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Summary

The extent to which growth is limited by climatic factors or soil fertility is of significance to foresters
concerned with the management of Sitka spruce plantations throughout Great Britain. A simplified
physiologically based model, driven with monthly weather data, provided a means to assess growth
limitations imposed by solar radiation, subfreezing and suboptimal temperatures, soil drought and
atmospheric vapour pressure deficits, wind and soil fertility at sites differing in maximum wood
volume production by fourfold. To drive the model, conventional weather station data were
extrapolated to provide estimates of precipitation, solar radiation, vapour pressure deficits,
suboptimal temperatures and frequency of subfreezing conditions. Variation in solar radiation
associated with topography accounted for nearly half the differences observed in plantation growth.
Unfavourable temperatures reduced annual photosynthesis and growth only by 10-15 per cent as
they occur primarily in months with limited solar radiation. Drought and vapour pressure deficits do
not appear to offer major constraints on growth. Soil fertility, however, significantly limited growth
on a number of sites. The modelling approach provides a measure of nutrient availability by
predicting the maximum accumulation of nitrogen in the canopy. The modelling analysis suggests
that foresters could improve forecasts of Sitka spruce plantation growth throughout the UK with
better estimates of solar radiation and canopy nitrogen content than with more conventional sets of
measurements.

Introduction commercial species. Although the species is

adapted to a wide range of environments, growth
Sitka spruce (Picea sitchensis (Bong.) Carr.) is rates vary by more than fourfold (Hamilton and
established throughout Great Britain as a major  Christie, 1971). The prediction of yield class
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(m3ha='a~1) in relation to elevation, soil type, cli-
matic and topographic variables has been the
subject of many papers (Macmillan, 1991; Worrell
and Malcolm, 1990a, b; Proe et al., 1996). Based
on empirical models and field surveys, geographic
variation in Sitka spruce yield classes has recently
been mapped at a 1 km? resolution for Scotland
and Wales (Allison et al., 1994; Bateman and
Lovett, 1998). Although empirical models are
widely used, they are not designed to explain how
changes in environmental conditions affect
growth, or to make predictions beyond current
conditions. With projected changes in atmospheric
CO,, climatic conditions, and nutrient balances,
there is increasing interest in more process-based
forecasts of growth.

Over the last decade, much progress has been
made in the development of more mechanistic
forest growth models designed to couple water,
carbon, and nutrient cycles (Running and Gower,
1991; McMurtrie and Landsberg, 1992; Friend et
al., 1993; Aber et al., 1995; Mohren and Ilves-
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niemi, 1995). At their heart, these process models
have common elements that link the atmosphere,
vegetation, and soils (Figure 1). A suite of climatic
variables is required to drive the models that
include precipitation, solar energy, temperature,
and the atmospheric vapour pressure deficit (D).
At longer intervals, changes in atmospheric CO,
concentrations must also be taken into account.
The canopy and forest floor intercept radiation
and precipitation. Some water recharges the soil
and enters streams, the rest is converted to water
vapour and is evaporated or transpired back into
the atmosphere. The upper limit on photosynthesis
is set by the amount of light (400-700 nm)
absorbed by the canopy and the photosynthetic
conversion (quantum) efficiency, the latter pri-
marily a function of nutrition. Reductions in
stomatal conductance limit the rates of water
vapour loss via transpiration and CO, uptake via
photosynthesis. Stomatal conductance is affected
by all the climatic variables and by the availability
of soil water. The products of photosynthesis are
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Figure 1. Schematic of a simplified process model to predict forest growth (Landsberg and Coops, 1999).

D signifies atmospheric vapour pressure deficit.
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partitioned into growth and plant respiratory
losses of CO, back to the atmosphere. Carbon is
partitioned into foliage, stems, and roots differen-
tially, depending on the extent that resources limit
photosynthesis and growth. Eventually, plant com-
ponents are shed and converted into detritus
which is incorporated into soil organic matter,
leached, or converted into CO, via heteorotrophic
respiration (but not shown in Figure 1).

In the UK, annual solar radiation rarely
exceeds 4000 MJ m~2 a~1. Of this, about half is
visible light, so if 2000 MJ m~2 a~! were com-
pletely absorbed by a dense canopy, and con-
verted at maximum efficiency of 4 gC MJ~1, 8000
gC m=2 a~! could be fixed as photosynthate.
Only about half of the fixed photosynthate can be
util-ized for growth (e.g. 4000 gC m~2 a~1); the
rest is respired as CO,. Assuming 50 per cent
carbon content in dry matter, the maximum pro-
duction of dry matter in the UK would then be
~8000 g m~2 a~!. Wood represents, at most,
slightly more than 50 per cent of the total pro-
duction, equivalent to ~4000 g m~2 a~!, which
converts, assuming a density of 400 kg m~3, to a
maximum current annual increment (CAI) of
~100 m3 ha=! a=1. According to relationships
indicated in the yield tables of Hamilton and
Christie (1971), this is equivalent to a maximum
mean annual increment (MAI) of 70 m3 ha—!a~1
(0.68 of maximum CAI), a value nearly twice as
high as any reported (Ford, 1982).

Wood growth is reduced below the potential
not only because of limitations on the photosyn-
thetic process, but because an increased propor-
tion of growth is directed to root production as
the environment becomes more stressful (Waring
and Running, 1998). A shift in resource allo-
cation to roots reduces not only stem growth, but
also the amount of foliage that can be displayed
to intercept light. Although the relationships con-
trolling allocation of resources are not yet fully
defined, there is little question that limiting nutri-
ents, water, and frost all tend to increase the frac-
tion of photosynthate allocated to roots. Wind
may also stimulate trees to modify resource allo-
cation below ground (Nicoll and Ray, 1996).

Most process models require an amount of
information beyond that readily available to forest
managers. In addition, few process models predict
stand characteristics such as basal area, mean tree
diameters and annual mortality. Landsberg and

Waring (1997) attempted to blend the interpreta-
tive power of a mechanistic process model with the
mensurational features required by foresters in a
simplified physiologically based process model for
predicting growth (3-PG). The model is particu-
larly well suited to evergreen, even-aged forests
composed of a single species such as Sitka spruce.
To provide the weather data required to drive 3-
PG, spatial extrapolations of minimum/maximum
temperatures and precipitation are necessary. In
addition, algorithms must be applied to transform
minimum/maximum temperature data into esti-
mates of solar radiation, atmospheric vapour pres-
sure deficits, and the frequency of subfreezing
conditions each month (Running et al., 1987).

The objective of this paper is to demonstrate the
potential of 3-PG to forest managers by applying
the model in a diagnostic mode. The approach
involves deriving some parameter values, such as
in the equations relating stem diameter growth
with foliage and root growth, that give predictions
of maximum CAI close to those observed on the
most productive Sitka spruce sites with maximum
CAI > 40 m? ha=! a—1. These sites represent, one
may assume, places where solar radiation and sub-
optimal temperatures offer the only limits of pro-
duction. With parameter values established, the
model will be used to diagnose the relative con-
straints exerted by other factors on less productive
sites. In this analytic mode, the model predicts the
maximum canopy leaf area index and the canopy
nitrogen content, values that can be directly
measured in the field. Because 3-PG also contains
a water balance subroutine, sites can be identified
where seepage or a high water-table can be
assumed to play a role in ameliorating the effects
of drought. In addition, the basic construction of
3-PG allows foresters to forecast plantation
growth into the future under a variety of manage-
ment practices and climatic conditions.

Location and site descriptions of
plantations

The Forestry Commission provided information
on 12 widely scattered sites where plantations of
Sitka spruce have been established (Figure 2). In
addition to physiographic information and growth
rates, Forestry Commission staff provided some
qualitative estimates of soil fertility and exposure
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Figure 2. Geographic location of the 12 sites (numbers in parenthesis) followed by measured maximum
CAI Map provided by Jane Fletcher, Forestry Commission, Northern Research Station, Bush Estate, Edin-

burgh.

to wind (Table 1). These latter two classifications
were assumed to be tentative, and not employed
directly in the diagnostic analysis.

3-PG model structure

3-PG incorporates a number of important simpli-
fications that have emerged from studies con-
ducted in a wide range of temperate forests,
which can be summarized as follows:

¢ At monthly time steps or longer, the ratio of net
production (Py) to gross photosynthesis (Pg)
approaches a constant (0.47 = 0.04) (Arneth et
al., 1998; Waring et al., 1998; Law et al.,
1999). This assumption simplifies the problem
of calculating respiration losses.

¢ The maximum rates of water vapour and
carbon dioxide exchange through leaf stomata
approach a constant by the time a forest canopy
reaches a leaf area index of 3.0 (Kelliher et al.,
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Table 1: Information on the location of Sitka spruce plantations, physiographic setting, soil fertility, wind
exposure and maximum current annual increments, provided by the UK Forestry Commission
Wind Maximum

Site Latitude Longitude Elevation Slope Aspect Soil exposure CAI
number (°N) (°W) (m) (degrees)  (degrees)  fertility 1 =noeffect (m3ha'al)

1 50°058' 3°17' 350 N 225 poor 0.4t 46

2 57°22' 3°14' 100 20 135 poor 0.8 43

3 56°25' 59207 200 25 180 rich 0.6 43

4 57°26’ 4°13’ 190 3 225 poor 0.8 41

S 54°10' 024’ 120 S 158 poor 0.9 39

6 50°20’ 3°35’ 430 4 180 poor 0.3t 35

7 55°03' 4°20’ 120 S 112 poor 0.6 29

8 55°24' 1°32' 20 2 135 very poor 0.7 25

9 53°01' 4°06’ 430 27 180 poor 0.5 22
10 56°07’ 4°29' 270 21 45 poor 0.5 20
11 54°23' 3°06’ 380 25 338 poor 0.6 14
12 55°09' 4°09’ 180 6 180 poor 0.6 11

* Robert Matthews selected sites to represent a wide range in maximum CAI, averaged from inventories at 5-
year intervals. Graham Pyatt provided estimates of soil fertility based on limited data. Bruce Nicholl added
wind rankings founded on a topographic exposure classification (Quine and White, 1993).

.I.

Estimates made with less adequate data.

1995) and that at leaf area indices >3.0,
maximum photosynthesis is a linear function of
the amount of light intercepted and absorbed
(Wang et al., 1991).

These assumptions reduce the requirement for
accuracy in assessment of canopy leaf area index
(L) and simplify calculation of transpiration and
photosynthesis.

The ratio of actual:potential photosynthesis
decreases in response to the most restrictive
(monthly) climatic limitation, which affects the
fraction of carbon allocated to roots (Runyon
et al., 1994; Waring and Running, 1998). This
ratio expresses the combined effects of all cli-
matic variables on photosynthesis and predicts
the fraction of photosynthate allocated to roots
(See Table 2).

As soil fertility increases, proportionally less
carbon is allocated to roots and proportionally
more is available for above-ground growth
(Beets and Whitehead, 1996; Waring and
Running, 1998). The fraction of production
not allocated to roots is proportioned between
foliage and stem wood using species-specific
allometric relations with tree diameter (Table
2). Soil fertility also affects the canopy
quantum efficiency (Waring et al., 1995; Linder
and Murray, 1998).

A flow diagram outlining the calculations that
comprise the model is presented in Table 3. The
model uses a monthly time step and requires as
input data:

e values of total short-wave (375-2500 nm)

incoming radiation (dy);

monthly mean day-time atmospheric vapour
pressure deficit (D);

total monthly precipitation;

number of days per month below a threshold
subfreezing temperature of —2°C.

The short-wave incoming radiation ¢, is
assumed to be twice the visible, photosyntheti-
cally active radiation ¢,,. The amount of ¢,
absorbed by the canopy is a function of the
canopy leaf area index (L) and is calculated from
Beer’s law (Table 2). The fraction of absorbed
photosynthetically active radiation utilized ¢y, is
obtained by reducing the value of ¢,,, by amounts
determined by modifiers () — dimensionless
factors (f;) with values varying between zero and
unity. The modifiers reflect the constraints
imposed on the utilization of absorbed radiation
because of stomatal closure, associated with high
atmospheric vapour pressure deficits (D), soil
drought, defined by the ratio of the amount of
water in the root zone to the maximum possible
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Table 2: Model functions and parameters used for Sitka spruce in this study that may differ slightly from those
in the original description of 3-PG (Landsberg and Waring, 1997)

Variable

Functions and parameter values

Reference

Light conversion efficiency of
photosynthesis

Constraints of light conversion
efficiency associated with
temperature

Fraction of radiation absorbed by
canopy

Stomatal response to humidity

Specific leaf area

Allometric equation for stem mass

Allometric equation for foliage
mass

Wood density in stands <20 years
old

Maximum leaf litterfall

Fraction of production allocated to
roots, monthly

Maximum canopy quantum
efficiency . ranges from 1.9 to

3.8 gC MJ! by, increases linearly
with soil fertility rank

Tope Was set at 15°C, Ty, =5°C,
and T, 35°C

1-(1.38 exp (~0.6615 * L)

8c = &cmax €XP (_25 * D)

7.0 m? kg!

Stem mass, kg = 0.0007 exp(2.1896
* dia., mm)

Foliage mass, kg = 0.002 exp(1.75
* dia., mm)

350 kg m™3

0.0143 month™! of L, or 0.17 a™!

0.5/(1 + dpau/dpa) * 2.5 * highest f;
Selects the most restrictive
environmental constraint (f;), e.g.,
with value nearest zero; includes
soil fertility and wind exposure

Landsberg, 1998
Waring et al., 1995
Linder and Murray, 1998

Neilson and Jarvis, 1975
[see formula 1]

Wang et al., 1991

Same function as in Landsberg and
Waring, 1997

Matson et al., 1994

Hamilton and Christie, 1971
[Tariff Table 30]

This study
Petty et al., 1990

Miller et al., 1992, 1996

Changed numerator
from 0.8 to 0.5
Landsberg and Waring, 1997

L, leaf area index, m* m%; ¢,,,, photosynthetically active solar radiation, MJ m2 month~!; ¢,,,, photosyntheti-
cally active solar radiation utilized, MJ m2 month~1; g.;,.«, maximum stomatal conductance, m s™!; D, monthly
mean daily vapour pressure deficit, kPa; dia., average stem diameter, mm; T, optimum temperature for

photosynthesis; g, stomatal conductance, m s~1.

amount available (0) and the effects of subfreez-
ing temperatures (T). Gross photosynthesis is
calculated as the product of &,,, and the canopy
quantum efficiency (o). The ratio of by, u:dp, rep-
resents the relative constraints on photosynthesis
associated with partial to complete stomatal
closure.

A temperature function (Ty), which varies
between zero and unity, was added to the model
by Landsberg (1998) to take account of varia-
tions in monthly mean temperature (Tp.,,) that
approach a threshold maximum (Th,,,) or
minimum (Th,,;,) departing from the temperature
optimum (T,,,) for photosynthesis. This monthly
temperature function is multipled by the

maximum canopy quantum efficiency (max. o)
set by soil fertility rankings (0-1) between 1.9
and 3.8 gCMJ ™! dpqy

T Th Th T (Thmax _Topt)
( mean min) X ( max mean) (T _Thmin) (1)

T = opt
f (Topt _Thmin) (Thmax _Topt)

Starting values of foliage, stem and root mass
are also required, appropriate to the age of the
stand at the beginning of a run, together with
allometric equations for the species and some soil
parameters. Parameter values and allometric
equations for Sitka spruce are presented in Table
3. Leaf area index is determined from foliage
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mass and input values of specific leaf area (m?2
kg=1). In this study, the model was run for 20
years at a stocking of 2500 seedlings ha~!, with
the initial biomass of foliage, roots, and stems set
at the same values used by Landsberg and Waring
(1997): 1, 3, and 6 Mg ha=1, respectively. To sim-
plify the analysis, the thinning routines, which
include self-thinning using the —3/2 power law,
were switched off because the initial stocking
level chosen was near that predicted at 20-25
years from normal yield tables (Hamilton and
Christie, 1971).

Sitka spruce plantations are normally estab-
lished where soil moisture in the rooting zone is
rarely exhausted. In this analysis, monthly tran-
spiration was assumed to match any losses that
might have otherwise occurred through evapora-
tion of free water from the canopy. This assump-
tion inflates the amount of water extracted via
roots and required therefore that 6,,,, be set at or
above 200 mm. If the model predicted that the
soil water supply would be exhausted during any
month of the year, 0,,,, was further increased in

Table 3: Flow diagram: 3-PG

increments of 100 mm until the soil water balance
remained above zero.

Conversion of weather data

Conventional weather data from the UK Meteo-
rological Office were compiled by Thomas Con-
nolly and Graham Pyatt at the Northern Research
Station of the Forestry Commission to provide
long-term averages of monthly precipitation and
minimum/maximum temperature for stations
near each of the selected plantation sites. Both
temperature and precipitation data were adjusted
to take into account rain shadows and tempera-
ture differences associated with topography and
elevation in manners similar to those outlined by
Running et al. (1987).

The topographically adjusted minimum/
maximum temperature data served as a basis for
calculating all additional meteorological vari-
ables (apart from wind exposure). Mean monthly
temperatures were calculated from the average of

Inputs

Weather data: temperature, precipitation, humidity, radiation, subfreezing days

Initial biomass: foliage, stems, roots

Variables: max. available soil water, initial stem number, stand age, max. stand age

Parameters: canopy quantum efficiency, temperature optimum and limits for photosynthesis, ratio of Py:Pg,
max. leaf and canopy conductance, specific leaf area, maximum litterfall rate, root turnover rate (if soil
carbon balance is of interest), soil fertility ranking, wind exposure ranking, and parameters for the allometric

equations

Model calculates monthly

Leaf area index from foliage mass and specific leaf area and monthly litterfall
Max. degree that a climatic variable limits stomatal or canopy conductance

Transpiration from Penman—-Monteith equation

Gross photosynthesis from utilizable PAR * quantum efficiency
Net primary production (Py) as a fixed fraction of gross photosynthesis

Fraction of Py allocated to roots
Fraction of Py allocated to stems and foliage

Model calculates annually
Stem wood production (mass and volume)
Net production, above and below ground
Natural mortality and mortality through thinning
Updates tree biomass (alive and dead)
Litter and root turnover
Autotrophic respiration

Relative constraint imposed by each environmental factor on production
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maximum and minimum temperatures. The
number of days per month with subfreezing tem-
peratures <—2°C was estimated from mean
monthly minimum temperatures based on an
empirical relation established in Oregon (44° 30’
N, 121° 37" W) from data furnished by Peter
Anthoni, Oregon State University:

Number of days per month <—2°C = T, (2)
* —1.57 + 11.62; if <0, then 0 days <—2°C

The mean monthly daytime atmospheric
vapour pressure deficit (D) is estimated by assum-
ing that the minimum temperature is equivalent to
the saturated vapour pressure of the atmosphere.
The difference between the saturated vapour pres-
sure at the maximum temperature and that at the
minimum represents the maximum average D for

FORESTRY

the month, the mean daytime D is approximately
two-thirds of the maximum D, based on data
from the same site in Oregon used to derive the
relation between Ty, and number of subfreezing
days per month (see Figure 3a). The saturated
vapour pressure was estimated from a formula
referenced by Running et al. (1987).

Saturated vapour pressure, kPa = 0.61078 (3)
exp[17.269 Tyl (237.3 + Toi)]

Estimates of monthly mean solar radiation
were derived from minimum/maximum tempera-
ture data following procedures described by
Bristow and Campbell (1984). With knowledge
of the location, elevation, slope and aspect, the
maximum potential radiation can be estimated,
taking into account the seasonal variation in the
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Figure 3a. Mean monthly daytime vapour pressure deficit (D) can be accurately estimated from
minimum/maximum temperature data (see formula 3). Triangles represent measured values; squares repre-
sent predicted values. Data acquired by Peter Anthoni, Oregon State University at 44° 30’ N, 121° 37’ W,
elevation 940 m (Law et al., 1999). Dy caqureds kPa = 1.0 * Doyegicreds 7+ = 0.98.

Figure 3b. Monthly solar radiation was predicted from mean monthly minimum/maximum temperature
data from Glasgow, Scotland (Lebens, 1986) using equations 4—6 (Bristow and Campbell, 1984). Triangles
represent measured values; squares represent predicted values. With low sun angle and much cloud cover,
diffuse radiation contributes more than predicted with the simple model. A linear equation with a slope of
0.87 and an intercept of 73 M] m~2 month~! provides a closer fit to measured radiation (7> = 0.98).
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sun’s solar angle of declination to the Earth’s
surface. The extent that clouds, pollution, or fog
reduce solar radiation below the potential is
reflected in the difference between minimum and
maximum temperatures (AT). Although a good
relationship can often be obtained using only
mid-month estimates of solar declination (Coops
et al., 1998), the estimates are improved when
changes in solar declination are taken into
account at more frequent intervals (Running et
al., 1987). In this study, monthly averaged radi-
ation was estimated by taking into account daily
changes in solar declination and day length (see
Figure 3b). Clear sky transmissivity ({}) was
increased from 0.65 at sea level with elevation.

Q = 0.65 * Elevation, (m) * 0.0008 (4)
(g« Ap{AT)

b =QF 1exp< <B AT >> (5)

Where B = 0.035 exp(—0.154 * AT) (6)

The long-term average radiation recorded at
Glasgow (56° 45" N, 4° 18’ W) agreed closely
with a year’s worth of data acquired northwest of
Perth (56° 54’ N, 3° 72’ W) by John Moncrieff
from the University of Edinburgh. In the simpli-
fied model, the ratio of diffuse:direct solar radi-
ation was assumed constant at 0.15. Because
of extensive cloud cover in the UK, the actual
ratio of diffuse: direct solar radiation is usually
above 0.6 (Lebens, 1986). All predictions of solar
radiation derived from extrapolated minimum
maximum temperature data were therefore

adjusted, using a linear relationship with a posi-
tive intercept.

Actual Solar Radiation (d), M] m~2 (7)
month=! =73 + 0.87 (Predicted &,)

Results

The first step in the analysis involved the sensitivity
of model predictions of maximum leaf area index
and maximum CAI to changes in slope and aspect.
In Table 4 a comparison of four plots with
maximum CAI>40 m3 ha=! a~! illustrates that as
the slope increases from 3° to 25° (refer to Table
1), there is increasing variation in the predicted
values of maximum leaf area index and maximum
CAL In general, the effect of slope appears to be
reduced approximately by half, probably in
response to the large amount of diffuse radiation
associated with overcast skies in the UK (Jones,
1992). As a result of this analysis, solar radiation
estimated for sites on sloping ground was calcu-
lated at half the true slope angle. The maximum L
values, it should be noted, are similar to the
average reported by Miller et al. (1992) for six fer-
tilized pole-sized Sitka spruce plantations (L =
12.3, assuming a specific leaf area = 7.0 m2 kg~1)
and for highly productive forests in the Pacific
Northwest United States (Waring et al., 1982).
The second step in the analysis was to establish
to what extent solar radiation contributed to
Sitka spruce productivity. As seen in Table 35,
differences in estimated solar radiation varied by
almost two-fold from 2200 to 4100 MJ m~2a~1.
These differences are sufficient to account for

Table 4: Comparison of model predictions of maximum leaf area index and maximum current annual
increments for four highly productive sites indicates that the effect of slope in the UK is reduced by about half
that predicted for the true slope and aspect, as a result of increased diffuse radiation associated with overcast
skies. See Table 1 for information on slope and aspect of the sites

Maximum leaf area index

Maximum current annual increment

True slope Half True slope Half Observed

Site Flat and aspect slope Flat and aspect slope max. CAI
1 13 14 14 42 46 43 45
2 10 15 13 32 52 43 43
3 10 18 13 28 63 41 43
4 13 13 13 43 45 42 41
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production ranging from 25 m3 ha=! a=! at Site
8 to 45 m3 ha=! a~! at Site 1 with soil fertility
(and wind exposure rankings) set at 1.0, and the
quantum efficiency at the theoretical maximum
(3.8 gC MJ ! ¢bp,,). For all sites, however, solar
radiation alone only accounted for 47 per cent of
the variation in measured maximum CAI.

Temperature played a secondary role in limit-
ing production. Although subfreezing conditions
were predicted to occur from 40 to 70 days
throughout the year on the four most productive
sites, less than a 2 per cent increase in growth was
predicted when the effect of subfreezing con-
ditions were ignored. At the same sites, the
monthly mean temperature function (Ty) was
within 5 per cent of the assumed optimum for
photosynthesis (15°C) from June through Sep-
tember. In October and May, T still averaged
0.89 of optimum; in November and April T fell
to between 0.74 and 0.78, and by December and
January, to a low of 0.60. At latitudes 51-57°N,
more than half the annual radiation is distributed
during the months June through September when
Tt is near optimum. In winter, limitations in solar
radiation predominate over constraints imposed
by suboptimal and subfreezing temperatures. For
these reasons, annual growth of Sitka spruce
plantations in the UK is reduced only 10-15 per
cent, compared with production rates when T is
set at optimum for every month.

Monthly mean vapour pressure deficits ranged
from less than 0.1 to 1.4 kPa throughout the year
at the 12 sites with average maximum of 1.2 kPa
in July and an annual mean of 0.7 kPa. These are
modest vapour pressure deficits and offer essen-
tially no restrictions on photosynthesis or growth
using the function presented in Table 2.

Soil water storage capacity was not expected,
nor assumed to be a major constraint on photo-
synthesis or growth of Sitka spruce. On 10 of the
12 sites, setting the water storage capacity in the
rooting zone at 200 mm was sufficient to maintain
at least 25 per cent of the available water storage
every month throughout the year. The ratio of esti-
mated annual transpiration:precipitation in these
cases averaged 0.64 (Table 5). At three sites, the
ratio of annual transpiration:precipitation
exceeded 0.85 (Sites 2, 5, and 8). In all these cases,
original survey notes indicated the presence of
ground water or seepage (personal communication
from Robert Matthews and colleagues at the

Forestry Commission Branch, Alice Holt). Process
models that run at hourly to daily time steps can
separate evaporation from transpiration. In this
analysis, however, all losses of water to the atmos-
phere were assumed to be through transpiration,
and on rainy days evaporation was assumed to be
at rates equivalent to those calculated for transpi-
ration under average conditions with a dry canopy.
These assumptions are justified on the basis that
the maximum rates of evaporation and transpira-
tion from dense coniferous canopies are similar
(0.5 mm h™! or 5§ mm day~! (Jarvis and Stewart,
1978).

The third and last step in the analysis involved
increasing the constraints on production attrib-
uted to infertile soils. When soil fertility was set
at 1.0, e.g. non-limiting, predicted growth was
higher than observed at half of the 12 sites. To
match observed growth more closely with that
predicted, soil fertility rankings were adjusted
downward for sites 6, 7, 9, 10, 11 and 12 (Table
5). These adjustments in rankings resulted in
changes in leaf area index, quantum efficiency,
and nitrogen content in the foliage. Nitrogen
concentration in foliage was assumed to increase
from 1 to 2 per cent across the range in soil fer-
tility rankings (Miller et al., 1992). The predicted
N content ranged from a minimum of 70 kg ha~!
to a maximum of 390 kg ha~! (Table 5). There
was only a fair relationship between maximum L
and maximum canopy N content (2 = 0.64)
because a whole suite of enviromental variables
besides nutrition affect carbon allocation to
foliage. The average N content in the four fastest
growing plantations averaged 380 kgN ha=1,
comparable to measured values (averaging 350
kgN ha~1) reported for six pole-sized stands that
were heavily fertilized (Miller et al., 1992).

Discussion

Model functions and parameter values

Although 3-PG is a general model, its performance
is improved when detailed knowledge is available
for a particular species and for the environment in
which it is growing. Sitka spruce is a species on
which a vast amount of research has been con-
ducted over the last 30 years. Nevertheless, from
the perspective of process modelling, some gaps
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stand out, while other areas are more than ade-
quately covered for developing functions and
assigning parameters (Table 2).

Much effort has gone into modelling light pen-
etration through Sitka spruce canopies and in
modelling the process of photosynthesis. Sitka
spruce reflects only about 4 per cent of visible
light, compared with 10-15 per cent by other
species. This difference in reflectivity is incorpor-
ated in the formula developed by Wang et al.
(1991), but this refinement hardly matters
because leaf area indices above 6.0 generally
intercept >95 per cent of incoming radiation.
Although Sitka spruce is known to be sensitive to
moderate vapour pressure deficits (Watts et al.,
1976), in applying monthly averaged data, the
general response previously employed proved
reasonable; in fact, a more sensitive stomatal
response to vapour pressure deficits would not
have provided rates of photosynthesis adequate at
maximum conversion efficiency to match
observed growth.

The temperature functions can be important
when comparing temperate forest species that
evolved from boreal in contrast to subtropical
stock (Hawkins and Sweet, 1989). As was shown
in this analysis, however, ignoring seasonal depar-
tures from optimum temperature and subfreezing
conditions results in an increase in predicted
growth of only 10-15 per cent. Allometric equa-
tions were determined from volume tables and
from empirical fitting of constants to give a
smooth increase in leaf area index and stability
when self-thinning begins. The general con-
clusions from the simulations would not be sig-
nificantly altered using even more general
allometric equations, although the accuracy
would no doubt be less. Simplifications in the
model in the ways that transpiration and photo-
synthesis are calculated also ease the burden of
deriving allometric equations to predict foliage
biomass from stem diameter. Similarly, with
generally high leaf area indices, estimates of
annual litterfall can vary from 0.15 to 0.20 of
total leaf area with little effect on photosynthesis
or wood production.

Wood density and specific leaf area are vari-
ables that are known to vary with stocking. Petty
et al. (1990) give values that range from about
320 to 360 kg m 3 for Sitka spruce stands in Scot-
land. Specific leaf area values were obtained from

an average of seasonal estimates made on dense
coastal Sitka spruce and western hemlock forests
growing in Oregon. Lower values might be
expected in more open stands, but variation in
this parameter does not significantly change the
fraction of light intercepted once leaf area index
>6.0.

Environmental limitations to Sitka spruce
growth

From the analysis, the relation between soil fer-
tility and maximum quantum efficiency is one
that deserves special attention. The range in
maximum o, is well established but the relation-
ships with nitrogen and chlorophyll concentra-
tions are derived from a variety of species. These
relationships need to be established specifically
for Sitka spruce. The least known of all relation-
ships deals with allocation to roots. Inferences
have been made from annual budgets on fertilized
and unfertilized pine plantations and from a
range of native forests (see Waring ef al., 1998).
In the allocation formula (Table 2), the numera-
tor in the equation was set at 0.5 for Sitka spruce
rather than 0.8, a change that resulted in not
more than 35 per cent of net primary production
going to roots on an annual basis. In contrast,
more deeply rooted species may allocate as much
as 60 per cent to roots (Runyon et al., 1994).
These changes in the allocation formula seem
reasonable, and in the case of Sitka spruce, neces-
sary to match measured stem wood growth >40
m3 ha=la~1,

From the 3-PG diagnostic analysis, the most
important limitation on wood production by
Sitka spruce in the UK appears to be incident
solar radiation, which varies by nearly twofold,
and secondarily, soil fertility, which varies by
more than fourfold (Table 5). Most of the vari-
ation in solar radiation is associated with slope
and aspect. The four plots with maximum CAI
>40 m3 ha=1 a~! averaged ¢; 3500 M] m=2 a1
whereas the three least productive sites analysed
received ¢, 2200 MJ m~2 a~1, almost 40 per cent
less. Solar radiation alone, however, is an
insufficient basis on which to predict yields. Site
9 received more than 4000 M] m~2 a~1, yet grew
less than half the maximum CAI reported.

Soil fertility is not an easy variable to correlate
with soil morphology as noted by the lack of
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correspondence between estimates provided by
the Forestry Commission in Table 1 with those
generated by the model in Table 5. A poor corre-
lation is to be expected in environments where
precipitation, including fog drip, carry high con-
centrations of nitrogen and other elements. In the
UK, as in the coastal fogbelt of the Pacific North-
west region of North America, aerosol impaction
of sea salts is an important process. Thus,
although soils may have low inherent fertility,
trees may obtain calcium, magnesium, potassium
and sulphur largely from atmospheric sources
(Bockheim and Langley-Turnbaugh, 1997). In the
UK, aerosols are also enriched in nitrogen.
Emmett and Reynolds (1996) state that 97 per
cent of the area of coniferous forests in Wales,
which is predominantly Sitka spruce, is currently
receiving nitrogen deposition in excess of 11 kgN
ha=! a~1, and 72 per cent are receiving between
10 and 20 kgN ha=1a~1.

In addition to aerosol deposition, commercial
fertilizers are generally added during early stages
in plantation development (Miller ef al., 1992).
At ages beyond 25 years, little response to fertil-
ization has been reported, supporting the suppo-
sition that much of the nutritional needs are met
through reallocation from older foliage. Miller ez
al. (1992, 1996) present data that indicate canopy
N content can reach or exceed 350 kg ha™! and
that less than 10 per cent of that value is normally
recycled in litterfall. New foilage production,
which may often exceed >3000 kg ha=! a1,
would require at optimum nutrition that at least
half the nitrogen be obtained via translocation
from older foilage. Nitrogen content of the
canopy has been shown in plantations of Pinus
radiata in New Zealand to be linearly correlated
with volume production (Hunter et al., 1987).
The diagnostic analysis suggests that from a
standpoint of forecasting plantation growth,
canopy nitrogen content and solar radiation are
two variables worthy of more attention. The role
that diffuse radiation plays on sloping ground
deserves clarification as few plantations are estab-
lished on flat terrain.

3-PG was developed with the expressed goal
that many of the driving variables, key par-
ameters, and predicted outputs could be assessed
by employing remote sensing technology. The first
application of 3-PG used monthly weather satel-
lite data to estimate the productive capacity of

forest lands in Australia and New Zealand
(Coops et al., 1998). Goward et al. (1994) and
Prince and Goward (1995) demonstrated with
other satellite-borne sensors the possibility of esti-
mating solar radiation and ambient air tempera-
tures with surprising accuracy. They also used
satellites to quantify seasonal drought and sea-
sonal variation in the canopy light absorption.
Although instruments are available that measure
canopy nitrogen content remotely (Matson et al.
1994; Gitelson and Metrzlyak, 1997; Martin and
Aber, 1997), no satellite at present carries such
sensors.

Conclusion

This paper demonstrates how conventional
inventory techniques can be used with a simpli-
fied process model, such as 3-PG, to diagnose
present climatic limitations. Locations where soil
fertility might be improved through fertilization
or drainage can also be identified following pro-
cedures outlined. The approach has the potential
to be expanded across the UK using geographic
information systems and remote sensing tech-
nology (Waring and Running, 1999). One limi-
tation, however, is that the typical disciplinary
structure of government and academic research is
not designed to foster truly integrative work. The
forestry enterprise in the UK has the talent avail-
able to do much more, given the opportunity to
address problems with a broader perspective built
on fundamental principles.
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