1994,
Lloyd et al. 1995, Arneth et al. 1998c). However, we are aware
of no studies combining seasonal micrometeorological C flux
and tree growth measurements. This combination facilitates
assessment of autotrophic and heterotrophic respiration at the
ecosystem scale. It also provides means to independently test
parts of ecosystem C flux models (Williams et al. 1997).

This study combines regular tree-growth measurements and
modeled forest--atmosphere ecosystem C exchange rates to
determine how they are related and to estimate the allocation
of C to autotrophic and heterotrophic respiration. The model
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combines a mechanistic understanding of canopy photosyn-
thesis with empirical functions for canopy stomatal conduc-
tance and ground evaporation and respiration. The model has
been validated with eddy covariance data (Arneth et al. 1998c).
The repeated tree growth and eddy flux measurements were
made over 3 years that differed markedly in rainfall in a New
Zealand Pinus radiata D. Don plantation growing in a water-
limited environment.

Methods

Site description

All measurements were made within a 20 km2 Pinus radiata
plantation, located 100 km northwest of Christchurch, New
Zealand (42°52′ S, 172°45′ E, 198 m asl). In October 1994,
when tree-growth measurements commenced, the selected
stand was 8 years old. Trees were planted at a density of 1250
ha−1 year−1 in east--west rows at a spacing of 4 m between rows
and 2 m within rows. There was no understory vegetation.
Mean annual precipitation is 658 mm and the monthly distri-
bution is even (55 ± 5 mm month−1). Mean monthly air tem-
peratures range from 4.5 °C in the coldest month (July) to
16 °C in the warmest month (February), with an annual mean
of 10.8 °C. Frost occurs frequently during winter, mostly at
night or early morning, but air temperatures are only a few
degrees below zero (N.Z. Met. Service 1983). 

The soil is a stony sandy loam, an Inceptisol classified as
Ustrochrept (T. Webb, Landcare Research, Lincoln, New Zea-
land, personal communication 1996), containing more than
30% stone by volume (Arneth et al. 1998a, 1998b). Water
content in the upper 0.3 m of soil (θ, m3 water m−3 soil) was
measured by excavation and by time domain reflectometry.
This depth was equivalent to the main rooting zone observed
in soil pits. From autumn through spring, soil water was
generally plentiful with maximum θ = 0.24 (≈10 kPa suction,
field capacity; J. Claydon, Landcare Research, Lincoln, New
Zealand, personal communication 1995). During summer, a
frequently severe soil water deficit develops with minimum
measured θ = 0.08 (Arneth et al. 1998c). Available soil water
storage capacity thus is limited to 48 mm, equivalent to ap-
proximately 16 days of forest evaporation during fine summer
weather (Arneth et al. 1998b, 1998c).

Flux measurements and model

Half-hourly eddy covariance measurements of whole-forest
sensible and latent heat, and CO2 fluxes were made regularly
during seven campaigns. The campaigns were conducted be-
tween November 1994 and March 1996 and each lasted 6 to 8
days. The instrumentation and flux corrections applied were
described by Hollinger et al. (1994) and Arneth et al. (1998a,
1998b). During the campaigns, forest floor evaporation was
measured from the weight loss of small lysimeters and respi-
ration with a portable infrared gas analyzer--soil chamber
system. Half-hourly measurements of associated climatic vari-
ables included air and soil temperatures (T and Ts, respec-
tively), air saturation deficit (D), rainfall, wind speed and
direction, and quantum irradiance absorbed by the canopy

(Qabs) (Arneth et al. 1998a, 1998b). Climatic data from the
forest’s fire station about 5 km southeast of the study site were
also used.

Eddy covariance and ground flux data were used to define
parameter values of a biochemically based model that calcu-
lates forest--atmosphere CO2 exchange and evaporation rates
from climatic data. The model treats the entire canopy as a
single entity (‘‘big-leaf’’) with the forest floor fluxes calculated
separately. Model calculations and validation at this site have
been described by Arneth et al. (1998c). Calculations are made
in five steps. (1) Tree canopy conductance for water vapor
transfer (Gc) is determined from a multiplicative, environ-
mental-constraint submodel. A maximum Gc (Gcmax) is defined
from the data, and it is accordingly reduced when either θ, D,
Qabs, or all, are limiting. (2) The Gc submodel is coupled to a
canopy assimilation (Ac) submodel, based on leaf biochemistry
(Farquhar et al. 1980), using the analytical solution of Lloyd et
al. (1995). The calculation of Ac includes the contribution of
leaf respiration which was reduced in sunlight compared to its
‘‘dark’’ rate (Lloyd et al. 1995). (3) Forest floor evaporation
(Eg) is proportional to the available energy, but with a propor-
tionality coefficient depending on θ. Ground and ecosystem
respiration (Rg and Reco, respectively) are modeled from an
Arrhenius-type relationship and thus increase exponentially
with temperature. (4) The Gc, Ac, Eg, Reco and Rg submodels are
coupled to soil water balance and soil temperature subroutines.
(5) The model, including the summary calculation of an-
nual forest carbon uptake (net ecosystem productivity,
NEP = Ac − Reco), is driven by half-hourly weather data from
the forest fire station.

Tree growth, biomass and net primary productivity

In October 1994, a 100-tree (20 m by 40 m) mensurational plot
was established about 50 m west of the eddy covariance tower.
Dendrometer bands, fabricated from 10 mm wide by 0.5 mm
thick stainless steel sheeting held tightly on tree stems with a
stainless steel spring, were placed below the lowest living
branch of 16 trees. The selected trees represented the forest’s
stem diameter distribution. In 1994, the living crowns reached
to the lowest clusters of branches, and the dendrometer bands
were located about 0.2 m above the stem base. With continuing
tree growth, height and leaf area increased and needles at the
lowest branches subsequently died, so that in August 1995 nine
of the 16 diameter bands were shifted about 0.4 m up the stem.

Until March 1996, vernier scales on the bands were read
regularly, usually bi-weekly, but monthly during winter (June--
August) when the rate of diameter growth was low. Four
further readings were taken in September and October 1996,
and in August 1997. Tree height growth was recorded monthly
until March 1996, and again in September 1996 and August
1997.

Allometric relationships between stem cross-sectional area
below the living crown (As) and tree growth (dM dt−1, where
t = time and M = biomass) were established from six trees
harvested in July 1995 and five trees harvested in August 1996
(Table 1). Choosing As as the independent variable reflected
the functional interdependence between sapwood area and leaf
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area (e.g., Waring et al. 1982, Cannell and Dewar 1994). For
each tree, dry weights of stem, branches and needles were
determined and branch cluster height was measured. The need-
les and branches from each cluster were separated into current-
year and older age classes. From five to six positions within the
tree crown, all-surfaces area of about 10 fresh fascicles was
calculated from measurements of volume and length following
Beets (1977). All-surface area was converted to a hemispheri-
cal projected area by dividing by two (Chen and Black 1992).
Current-year branch and foliage subsamples for carbon and
nitrogen analyses (CN analyser, Carlo Erba Instruments, Ro-
dano, Italy) were collected along a vertical profile. Stemwood
subsamples for C-N analyses were taken from the base, and at
25, 50 and 75% of tree height.

In July 1995, the root system of one of the harvested trees
was excavated with a small digger. In November 1995, four
more root systems were excavated from similar soil in a re-
cently logged stand of 22-year-old trees about 2 km away
(Arneth et al. 1998a). The lack of a living crown for the logged
trees meant that the resultant coarse root biomass (> approxi-
mately 5 mm diameter) allometric relationship used stump
cross-sectional area rather than As.

Annual litterfall was calculated as the difference between
current-year needle production (Pn) and changes in the total
needle biomass (Table 1). The seasonality of Pn was assumed
to be similar to that of P. radiata growing in a comparable, dry
summer climate near Canberra, Australia (Raison et al.
1992a). There, 85% of annual Pn was completed at a nearly
constant rate between mid-October and late January. The re-
maining 15% of Pn occurred during September--mid-October
and in February. The seasonality of annual litterfall (L) was
estimated after Raison et al. (1992b) assuming 80% of L
occurred in late summer--autumn (mid-February--May) and
the remaining 20% evenly throughout the rest of the year.

We calculated forest C exchange for three years: Novem-
ber 1, 1994 to October 31, 1995, November 1, 1995 to Octo-
ber 31, 1996 and August 1, 1996 to July 31, 1997. This allowed
alignment with the tree-diameter growth measurements and
the comparison of three years with considerable variations in
rainfall, particularly during summer. Annual net primary pro-
ductivity was calculated from dM dt−1 + L (Lloyd and Far-
quhar 1996). This calculation excludes the contribution of fine
root turnover; thus, net primary productivity is denoted after-
wards by a prime as NPP′. The seasonal course of NPP′ was
estimated by combining the calculated growth of the woody
parts of the trees (Table 1) with the seasonal course of Pn and
L (see above). The calculation of NPP′ does not include tree
mortality. During the three-year study, only one tree out of 100
died in this young, managed measurement plot.

Results and discussion

Annual mean air temperatures during the study period (No-
vember 1994 to June 1997) were normal and varied between
9.5 and 10 °C (Table 2). By contrast, annual rainfall varied
1.3-fold between the wettest (1996--97, 715 mm) and the driest
year (1995--96, 532 mm). For the dry year, annual rainfall was
only 80% of the long-term mean, and summer (December 1 to
March 31) rainfall (64 mm) was only one-third of the seasonal
norm (203 mm, N.Z. Met. Service 1983). Rainfall during
1994--95 (696 mm) was near-normal, despite an unusually wet
June with more than three times the monthly mean (173 versus
54 mm). Because both winter atmospheric evaporative demand
and soil water storage capacity are low, most of this water was
lost by soil drainage. Rainfall in the summer months 1994--95
(150 mm) was more than twice that in 1995--96, but was still

Table 1. Allometric relationships derived from the carbon (C) and
nitrogen (N) in tree biomass measurements in a Pinus radiata stand.
The relationships were based on aboveground tree harvesting in July
1995 (6 trees) and August 1996 (5 trees), and additional harvesting of
coarse root systems in a nearby clear-cut in November 1995. Abbre-
viations are: As = stem cross-sectional area below the living (green)
crown (m2),  SBA = stump basal area, and Pn = current-year leaf
production. Tree needle area is given as one half of the measured total
surface area. The data may be converted to a ground area basis using
the stem density of 1250 ha−1 and stem volume may be calculated from
the mean wood density of 330 kg m−3 (A. Walcroft, Hort. Research,
Palmerston North, Zew Zealand, personal communication 1997).

Quantity Function

Total tree (kg C tree−1) 1568 As, r2 = 0.86
Stem (kg C tree−1) 765 As, r2 = 0.69
Needle (kg C tree−1) 194 As, r2 = 0.83
Branch (kg C tree−1) 220 As, r2 = 0.66
Coarse root (kg C tree−1) 443 SBA, r2 = 0.96
Pn (kg C tree−1 year−1) 60 As, r2 = 0.65
Tree needle area (m2 tree−1) 1155 As, r2 = 0.84
N in canopy, per ground area (g m−2) 618 As, r2 = 0.90

Table 2. Modeled annual carbon flux densities (Mg C ha−1 year−1), and evaporation rates (E), in the Pinus radiata stand during the three-year
study. Rates of tree canopy assimilation (Ac), ecosystem respiration (Reco) and net carbon exchange (NEP) were estimated using a biophysical
model described by Arneth et al. (1998c). Tree net carbon uptake (NPP′) and stem volume growth rates were determined from measured stem
cross-sectional area below the living tree crown (As), height and the allometric relationships in Table 1. The annual climatic data are quantum
irradiance absorbed by the tree canopy (Qabs), mean air temperature (T ), rainfall and the mean daily maximum air saturation deficit (Dmax).

Qabs T Rain Dmax As Ac NEP Reco NPP′ Volume growth E
(mol m−2) (oC) (mm) (kPa) (m2 10−3) (Mg C ha−1) (Mg C ha−1) (Mg C ha−1) (Mg C ha−1) (m3 ha−1) (mm)

11/94--10/95 7916 10.0 696 1.24 4.56 18.1 5.9 12.2  9.4 25.4 463
11/95--10/96 7503  9.9 532 1.21 4.01 16.9 5.0 11.9  8.8 22.4 399
08/96--07/97 7746  9.5 715 1.12 4.88 18.4 7.2 11.2 10.6 27.2 488
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below average. Summer rainfall during the wettest year was
277 mm greater than normal. 

In November 1994, the 8-year-old trees were 8.5 m tall
(± 0.6 m, standard deviation, n = 100), stem diameters were
133 ± 18 mm at breast height (DBH) and 172 ± 24 mm below
the living crown. The corresponding basal areas were calcu-
lated as 17 and 27 m2 ha−1, respectively. Tree height and
diameter at Balmoral Forest closely resembled young P. ra-
diata stands growing in a comparable drought-prone climate
near Canberra (annual rainfall = 790 mm) before the onset of
the Biology of Forest Growth Experiment (BFG; Linder et al.
1987, Benson et al. 1992) and at Woodhill Forest in the North
Island of New Zealand (McMurtrie et al. 1990).

Annual tree growth

At the beginning of the measurements, nearly half of the C in
tree biomass (44 Mg C ha−1, Figure 1) was fixed in stems and
a further 25% was nearly equally divided between branches
and needles. More than 25% of tree C was in the form of coarse
roots. The data exclude the contribution of roots with diameter
< 5 mm (defined here as fine roots) to the total tree root
biomass. Although fine root production can be a significant
sink for tree C allocation (see later discussion), the life span of
fine roots is also generally short. At any given time, their
omission thus introduces only a small error in the assessment
of tree biomass (e.g., Vogt et al. 1996). In four soil pits exca-
vated during July 1995, the biomass of fine roots was
2.9 ± 0.9 Mg C ha−1 in our stand (N. Scott, Landcare Research,
Palmerston North, New Zealand, personal communication
1997). This included live and dead, but not decomposed, roots.
In a P. radiata plantation in the North Island of New Zealand,
only one-third of excavated fine roots (< 5 mm diameter) were
alive (Santantonio and Santantonio 1987). Assuming a similar
ratio of live to dead roots for Balmoral Forest suggests a value
of 0.96 Mg C ha−1 for living fine roots in July 1995, equal to
7% of coarse root biomass and 2% of the total tree biomass (14
and 52 Mg C ha−1, respectively, in July 1995).

Allocation of C to roots reflects the tree’s need for nutrient
and water uptake and structural integrity. Jackson and Chitten-

den (1981) measured coarse root growth in New Zealand
P. radiata growing in containers or trenches filled with nutrient
rich, deep pumiceous sandy loam soil under non-water
limiting conditions. Applying their biomass relationship
(ln(M) = 2.73ln(DBH) − 5.009 ; DBH = 13.3 cm in November
1994) led to a calculated mean root C of 3.9 kg tree−1 and
grossly underestimated root C at Balmoral Forest (10 kg tree−1).
By contrast, a relationship derived by Watson and O’Loughlin
(1990) for P. radiata roots excavated from field-grown
trees in the East Coast of New Zealand’s North Island
(ln(M) = 2.24ln(DBH) − 2.68) resulted in a calculated root C
of 11 kg tree−1 and could thus also be successfully applied to
our stand. The coarse root to aboveground (shoot) weight ratio
at Balmoral Forest was relatively large (0.37), twice the aver-
age for temperate coniferous forests (Jackson et al. 1996).
Heavy and expansive root systems reflect a site subject to
recurring soil water deficit (Cannell and Dewar 1994). Further-
more, a large amount of structural root biomass may be needed
in a windy climate like that at Balmoral Forest, where 3-s gusts
regularly exceed 25 m s−1.

Seasonal tree growth and net ecosystem productivity

A distinct seasonality was evident in As growth with maximum
rates in spring (September--November; Figure 2C) and a pe-
riod of near-zero gain during winter (June--August). In the two
dry years 1994--95 and 1995--96, nearly half (38% and 49%,
respectively) of annual stem diameter growth was completed
in spring. During summer, growth rates varied with soil water
supply and were close to zero when the soil was driest (e.g.,
January 1995, January--March 1996). Stem shrinkage during
drought was observed during one bi-weekly summer measure-
ment period as has been reported elsewhere (Benson et al.
1992). Annual As growth during nearly three years of measure-
ments varied by about 20% from 4.0 × 10−3 m2 in the driest
year (11/95--10/96) to 4.9 × 10−3 m2 in the wettest year (7/96--
6/97, Table 2). 

The mean leaf area to weight ratio at Balmoral Forest was
5.9 m2 kg−1, similar to values reported for the nonirrigated
BFG P. radiata site (4.5--6 m2 kg−1, Raison et al. 1992a), but
only 60% of values reported for well-watered sites (8 m2 kg−1,
Beets and Lane 1987). Current-year leaf production averaged
2.2 ± 0.3 Mg C ha−1 year−1 (Tables 1 and 2), total leaf C
increased by 1.04 ± 0.08 Mg ha−1 year−1, and dead leaf C
remaining on the trees was about 7% of the total. The differ-
ence between these rates suggests a litter fall of about 50% of
production (1.08 ± 0.3 Mg C ha−1). In November 1994, the leaf
area index was 6.5 and it increased by 16% per year (Table 1).
The N content of needles (mean = 13 mg g−1) at Balmoral
Forest is high compared to other unfertilized P. radiata forests
(McMurtrie et al. 1990, Raison and Myers 1992), and reflects
adequate N supply from the soil (C:N ratio of 19 in 0 to 0.3 m
depth; N. Scott, personal communication 1996). More than
40% of total tree N was located in needle biomass (140 kg N
ha−1, Table 1, Figure 1).

Figure 2 also summarizes modeled weekly mean canopy
evaporation (Figure 2A), assimilation (Ac), ecosystem respira-
tion (Reco) and net ecosystem C uptake (NEP, Figure 2D).

Figure 1. Pinus radiata C (left bar, Mg ha−1) and nitrogen (N) (right
bar, kg ha−1) content in biomass, and allocation to coarse roots, stems,
branches and needles on November 2, 1994. The biomass fractions
were determined from measurements of stem cross-sectional area
below the living crown and the allometric relationships in Table 1, as
described in the text. Stem wood and coarse root, and branch N
contents were 0.16 (SD = 0.03) and 0.69 % (SD = 0.22), respectively.
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These flux densities were calculated with the forest C and
water flux model briefly described before and were discussed
in detail in Arneth et al. (1998c). In short, during autumn,
winter and spring Reco, Ac and E followed the seasonality in
irradiance (Figure 2A), temperature and air saturation deficit.
During summer, the significant decline of soil water and the
hot, dry atmosphere caused stomatal closure and considerable
declines in Ac and E, whereas Reco reached annual maximum
(most negative) rates. The ecosystem was thus a carbon source
during drought periods, which was particularly evident in the
very dry summer of 1995--96.

Between 1995 and 1997, NPP′ varied between 8.8 and 10.6
Mg C ha−1 whereas annual Ac varied from 16.9 to 18.4 Mg C
ha−1 (Table 2). At Balmoral Forest, Ac is close to the values
modeled by McMurtrie et al. (1992) in the comparable unfer-
tilized and fertilized, but not irrigated, P. radiata plantations at
the BFG site (17 to 20 Mg C ha−1 year−1), which had corre-
sponding measured annual aboveground C uptake rates of 8
and 10 Mg C ha−1, respectively (Snowdon and Benson 1992).
Combining irrigation and fertilization increased modeled Ac

and aboveground C uptake to 45 and 20 Mg C ha−1 year−1,
respectively. In Woodhill Forest, with twice the rainfall, Ac was
about 25 Mg C ha−1 year−1 in the unfertilized stand and up to
33 Mg C ha−1 year−1 at fertilized sites (McMurtrie et al. 1990).
These results indicate that, on drought-prone sites, the growth
rate of P. radiata may be limited by water supply, irrespective
of soil fertility.

Based on data for three years, a linear relationship between
Ac and NPP′ accounted for 76% of the variation (Figure 3,
NPP′ = 1.01Ac − 8.2). For the shorter intervals between diame-
ter growth measurements, the relationship between NPP′ and
Ac was also linear (Figure 4A, NPP′ = 0.71Ac − 0.07, r2 = 0.68),

however, there was a tendency during winter for Ac to continue
when tree growth was negligible (Figure 4). This lag between
Ac and tree growth response can be understood from allocation
theory. Low temperatures decrease sink activity more than
assimilation, which in turn results in increased intermediate
storage of assimilates (Cannell and Dewar 1994). The utiliza-
tion of these storage carbohydrates results in the relatively
greater acceleration of tree growth observed in early spring
(Figure 4B).

Figure 3. Relationships between modeled annual net primary produc-
tivity (NPP′) and tree canopy assimilation rate (Ac, closed circles and
regression line of NPP′ = 1.01Ac − 8.2, r2 = 0.76) and net ecosystem
carbon uptake rate (NEP, open squares and regression line of NPP′ =
0.83NEP + 4.6, r2 = 0.99). The three years varied significantly in
rainfall (Table 2). 

Figure 2. Tree stem diameter growth
rate, modeled weekly means of net
forest--atmosphere carbon exchange
rate, the component fluxes, transpira-
tion and environmental variables be-
tween November 1, 1994 and July
31, 1997. (A) Canopy transpiration
(dotted line) and quantum irradiance
absorbed by the tree canopy (solid
line). (B) Measured rainfall (bars)
and modeled volumetric soil water
content in the main rooting zone (0--
0.3 m depth, line) expressed as a per-
centage of the maximum value. (C)
Cumulative measured tree stem
growth. Data between 11/94 and
5/96 were obtained bi-weekly or
monthly. Between 6/97 and 7/97
four additional measurements were
obtained. (D) Modeled tree canopy
assimilation rate (positive values),
ecosystem respiration rate (negative
values) and net forest--atmosphere C
exchange rate (thick line). Positive
values indicate a net uptake of C.
Variable Fc is the C flux.
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The ratio of annual NPP′/Ac was nearly constant
(0.54 ± 0.02), slightly greater than the value of 0.45 reported
by Landsberg and Waring (1997). By contrast, seasonal
NPP′/Ac varied between nearly 0 in winter and 1 in spring, and
in summer after rain (Figure 4B). Concluding that respiration
loss is a constant fraction of NPP′ may thus only be valid over
long integration periods and some caution is needed (e.g.,
Malet et al. 1997). More work is also required to validate
whether such a simplification is appropriate outside the tem-
perate zone.

Combining Ac, and autotrophic as well as heterotrophic
respiration rates (Reco), modeled NEP accumulated notably
only during spring (Figure 5) when Ac was at its maximum and
Reco below its annual peak (Figure 2D; Arneth et al. 1998c). In
dry summer conditions, when water stress reduced canopy
conductance and Ac but the high temperatures increased Reco,
mean daily NEP was close to zero. Refilled soil water storage
in autumn (Figure 2B) corresponded with an increase in NEP.
Photosynthesis was then constrained by lower irradiance and
temperature which also decreased Reco. From autumn until
early spring, the forest constantly accumulated C at a slow rate.

Interannual variation of NEP was tightly linearly related to
NPP′ (r2 = 0.99, Figure 3). Stem biomass and volume growth
rates were a near-constant proportion of NPP′ (Table 1, Ta-
ble 2) and, correspondingly, the ratio of annual NEP and stand
stem volume growth rate was also conservative for the three
years at 0.24 ± 0.02. Because of its commercial value, most
countries possess extensive collections of forest yield data that
relate stem volume growth and tree age. A conservative ratio
of NEP/volume growth can facilitate the estimation of NEP
from stand volume growth. However, the ratio may vary across
environments and further studies are required to identify how
site conditions and forest management affect it.

Interactive forest carbon and water exchange

Measured tree growth and modeled C sequestration rates
showed a strong constraint by soil water deficit. Consequently,
the soil water stress integral Sw = ∑[(θmax − θ)t] (t = 1 for a
daily time step) was modified from Myers (1988), where θmax

is maximum θ. A large value of Sw indicates a high number of
days when θ was low. Reflecting the generally strong coupling
of available soil water, forest evaporation rate (E), and T via
the forest energy balance, Sw integrates also over D and E as
factors reducing canopy conductance, Ac and growth. All three
C uptake processes were inversely proportional to Sw with
linear regressions accounting for 86%, 98% and 91% of the
variation in NPP′, Ac and NEP, respectively (Figure 6). Be-
cause interannual climatic variability was dominated by sum-
mer weather patterns, especially rainfall, low annual Sw
represents wet, cool summer weather. The strong decline in all
three C fluxes with increasing Sw reflects a primary role of
summer soil water availability in governing interannual fluc-
tuations of C uptake. The increased sensitivity displayed in the
Sw versus NEP relationship (slope of the regression = −0.28)
illustrates the synergistic effect of increased soil water deficit
and temperature on NEP. Because the drier years were also the
warmest, decreasing NEP was the result of decreased Ac and
increased Reco.

Figure 4. (A) Relationship between modeled tree canopy assimilation
rate (Ac) and net primary productivity (NPP′) in a Pinus radiata stand.
Tree stem diameter growth rate was measured using dendrometer
bands, and NPP′ was determined from it and the allometric relation-
ships in Table 1. The regression line is NPP′ = 0.71Ac − 0.07 (r2 =
0.68). Symbols: spring = s; summer = d; autumn = h; winter = j.
(B) Seasonal courses of modeled tree canopy assimilation rate (Ac,
dotted line), net primary productivity (NPP′, thin line) and NNP′/Ac
(thick line) between November 1994 and May 1995. Symbols are as
in A.

Figure 5. Seasonal courses of cumulative modeled tree canopy assimi-
lation rate (Ac, m), net ecosystem carbon uptake rate (NEP, solid line)
and net primary productivity (NPP′, s) based on the stem dendrome-
ter band measurements and the allometric relationships in Table 1. The
model was run and the measurements made in a Pinus radiata stand
over two years from November 1, 1994. 
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Annual ground evaporation contributed about 30% of E,
varying from 158, 127 and 167 mm during the three years.
For a leaf, control theory postulates that stomatal opening
evolved to maximize C assimilation per unit water tran-
spired. Accordingly, for the tree canopy the ratio of NPP′/Etree
(Etree  = E − Eground ) was conservative at 3.22 ± 0.09 g C kg
H2O−1. For an ecosystem, however, non-stomatal processes
like ground evaporation and respiration from soil heterotrophic
organisms also contribute to the corresponding ratio NEP/E.
The annual ratio was constant at 1.27 and 1.25 g C kg H2O−1

in the two dry years, but it increased to 1.48 in the wettest year.
This increase reflected the 277 mm summer rainfall and asso-
ciated decreased temperature and increased humidity in the
wetter year. This favored higher stomatal conductance and Ac,
but E did not increase accordingly because of lower D. More-
over, because of the exponential relationship between tempera-
ture and respiration, Reco decreased during the wet year.

Combining modeled annual C sequestration and evapora-
tion rates for P. radiata stands at the BFG site yielded mixed
results. The ratio of aboveground production/Etree  in the con-
trol, fertilized and irrigated + liquid fertilizer stands was
constant (about 1.5; aboveground production from Snowdon
and Benson 1992; Etree from McMurtrie et al. 1992). However,
in the irrigated and irrigated + solid fertilizer BFG stands, the
ratio was considerably smaller at about 1 to 1.2 g C kg H2O−1.

Belowground processes

The contribution of heterotrophic respiration (Rhet) was esti-
mated from the difference between NPP′ and NEP (Figure 7).
For the three years, mean Rhet was 3.1 ± 0.9 Mg C ha−1, about
30% of NPP′ and 26% of Reco (Table 2). Based on soil chamber
and nighttime eddy flux measurements, ground respiration
(Rg) contributed 80% of Reco (Arneth et al. 1998c). These
values suggest about one-third of Rg originated from heterotro-
phic activity, somewhat lower than estimates of Rhet in other
pine forests. Chamber measurements in trenched and un-
trenched, unfertilized plots of Pinus resinosa Ait. in Wisconsin
suggested Rhet (excluding mycorrhiza) contributed 51 to 62%

of Rg (Haynes and Gower 1995), whereas soil chamber meas-
urements for a Florida Pinus eleottii Engelm. plantation indi-
cated Rhet was 38 to 42% of Rg (Ewel et al. 1987).

At a clear-cut, located about 2 km southeast of the study site,
where all the tree roots had died, Arneth et al. (1998a) esti-
mated annual Rhet to be 3.7 and 4.4 Mg C ha−1 year−1 depend-
ing on rainfall. Soil type and physical properties are similar at
the two sites (Arneth et al. 1998a, 1998b), as is potential soil
microbial activity determined from controlled laboratory incu-
bations (D.J. Ross, Landcare Research, Palmerston North,
New Zealand, personal communication 1996). However, a
significant number of additional factors prevent the conclusion
that clear-cutting might increase Rhet. At the clear-cut, a
‘‘pumping effect’’ induced by air turbulence enhanced soil CO2

efflux significantly when the surface was wet. This turbulence
effect was greatly reduced in the forest, where momentum was
mostly absorbed by the canopy. Further, daily and annual soil
temperature (Ts) fluctuations in the forest were dampened
compared to the clear-cut because both radiation input and loss
were reduced beneath the canopy. For example, during 1994--
95, modeled mean Ts (0 to 0.3 m depth) in the forest was 0.6 °C
cooler than in the clear-cut. Soil water content also differed
between the sites. In the forest, root water uptake contributes
to the depletion of soil water storage, whereas small rainfall
events will be mostly intercepted by the canopy. Finally, dif-
ferences in Rhet might be attributable to root exudates, mycor-
rhiza activity and constant fine root turnover. These processes
suggest a more constant C supply for soil microbes in the forest
that was probably absent in the clear-cut where the roots had
died.

Figure 6. Relationships between an annual soil water stress integral
(Sw) and annual rates of net primary productivity (NPP′, s;
NPP ′ = −0.22Sw + 13.5,  r2   = 0.86), ecosystem net carbon uptake
(NEP, h; NEP = −0.28Sw + 10.8,  r 2   = 0.91) and tree canopy assimila-
tion (Ac,d;  Ac = −0.21Sw + 21.4,  r2   = 0.98). The three years varied
significantly in rainfall (Table 2). 

Figure 7. Summary of annual carbon flux densities in the Pinus
radiata stand during the three-year study (Mg C ha−1 year−1, mean
± SD). Tree canopy assimilation (Ac), ecosystem respiration (Reco),
net ecosystem carbon uptake (NEP) and ground respiration (Rg) rates
were calculated from the biophysical model. Above- and belowground
net carbon uptake for the trees (Pag and Pbg) and litterfall rates were
determined from stem diameter growth measurements and the al-
lometric relationships in Table 2, and tree harvesting, respectively.
Derived respiration rates included those attributable to aboveground
autotrophic (Rag = Reco − Rg), heterotrophic (Rhet = NPP′ − NEP), and
root (Rroot = Reco − Rag − Rhet) sources. The estimation of fine root
turnover rate is described in the text.
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The annual values of NEP and NPP′ can also be utilized to
derive a ‘‘best-guess’’ estimate of the annual belowground C
turnover rate, assuming annual changes in the soil C content
are negligible (Figure 7). In a closed canopy forest without
major disturbances, an increase in ecosystem C results mainly
from an increase in the storage of biomass (aboveground and
coarse roots). Assuming no net accumulation of litter on the
ground, Rhet must equal the rate of C input to the soil
by root exudates, fine root turnover and litter fall.
From L = 1.1 Mg C ha−1 year−1 and Rhet = 3.1 Mg C ha−1

year−1, the annual fine root turnover and root exudation rate
was estimated to be 2.0 Mg C ha−1 year−1 or  20% of mean
annual NPP′. This may be compared to estimates of fine root
NPP′ from regressions, using annual minimum temperature
and precipitation rates as independent variables, based on a
review of pine forest data (Vogt et al. 1996). Using annual
minimum temperature = −7.8 °C  and precipitation rate = 660
mm year−1 at Balmoral Forest (N.Z. Met. Service 1983), fine
root NPP′ was 1.3 and 1.9 Mg C ha−1 year−1, respectively.
Considering the crude nature of our calculation and inclusion
of many assumptions, these two values from the literature are
remarkably corroborative.
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