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Abstract

To evaluate the effects of spatial variation in climate and soils on forest productivity across broad regions requires an
approach that can be widely applied and tested. Detailed physiological and micro-meteorological studies have recently lead

Ž .to new insights that greatly simplify the prediction of above-ground net primary production NPP , a variable closely related
Ž .to conventional measures of forest growth, such as Mean Annual Increment MAI of stemwood. We applied these

simplifications in a monthly time-step model driven by estimates of the fraction of light intercepted by green canopies,
derived from near-infrared and red reflectances monitored from National Oceanographic and Atmospheric Administration
Ž .NOAA weather satellites, and from equations utilising local temperature and rainfall records. Absorbed photosynthetically

Ž .active radiation APAR was estimated from global solar radiation, derived from an established empirical relationship based
on average maximum and minimum temperatures, and from a linear relation with the satellite-derived normalised difference

Ž .vegetation index NDVI which represents the photosynthetic capacity of all vegetation within a cell for a given month and
Ž .is often correlated with the fraction of PAR absorbed f PAR . Monthly values of environmental constraints on productivity

Ž .were expressed by modifiers calculated from the vapour pressure deficit VPD of the atmosphere, soil water deficit, or frost.
Ž . Ž .This procedure leads to estimates of utilisable radiation APARu . Gross primary production GPP was calculated by
Ž y1.multiplying APARu by a constant canopy quantum efficiency 1.8 g C MJ and total NPP has been shown, in a number of

studies, to approximate 0.45"0.05 of GPP. The model partitions NPP into root and above-ground foliage and stem mass.
The fraction of total NPP allocated to root growth increases from 0.2 to 0.6 as the ratio APARu:APAR decreases from 1.0 to

Ž .0.2. Above ground NPP NPP predicted by the model was compared with estimated above-ground NPP derived at eightA

contrasting forested sites in Australia and New Zealand. There was a linear relation between predicted NPP and measuredA
Ž 2 .wood production r s0.82 . The analysis also provided an assessment of the relative importance of various climatic

variables upon production which varied extensively from site to site. q 1998 Elsevier Science B.V.
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1. Introduction

The global importance of forests has never been
in question, but interest in them has been increasing
in recent years because of their obvious commercial
value, importance in maintaining regional biodiver-
sity and the hydrologic integrity of catchments and,
in part, because changes in composition and growth
of forests reflect responses to longer term variation
in climate and atmospheric properties. As a result of
this interest the regional distribution of major forest
Ž .and other vegetation types, has received increasing
attention, with improved definition through satellite-

Žderived data Matthews, 1983; Prentice, 1990;
.Townshend et al., 1991; Running et al., 1994b .

Seasonal and monthly photosynthetic activity, evapo-
transpiration, and growth have also been estimated
Ž .Running et al., 1994b; Prince and Goward, 1995 ,
based on the current comprehensive satellite cover-
age of the Earth’s surface.

Our understanding of how forests operate is im-
proving as detailed physiologically-based process
models are tested at sites where CO and water2

vapour exchange have been continuously monitored
Žthroughout one or more years Aber et al., 1996;

Hollinger et al., 1994; Lloyd et al., 1995; Cienciala
.et al., 1997 , and through experimental manipula-

tions where most components of stand growth are
Žassessed across a range of treatments Benson et al.,

.1992; Ryan et al., 1996 . A variety of closely related
process models now exists which provide increas-

Žingly reliable estimates of gross photosynthesis or
.gross primary production, GPP , autotrophic respira-

Ž .tion, and the residual, net primary production NPP .
ŽThese include FOREST-BGC Running and Cough-

.lan, 1988; Running and Gower, 1991 , BIOMASS
Ž . ŽMcMurtrie et al., 1992 and TREGROW Weinstein

.et al., 1991 . A major challenge remains to work out
the magnitude and mechanisms by which NPP is
differentially allocated above or below-ground, but
even in this area considerable progress has been

Žmade Runyon et al., 1994; Beets and Whitehead,
1996; Ryan et al., 1996, Landsberg and Waring,

.1997 .
Some simplifying principles have emerged from

these detailed physiological studies and modelling
efforts, as summarised by Landsberg and Waring
Ž . Ž .1997 : 1 canopy photosynthesis can be estimated

as a simple function of absorbed photosynthetically
Ž . Ž .active radiation APAR ; 2 climatic constraints

Ž .frost, drought, and vapour pressure deficits reduce
Ž .the fraction of APAR f PAR that can be utilized

for photosynthesis, so we can work with effective, or
Ž . Ž .utilisable, radiation APARu ; 3 an estimate of
Ž .gross photosynthesis GPP can be obtained by mul-

tiplying APARu by a constant canopy quantum con-
Ž y1 . Ž .version efficiency 1.8 g C MJ APARu ; 4 NPP

Ž .for a wide range of forests is approximately a fixed
Ž . Ž .fraction 0.45"0.05 of GPP; and 5 the fraction of

NPP allocated to roots increases with environmental
Ž Ž .limitations drought, vapour pressure deficit VPD

.and soil fertility . Based on these principles, Lands-
Ž .berg and Waring 1997 developed a simplified model
Žknown as 3-PG Physiological Processes Predicting

.Growth which is designed to predict the growth,
diameter distribution, and annual mortality for indi-
vidual forest stands of known species composition.
ŽSee Section 2 for more detail and Landsberg and

Ž . .Waring 1997 for a complete description.
In this paper, we use a modified version of 3-PG,

with remotely-sensed data, to assess productivity at a
range of forest sites in Australia and New Zealand
where independent measures of stemwood produc-
tion were also available. The analysis was limited to

Ž .a single year 1987 to permit direct comparison with
regional estimates of NPP generated by Prince and

Ž .Goward 1995 but, since estimates of forest produc-
tivity are generally based on data collected over
many years, at intervals of years, the modelled esti-
mates of NPP are compared with long-term average
values of forest productivity. Data from National
Oceanographic and Atmospheric Administration
Ž .NOAA weather satellites provided monthly esti-
mates of landscape greenness derived from near-in-
frared and red reflectances, which are closely related
to the f PAR that is absorbed by vegetation. The

Ž .scale of analysis was, of necessity, broad 8=8 km ,
Ž .so there was no requirement or possibility for

recognising species, size classes, or annual rates of
mortality. Our objective in making this analysis was
to provide a means of assessing forest production
across regions, determining the major climatic limita-
tions and, with multi-year coverage, accounting for
the effects of extreme conditions that might greatly
alter production and increase the danger of distur-
bance from fire, insects, and disease.
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2. Development of the model

2.1. Physiological processes predicting growth
( )3-PG

The simple process-based forest growth model
called 3-PG, developed by Landsberg and Waring
Ž .1997 uses a monthly time step and requires values
for total short-wave incoming radiation, monthly
mean VPD, total monthly rainfall, an estimate of soil
water storage capacity, and some estimate of fertil-
ity. The model generates a number of growth param-
eters that are directly relevant to forest managers,
such as estimates of Diameter at Breast Height
Ž .DBH , stand volume and biomass and projected leaf

Ž ) .area index L .
The 3-PG model essentially consists of two major

Ž . Žparts: 1 Biomass production: net radiation required
.for the Penman–Monteith equation , is calculated

from incoming solar radiation and standard empirical
relationships that take into account albedo. GPP is
calculated from APARu and the canopy quantum
efficiency coefficient, and total NPP obtained as a
simple fraction of GPP. Initial values of stem, fo-
liage and root mass are provided and L) , the key
parameter determining radiation interception and
photosynthesis, is calculated from specific leaf area

Ž .values White and Running, 1994 . APARu is ob-
tained by reducing APAR by an amount determined
by a series of modifiers derived from constraints

Ž .imposed by: a stomatal closure, caused by high
Žday-time atmospheric VPDs see Landsberg and

. Ž .Waring, 1997 ; b soil water balance, which is the
difference between total monthly rainfall, plus avail-
able soil water stored from the previous month, and
transpiration, calculated using the Penman–Monteith
equation with canopy conductance modified by L)

Ž . Ž .of the forest Kelliher et al., 1995 ; and c the
effects of sub-freezing temperatures using a frost
modifier calculated from the number of frost days
per month. The modifiers take values between 0
Ž . Ž . Žsystem ‘shutdown’ and 1 no constraint see
Landsberg, 1986; McMurtrie et al., 1994; Runyon et

.al., 1994 . They are multiplicative, except in the case
of VPD and soil moisture, when the factor causing

Ž .the greatest constraint is applied. 2 Carbon alloca-
tion: the model uses the well defined self-thinning

Žrelationship based on the y3r2 power law Drew

.and Flewelling, 1977 as the basis for a population
Ž .sub-model which was not utilised in this study , and

equations based on differentiation of allometric rela-
tionships to determine the allocation of carbon to
foliage and stems after the fraction of total NPP
allocated to roots has been determined from an eval-
uation of constraints of photosynthesis and the inher-

Ž .ent soil fertility. Stem diameter DBH convention-
ally is the independent variable in the allometric
equations. DBH and L) are updated at the end of
each month. Soil fertility was included in the version

Ž .of 3-PG described by Landsberg and Waring 1997 ,
but only applied in a few test cases by assuming that
trees would allocate increasing proportions of NPP
to roots on progressively less fertile soils, up to a
maximum of about 0.6 of NPP.

2.2. The 3-PGS model

We have modified the original 3-PG model to
allow remotely sensed observations to be utilised as
inputs to it. The modified model is called 3-PGS, the
S symbolising the use of satellite data in the model
framework. In this paper we compare above-ground

Ž .NPP NPP predictions made with 3-PGS for forestA

sites in Australia and New Zealand with actual NPP
values as derived from standard forest inventory data
collected by forest managers. The analysis was lim-

Ž .ited to a single year 1987 and was restricted to
comparisons of NPP . The biomass partitioning pro-A

cedures in 3-PG were not used and leaf fall, root
decomposition and self-thinning routines were not
implemented.

The fraction of PAR absorbed by the forest
Ž .canopies f PAR was estimated from a satellite-de-

rived reflectance index—the normalized difference
between reflectances measured in the near-infrared
and red wavelengths, termed the normalised differ-

Ž .ence vegetation index NDVI . This spectral vegeta-
tion index has been shown, both empirically and
theoretically, to be related to the f PAR absorbed in

Žvegetation canopies Kumar and Monteith, 1982;
.Sellers, 1985, 1987 . Although there are several pos-

sible limitations to such an inference it appears that
an approximation to absorbed PAR, integrated over
the diurnal cycle can be derived from the NDVI

Žmeasurement and incoming solar radiation Prince
.and Goward, 1995 . We obtained monthly estimates
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of NDVI for 8=8 km areas from the NOAA Ad-
Ž .vanced Very High Resolution Radiometer AVHRR

Ž .satellite Pathfinder dataset see Section 3.5 .

3. The project

3.1. Site data

We were able to obtain long-term forest inventory
data from either agencies or private firms in New
South Wales, Victoria, Tasmania, and New Zealand
Ž .see map: Fig. 1 , covering areas which were large
enough to include stands of reasonably homogeneous
forest at least 8=8 km—approximating the resolu-
tion of the NOAA AVHRR satellite dataset. Whilst
there can be extensive variation in species composi-
tion, growth rates, soil fertility and terrain within
each cell we attempted to minimise this by centering

Ž .the cell i over the largest number of field measure-
Ž .ment sites possible, ii where the terrain was rela-

Ž . Ž .tively uniform and iii over areas as far as possible
completely covered by forest. We toured these areas
and evaluated the forests visually, with forest offi-
cers from each region. Table 1 provides information
about the location, elevation, and dominant species
present at the eight selected forest sites.

In all cases data from representative survey plots
were available within the chosen 8=8 km areas. In
the case of pine and eucalyptus plantations, much
more detailed data bases on forest growth were
available, but their spatial extent was much smaller
than that of the native eucalypt forest and there was
concern that these plantations did not completely
occupy the pixels of the NOAA AVHRR satellite
pathfinder dataset. This issue is addressed in Section
3.5.

3.2. Soil data

An estimate of the maximum available soil water
storage capacity was required for each site. This is

Fig. 1. Map indicating locations of the eight forest sites in Australia and New Zealand. 1: Pilliga, 2: Lorne, 3: Tumut, 4: Kioloa, 5: Haupapa,
6: Picton, 7: Tarra Bulga, 8: Wombat.
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Table 1
Locations, elevation and dominate species at the eight sites used in 3-PGS model

Ž . Ž . Ž .Location Longitude 8 W Latitude 8 S Elevation m Dominant species

Pilliga region, NSW 149.16 30.75 266 Callitris glaucophylla
Lorne State forest, NSW 152.63 30.58 228 E. pilularis
Tumut region, NSW 148.5 35.25 1100 Pinus radiata
Kioloa State forest, NSW 150.3 35.57 125 E. maculata
Haupapa region, NZ 176.42 38.50 580 Pinus radiata
Picton region, Tasmania 146.81 43.08 400 E. obliquia
Tarra Bulga region, Vic 146.56 38.43 101 E. regnans
Wombat State forest, Vic 144.21 37.45 700 E. obliqua

dependent on the water holding characteristics of the
soils and the rooting depth of the trees. Values
between 50 and 250 mm have been reported in the
literature. The 3-PG model allows the soil water
modifiers to be calculated with coefficients repre-
senting four different soils types: sand, sandy loam,
clay loam and clay. For each of the eight forest areas
the soil type was determined and an approximate
value for the maximum water storage capacity made

Žon the basis of soil series information Australian
.Society of Soil Science, 1985 , local knowledge, and

field evaluations by RHW and JJL. Information about
the soils of each study area is given in Table 2.

3.3. Meteorological data

Meteorological data were averaged over each of
the 8=8 km cells encompassing each study site.
Mean monthly rainfall and temperature estimates
were derived for each site from the ESOCLIM pack-

Ž .age Hutchinson, 1984 using the mean elevation of
the cell. These monthly estimates were then scaled
by actual 1987 meteorological conditions as recorded

by the nearest meteorological climate station. The
number of frost days for each month were taken
directly from the nearest climate station. Climatic
conditions for 1987 in the study areas are given in
Table 3.

Incoming solar radiation was not recorded at these
stations so procedures were written into 3-PGS by
which radiation could be estimated from empirical

Ž .relationships Goldberg et al., 1979 . We used a
technique first developed by Bristow and Campbell
Ž .1984 and later incorporated into a more general

Ž .model by Hungerford et al. 1989 , which relates
diurnal air temperature amplitude to atmospheric
transmittance. Site elevations are specified and clear
sky transmissivity calculated for each site, assuming
a clear sky transmissivity at mean sea level of 0.65
which increases by 0.008 per meter of elevation.
Final atmospheric transmittance is calculated as an
exponential function of the diurnal temperature am-

Ž .plitude of the site Bristow and Campbell, 1984 . A
model of potential radiation was used to calculate
direct and diffuse radiation which accounts for latitu-

Ždinal differences Garnier and Ohmura, 1968; Buffo
.et al., 1972; Swift, 1976; Hungerford et al., 1989 .

Table 2
Soil and satellite inputs at the eight sites used in 3-PGS model

Ž .Location Soil type Est. water holding capacity mm NDVI 1987 minimum NDVI 1987 maximum

Pilliga Sand 20 0.36 0.46
Lorne Clay Loam 136 0.52 0.64
Tumut Clay Loam 200 0.38 0.67
Kioloa Sand 84 0.36 0.61
Haupapa Sand 440 0.44 0.67
Picton Clay 170 0.15 0.66
Tarra Bulga Clay Loam 150 0.37 0.60
Wombat Clay Loam 136 0.37 0.64
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Table 3
1987 climatic conditions at the eight forest sites used in 3-PGS model

1987

Location Yearly Minimum temperature Maximum temperature Average daily solar Total no. of Maximum daily
y2 y1Ž . Ž . Ž . Ž . Ž .rainfall mm in coldest month 8 in warmest month 8 radiation MJ m day frost days VPD mbar

Pilliga 485 2.9 35.7 18.7 12 36.8
Lorne 1322 7.5 28.2 11.5 0 15.1
Tumut 1225 y2.6 25.6 23.4 120 21.9
Kioloa 886 5.3 24.8 12.5 0 13.3
Haupapa 1153 2.9 21.5 16.7 9 12.0
Picton 2526 y1.2 20.7 18.6 50 14.3
Tarra Bulga 1141 1.9 23.6 17.0 26 16.6
Wombat 1090 2.7 22.7 18.1 29 15.7

The final estimate of incoming solar radiation was
then calculated as the above atmosphere radiation
reduced by the atmospheric transmittance. The pro-
cedure accounts for clouds, water vapour, pollutants
and other factors that reduce clear sky transmissivity.
Daily incoming solar radiation is then computed by
multiplying incoming solar radiation by day length
Žcomputed as the time between sunrise and sunset

.which is date and latitude dependent . PAR is as-
sumed to be approximately 0.5 of the incoming solar
radiation. The coarse spatial resolution of the satel-
lite data allowed the assumption that site surfaces
were flat. In situations where finer scale analyses are
of interest, models exist to account for radiation on
different slopes and aspects, as well as the effects of

Žshading from adjacent slopes Hungerford et al.,
.1989 .

To assess the accuracy of the predicted incoming
solar radiation estimated from minimum and maxi-
mum temperature we selected three sites where radi-
ation data as well as appropriate temperature data
were available for periods of at least three years:
Kioloa State Forest, NSW, Haupapa region on the
North Island of New Zealand and Canberra, ACT

Ž .Table 4 . The results of the comparison are shown
in Fig. 2, which indicates that the values of incoming
solar radiation calculated from temperature data pro-

Žvide very good estimates of measured values Table
.5 with the predicted values explaining over 90% of

the actual recorded incoming solar radiation at the
sites with an average standard error of 1.0 MJ my2

dayy1.

3.4. Forest growth data

Two major vegetation types dominate across the
eight sites. Most of the native forests are dominated
by eucalypts of various types, with the exception of

Žthe Pilliga, where cypress white pine Callitris glau-
.cophylla is the dominant species, with scattered

eucalypts still present. Native forests sometimes have
a wide range of age classes within stands, as a result
of their inherent ecology or because of different
disturbance histories. Forest growth estimates there-
fore vary considerably with stand age and by site
quality across the range of study sites, but planta-
tions of Pinus radiata and Eucalyptus regnans are
of uniform age and spacing, and therefore better

Table 4
Sites used for comparison of actual versus solar incoming radiation as estimated from minimum and maximum temperature

Ž .Elevation m Dates of comparison Minimum temperature Maximum temperature
Ž . Ž .in coldest month 8 in warmest month 8

Ž .Canberra 571 3-yr average temperature ; y2.1 29.5
Ž .80-yr average radiation

Ž .Haupapa 400 1987 temp. and rad. 2.9 21.5
Ž .Kioloa 20 1987 temp. and rad. 5.9 23.8
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Ž y2 y1.Fig. 2. Calculated versus measured incoming solar radiation for each month MJ m day for three test sites in Australia and New
Zealand.

estimates of growth are available from them. The
Ž .maximum current annual volume increment CAI

for most native eucalypt forest occurs around 20 yrs
after establishment; by 40 yrs, the CAI has usually
decreased to less than half of the maximum; and by

Ž100 yrs, CAI is less than 15% of maximum West
.and Mattay, 1993 . Pine plantations show a similar,

but less marked reduction in average volume growth
Ž . Ž .rates CAI with age Lewis et al., 1976 .

We were interested in predicting the basic capac-
ity of sites to grow forests, and the way this might
change with climate or management over time so we

Ž .chose, in all but one case Pilliga , to base our

Ž .analysis on mean annual increment MAI for stands
that had reached ages of between 20 and 40 yrs,
when the periodic MAI is almost stable. In the
Pilliga area, where slow growing cypress pines de-
velop high populations that require ‘release’ by thin-
ning, we analysed growth on research plots thinned
to different densities where growth in height and
basal area were recorded over a period of 16 yrs
after release and volume increment could be calcu-
lated accurately by applying a cylindrical taper coef-

Ž .ficient of 0.38 Knott, 1995 . At most of the sites
with native eucalypts, measurements of the height
and age of dominant trees were available. From these

Table 5
Relationship between measured and predicted solar incoming radiation as estimated from minimum and maximum temperature. Daily

Ž 2 .radiation represents averages for each month and the correlation coefficient r reference the three separate regression equations and their
Ž .standard errors SE for data presented in Fig. 2

y2 y1Ž .Radiation MJ m day
2Measured minimum Predicted minimum Measured maximum Predicted maximum r S.E.

radiation radiation radiation radiation

Canberra 8.20 9.40 26.80 23.20 0.90 1.12
Haupapa 5.56 4.74 22.68 22.38 0.97 0.80
Kioloa 7.09 5.54 20.01 20.30 0.91 1.08
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Table 6
Forest mensuration data for the eight sites used in 3-PGS model

3 y1 y1 3 y1 y1Ž .Growth data Time interval No. of Max. height m Site index height MAI m ha yr MAI kg ha yr
Ž . Ž . Ž . Ž .provided yr plots at 100 yrs at 20 yr m at age 20–40 at age 20–40

Pilliga CAI 16 6 17–18 NA 2.2 1300
Lorne CAI 6 6 25–26 10 6 3500

Ž .Tumut P MAI 30 18 32–33 25 17 7650
Kioloa CAI 7 3 30–35 23 8 4800

Ž .Haupapa P CAI 30 NA 40–41 28.5 30 13 500
Picton CAI 5 4 55–60 30 13 7700

Ž .Tarra Bulga P MAI 30 NA 40–41 27.5 27 12 150
Ž .Tarra Bulga E MAI 30 NA 58–60 30.5 17 10 200

Wombat CAI 16 5 30–38 12.4 7 4400

Ž . Ž .CAI: Current Annual Increment; MAI: Mean Annual Increment P : Pine plantations; E : Eucalyptus plantation; NA: indicates information
about the growth of the stand was provided by field personnel based on a variety of field harvest and growth plots.

data we estimated the height at 20 yrs and, for
fully-stocked stands, derived good estimates of MAI
averaged over the age range 20–40 yrs using pub-

Ž .lished tables and graphs West and Mattay, 1993 . At
the Lorne site the ages of the trees were not precisely
known, but the stands were composed of large diam-
eter trees that appeared to have reached maximum
height. In this case we selected an appropriate site

Ž .index height over age curve and from that, and the
reference height at 20 yrs, were able to estimate MAI
between 20–40 yrs for fully stocked stands. Table 6
summarises mensurational data collected at each site.
The range of field estimates of forest stand growth
within each location is summarised in Table 6 by the
range of maximum heights achieved at 100 yrs.
From these mean values we derived MAI estimates
for fully stocked stands between the ages of 20–40
yrs for all but the Pilliga site.

3.5. Satellite dataset

The current AVHRR sensor on board the NOAA
series of weather satellites is a simple scanning
radiometer producing data in five spectral channels
from the visible, near-infrared and thermal regions of

Ž .the spectrum Kidwell, 1988 . The orbit of the NOAA
satellites allows a daily orbital overpass to produce
full Earth coverage every day. The extensive data
archive accumulated from these sensors has become
one of the most significant data sets relating to the
biosphere. A great deal of work has been done to
ensure that the AVHRR data are accurate and consis-

tent, to provide continuity of comparable data pro-
viding interannual information on biosphere func-
tioning. Ten-day summaries of the daily observations
are created using a procedure, known as composit-
ing, which attempts to minimise the effect of cloud
contamination and atmospheric attenuation on the

Ž .imagery Holben, 1986 . The result has been the
ŽNOAA AVHRR Land Pathfinder data set Agbu and

.James, 1994 , which produces composites of a num-
ber of key variables from the satellite data including
NDVI, surface temperatures, and albedo.

The 1987 Pathfinder dataset contains a number of
errors as documented by NOAA. First, there is no
Rayleigh correction applied to the data and second,
the incident solar angle had not been corrected for
solar zenith angle before being used to calculate the
reflectance in the visible AVHRR bands. To over-
come the lack of the Rayleigh correction we fol-
lowed the procedure used by Prince and Goward
Ž .1995 and limited the NDVI to between 0.05 and
0.65. Because no raw radiances are used from the
Pathfinder data set in the model the solar angle
corrections were unnecessary. The maximum and
minimum NDVI for each site for 1987 are given in
Table 3. To predict f PAR from NDVI we used the
equation originally developed by Goward and

Ž .Huemmrich 1992 and modified by Prince and
Ž .Goward 1995 to account for errors within the 1987

Pathfinder dataset. The equation:

Fractionof PAR absorbeds1.67Iy0.08

where I is the NDVI from the Pathfinder dataset.
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The way the NDVI-derived estimates of the f PAR
were used varied depending on vegetation type. At
sites with native eucalypts the monthly estimates of
f PAR were used to predict APAR for each site. In
sites dominated by pine plantations concern about
their areal extent, and the effect of surrounding
pasture on the monthly NDVI responses altered our

Žuse of the NDVI response. In these cases Tumut,
.Tarra Bungle, and Haupapa we ran two simulations:

Ž .i using the actual NDVI data, and the estimates of
Ž .f PAR derived from them and ii assuming that

these managed forest systems maintained a projected
L) above 5 throughout the year, resulting in )90%

Žof PAR being absorbed Grace, 1987; Lang et al.,
.1991 . On this basis we calculated PAR absorbed at

these sites, assuming that the maximum monthly
NDVI recorded for 1987 applied for every month
throughout the year. This ensured that the effects of
surrounding pasture and crops greening during the
growing season and subsequent dying off and har-
vest did not influence the NDVI response of that site.

3.6. Summary of the modelling procedure

The 3-PGS procedures can be summarised as
Ž . Ž .follows Fig. 3 : 1 estimates of total incoming

radiation were derived from temperature data, and
f PAR from NDVI for each month. From these two

Ž .variables APAR was calculated; 2 if frost occurs,
reduce APAR in proportion to the days per month

Ž .below freezing; 3 calculate soil water balance as
the difference between precipitation, storage capacity
of the soil, and water transpired by the vegetation,
carrying stored water from month to month. The soil
water modifier is based on the ratio of currently

Ž .available to total available water; 4 calculate the
VPD modifier for each month from average values

Žof VPD. Either the soil water or the VPD modifier
.applies—whichever is the most severe in any month ;

Ž .5 calculate monthly GPP by multiplying APARu
Ž y1by the canopy quantum efficiency 1.8 g C MJ of

. Ž . Ž .APARu ; 6 calculate NPP as 0.45=GPP; 7 the
ratio APARu:APAR, determines the fraction of NPP
allocated to roots, with the remainder available for
above-ground growth.

4. Results

The model was run, following the procedure out-
lined above, for 1987. Rather than starting in January

ŽFig. 3. Diagrammatic representation of the inputs, constants and sequence of calculations used in the 3-PGS model. APARsAbsorbed
Photosynthetically Active Radiation, APARusUtilisable APAR, GPPsGross Primary Productivity, NPPsNet Primary Productivity,

.NPP sabove ground NPP .A
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Ž .Fig. 4. Estimated Total and above ground NPP NPP for the eight forested sites in Australia and New Zealand response. In the cases ofA
Ž .Tumut, Tarra Bungle, and Haupapa we ran two simulations: i using the actual NDVI data, and the estimates of fPAR derived from them

Ž . )and ii assuming that these managed forest systems maintained a projected L above 5 throughout the year, resulting in )90% of PAR
being absorbed. We calculated PAR absorbed at these sites using the maximum monthly NDVI recorded for 1987 applied for every month
throughout the year.

with soils arbitrarily set at field moisture capacity,
we initialised conditions by running the model for
the full year, then repeating the run starting with the
soil moisture reached at the end of the year in the
initialisation run. The results reported are from the
second run.

The regional estimates of NPP and NPP for theA

8=8 km Pathfinder pixels are shown in Fig. 4. The
simulations using 1987 data indicate the highest
above-ground and total NPP values occur at Tarra
Bulga Forest and Picton Forests in Tasmania, fol-
lowed closely by the New Zealand pine forest at
Haupapa. The lowest NPP recorded for the year
occurred at Pilliga in Northern NSW, with Lorne
State Forest, located in north Eastern NSW recording
the next lowest estimate of NPP. Of the sites where
NDVI was fixed for the year, significantly higher
estimates of NPP were obtained at the Tarra Bulga
and a slight increase at the Haupapa plantation site
Žpossibly because cloud cover throughout the month
of July may have artificially reduced the estimate of

.NDVI in 1987 . At Tumut, the NDVI of the region
did not fall significantly throughout the year, and as
a result, there was little difference between estimates
of APAR determined with a fixed maximum NDVI
and the seasonal NDVI data.

As mentioned earlier the model utilises the ap-
Ž .proach of Landsberg and Waring 1997 in that the

allocation of NPP below-ground is strongly influ-
enced by limitations to growing conditions imposed

by frost, atmospheric vapour pressure and available
soil water. The effect of this dynamic allocation
procedure can be seen in the model estimates shown
in Fig. 4 at the sites with low total NPP, such as
Pilliga and Lorne. More of the available carbon was
allocated to the root system at these sites, over 38%
of total NPP going to the roots at Pilliga and 33% of
NPP being assigned to roots at Lorne. In the most
productive stands, where the environmental condi-
tions are more favourable the allocation was reduced,
with Picton allocating less than 29% of total NPP to
the roots and Haupapa less than 28%.

Not all above-ground production goes to stems
Ž .wood production , but branches and foliage usually
represent less than 25% of the total biomass for trees

Ž .between the age of 20 and 40 Pastor et al., 1984 .
The above-ground biomass values predicted by the
model were converted into stem volume estimates
although the density of wood, particularly in euca-
lyptus species, is highly variable, and generally in-
creases rapidly between age 10 to 30. Tables are
available which summarise average wood densities
for Australian species, but values range from less

y3 y3 Žthan 300 kg m to more than 900 kg m dry
. Ž .massrfresh volume Kingston and Risdon, 1961

and age is not recorded as a variable making estima-
tion of wood densities for specific locations difficult.

ŽFor the managed forest sites pine and eucalypt
.plantations wood density values were provided by

regional forest officers, and we applied these values
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Fig. 5. Relationship between NPPA as predicted using 3-PGS and Mean Annual Increment as derived from forest inventory data for the
eight sites in Australia and New Zealand. Haupapa and Tumut pine plantation results were derived by setting NDVI to a constant maximum

Ž . Ž . Žfor 1987 NDVIs0.65 . Two Tarra Bulga results are compared i using the actual 1987 NDVI data equivalent to a native forest
. Ž . Ž .plantation , and ii setting NDVI to a constant maximum for 1987 for the pine plantation comparison .

Ž 3 y1 y1. Žto covert MAI m ha yr to mass units kg
y1 y1.ha yr . Where we lacked information, we used

the average values provided by Kingston and Risdon
Ž .1961 .

Fig. 5 shows the relationship between the esti-
mated NPP from the 3-PGS model and actual NPP ,A A

constructed from mensurational data collected in the
field. We emphasise again that growth is MAI pro-
jected for fully stocked stands between the ages of
20 to 40 yrs that are present within the area assessed
from the NOAA satellite images. The relationship

Žbetween the predicted NPP and estimated as de-A
.rived from field data is generally good with an

overall error of about "20%. Biases in the relation-
ship indicate that the MAI estimated by the 3-PGS
model are slightly higher in low production areas
and slightly lower in high production areas than
those estimated from field data.

5. Discussion

5.1. Choice of independent Õariable

There are two main reasons for choosing to esti-
mate the mean annual production between ages 20 to

40 yrs for fully stocked stands, rather than using
actual 1987 growth increments.

Ž .i The 3-PGS model utilises monthly 1987 NDVI
data to estimate the f PAR absorbed and provide
values of the radiation term needed in the hydrologic
component of the model. The NDVI values, how-
ever, provide an estimate of the absorption of radiant
energy by all vegetation in the observed cell, which
encompasses both overstorey and understorey plants.
This is particularly the case in Australian native
forest environments where the L) of the overstorey
canopy is much lower than in typical northern hemi-

Ž .sphere forests Landsberg and Gower, 1997 . As a
result, the NDVI of the pixel reflects the total vegeta-
tion present, regardless of its position in the canopy.
Any estimate of NPP derived from satellite analyses
represents the photosynthetic capacity of all vegeta-
tion and subsequently provides an estimate of MAI
of the forest at maximum stocking. Actual produc-
tion of the forest depends on age, stocking and
species composition. The use of the 1987 NDVI data
provides realistic estimates of the constraints that
need to be applied to the data and the use of the
corresponding meteorological data allows constraints
imposed by the environmental conditions to match
the NDVI constraints in the model. This, we feel,
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allows us to demonstrate the general soundness of
the modelling approach, before extending the analy-
ses to include decades of satellite and weather data.

Ž .ii The use of this model to provide NPP esti-
mates for forests at or near their peak production
provides valuable information: almost regardless of
the kind and age of vegetation present it essentially
represents an index of the productive capability of

Ž .the site Goward et al., 1985 . If, over time, climate
or management change the capacity of the site, the
cause should be identifiable by assessing whether or
not the NDVI pattern matches changes in weather
patterns or is independent, and therefore likely to

Žrepresent other causes e.g., pollution, erosion, com-
paction, sustained outbreaks of insects and

.pathogens .

5.2. Physiologically-based models driÕen by satellite
data

In this project we used remotely sensed observa-
tions as inputs to the 3-PGS model to derive the
fraction of PAR absorbed by the canopies, thus
providing constraints to the model with respect to the
NPP accumulated by the forest stands. We have
shown that, at relatively coarse scales, incoming
solar radiation can be accurately modelled from
commonly available meteorological variables such as
temperature coupled with basic geographical infor-
mation about the site. From the model output it is
possible to identify the constraints imposed on poten-
tial growth by vapour pressure deficit, soil water
balance and frost. These constraints can be compared
to provide an indication to the key factors restricting
vegetation growth of the area. The satisfactory corre-
spondence between values of NPP obtained fromA

3-PGS, and estimated by conventional forestry mea-
surement techniques, indicates that the model pro-
vides a sound and useful framework for regional
modelling.

There are, however, some key areas where the
original forestry data, the modelling procedure and
the use of field data for development and validation
can be improved.

Ž .i The coarse spatial resolution of the AVHRR
Pathfinder dataset effectively limits the predictions
of the 3-PGS model to areas, in the order of 8=8
km. Whilst this is adequate for global or continental

Ž .analysis Prince and Goward, 1995 it obviously
limits the application of the results at landscape
scales. Future research in this area is likely to intro-

Ž .duce two alternatives: a using currently available
technology, landscape studies could be initiated us-

Žing full resolution AVHRR data with a near nadir
.spatial resolution of 1.1 km , combined with for

Ž .example, Landsat Thematic Mapper TM or Multi
Ž .Spectral Scanner MSS data. This would provide

‘snapshots’ of the forest with very high spatial reso-
Ž .lution 30 or 80 m respectively to be obtained at

specific intervals. The utilisation of this higher spa-
tial and spectral resolution remotely-sensed imagery
should allow, at very least, basic discrimination of

Ž .forest age classes e.g., Cohen et al., 1995 and
Ž .structure e.g., Wu and Strahler, 1994 , which could

then be utilised as inputs to the 3-PGS model. By
combining the monthly composites of NDVI from
the AVHRR with high resolution maps of the region
derived from Landsat data, 3-PGS could be applied
at a landscape scale combined with a number of key
spatial variables such as current forest age class, and
some basic quantitative soil information, such as

Ž .fertility and water holding capacity. b In the longer
term the launch of the Earth Observation System
Ž .EOS , scheduled for the year 2000, will provide

Ždata from a new sensor Moderate Resolution Imag-
Ž ..ing Spectro-radiometer, MODIS with a near nadir

spatial resolution of 250 m, which will allow weekly
1 km spatial resolution estimates of biome specific
net photosynthesis of the global terrestrial biosphere
Ž .Running et al., 1994a .

Ž .ii The predictions of NPP for large 8=8 km
areas makes it difficult to validate the results on the
basis of forest plot data because of the difficulty of
making a spatial estimate from sufficient plots to
encompass field variability. We have attempted to do
this in this paper, but it is worth noting the need for
forest managers to develop procedures to sample at
spatial scales in their inventory data collection tech-
niques. Data on the extent, size and spatial distribu-
tion of the forests, and their condition within speci-
fied areas are immensely important for the validation
of models of this type, and indeed for good estimates
of forest productivity over large areas.

Ž .iii Both 3-PG and 3-PGS use a monthly time
step, which has disadvantages with respect to mod-
elling the water balance of forests. Improvements
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could be effected by introducing a daily time step
version of the model, although this would require

Žsignificantly more meteorological information par-
.ticularly rainfall at each site, as well as a more

accurate estimates of rooting depth of the species,
and would lose some of the advantages of the simpli-
fied formulation of these models.

Ž .iv The comparison of model output with actual
forest growth information has highlighted differences
in the way managers and landscape modellers mea-
sure the forest. Typically forest managers in Aus-
tralia measure tree DBH or basal area of the forest
stand in plots. This provides conventional inventory
information, but these data are difficult to utilise for
biomass estimation because they do not usually in-
clude estimates of forest age, height or composition,
or these estimates are poor. As a result, while there
is a wide variety of forest growth information avail-
able, much of it is difficult to analyse and utilise in a
comparison with NPP estimates for a forest. Simi-A

larly the density of the wood is a key factor in
estimating the total biomass of the stand. The

Ž .Kingston and Risdon 1961 tables are invaluable,
but they provide no information about variations
caused by growing conditions or the way wood
density changes as the trees age.

6. Conclusions

In this paper we combine general physiological
principles into a model that can be driven, almost
entirely, from readily available monthly weather
records and monthly satellite-derived images of
changing greenness across landscapes. Minimal in-
formation is required on soils and vegetation. With
one year’s data, we demonstrate the potential to
obtain a reasonable estimate of a region’s present
productive capacity. The opportunity exists to ex-
pand the analyses to include decades of data, and
thereby evaluate longer-term implications of climatic
variation and other factors affecting forest productiv-
ity.
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