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A simple model of light and water use evaluated forPinusradiata
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Summary Anexisting model of light and water use by crops
(RESCAP) was adapted and evaluated for trees. In the model,
growth on any given day isdetermined either by the amount of
intercepted radiation (by means of the light utilization coeffi-
cient, €) or by the maximum rate of water extraction by roots
(afunction of root biomass and soil water content). In either
case, transpiration and growth are related by the water-use
efficiency (q), whichisinversely proportional to thedaily mean
saturation vapor pressure deficit (D). The model was applied
totwo Pinusradiata (D. Don) stands (control (C) and fertilized
(F)) growing near Canberra, Australia, using data collected
during the Biology of Forest Growth experiment (1983-1988).
For both stands, predicted and measured soil water contents
werein close agreement (r?> 0.9) over a4-year period involv-
ing several wet-dry cycles. The parameter combination e/gD
was estimated to be 0.28 and 0.26 kg H,0 (MJ total) * kPa ™!
for the C and F stands, respectively. Because of the close
physiological link between water use and CO, uptake, the
results suggest that tree growth may be redlistically simulated
by simple models based on conservative values for e and gD.

Keywords. growth, light utilization coefficient, RESCAP
model, water-use efficiency.

Introduction

A key objective of many forest modelsisthe prediction of tree
growth and water use at the stand scale. The physiology under-
lying the exchange of CO, and water vapor between the atmos-
phere and individual leaves is relatively well understood.
However, amajor challenge liesin applying this knowledge at
the canopy scale (Jarvis 1995). Severa detailed physiological
models exist that explicitly represent leaf-scale fluxes of CO,
and water and their variation within plant canopies (e.g., Wang
and Jarvis 1990, McMurtrie et a. 1992, Sellers et a. 1992).
However, two sets of observations indicate that the emergent
behavior of growth and transpiration at the canopy scale may
be more simply represented.

First, it is well documented for many crop and tree species
that the amount of dry matter produced per unit of radiation
intercepted by the canopy (i.e., thelight utilization coefficient,
€) is approximately constant during vegetative growth when
water supply is not limiting (e.g., Monteith 1977, Gallagher
and Biscoe 1978, Linder 1985, L andsberg et al. 1996). Second,
extensive growth data for crops (e.g., Tanner and Sinclair

1983) show that the amount of dry matter produced per unit of
water transpired (i.e., the water-use efficiency, q) is approxi-
mately inversely proportional to the mean saturation vapor
pressure deficit (D), whether water is limiting or not. Short-
term gas exchange measurements suggest that thisrelationship
may also apply to trees (Baldocchi et a. 1987, Baldocchi and
Harley 1995, Ciencialaand Lindroth 1995, Lindroth and Cien-
ciala1995).

Some progress has been made in understanding the physi-
ological basis of these observations. The constancy of gD can
be understood in terms of the conservative nature of the inter-
cellular [CO4] of foliage, although several empirical assump-
tions are needed to derive canopy-scale values of gD from the
gas exchange properties of individual leaves (Bierhuizen and
Slatyer 1965, Tanner and Sinclair 1983, Sinclair et al. 1984,
Monteith 1990). The relationship between g and D is expected
to be particularly strong for aerodynamically rough canopies,
such asforests, for which transpiration is relatively insensitive
to solar radiation (Jarvis and McNaughton 1986). More re-
cently, the conservative nature of e has been interpreted as the
outcome of an optimal balance between photosynthesis and
maintenance respiration (Dewar 1996). This interpretation
leads to the theoretical prediction of e as afunction of several
physiological and environmental factors, although further ex-
perimental work is needed to evauate this as well as other
interpretations (e.g., Landsberg et al. 1996). Models founded
on the conservative quantities e and D are attractive because
they summarize plant physiology directly at the canopy scale
while remaining relatively simple.

The RESCAP (RESource CAPture) model (Monteith 1986,
Monteith et al. 1989) combines e and gD within a simple
framework in which growth on a given day is either light-lim-
ited or water-limited. The type of limitation that applies de-
pends on the availability of these resources and the plant’s
ability to capture them, equal emphasis being placed on the
role of leaves in light interception and the role of roots in
supplying water. RESCAP was originally developed for cerea
crops. However, this simple, balanced approach to modeling
light and water use appears to have received little attention
from forest modelers.

The objective of this paper is to introduce a simplified
version of RESCAP suitable for trees, and to evauate it for
Pinusradiata (D. Don) stands growing near Canberra, Austra-
lia, using data collected during the Biology of Forest Growth
experiment (Benson et a. 1992). For this evaluation, the basic
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assumptions for light and water use in RESCAP were com-
bined with a simple soil water balance model appropriate to
these stands.

M odel assumptions

Light and water use in RESCAP

A list of symbol definitions and unitsis given in Table 1. The
central assumption of the RESCAP model (Monteith et al.
1989) is that daily growth (G), defined as total (above- and
below-ground) dry matter production, is either light-limited or
water-limited. For either type of limitation, it is assumed that
daily transpiration (T) is proportional to G,

T=

G
q @

where g, the water-use efficiency, is inversely proportional to
daily mean saturation vapor pressure deficit of the atmosphere

(D),

9=5 v

Table 1. Definitionsand unitsof symbolsused in text (dm = dry matter,
NPP = net primary productivity, VPD = vapor pressure deficit).

Symbol  Definition Units
D Daily mean atmospheric VPD kPa
Do Empirical stomatal parameter

(Leuning 1995) kPa
ds Effective depth of rooting zone m
E Maximum rate of water

extraction kg H,0 m 2 day™ !
Epen Penman evaporation rate kg H,0 m™ 2 day™*
G NPP (above- and below-ground) ~ ggmm™ 2 day™*
GL Light-limited growth Jgmm’ 2 day™ !
Gy Water-limited growth Ogmm 2 day™ !
I Rainfall interception by canopy kg H,O m™ 2 day™*
I max Maximum rainfall interception kg H,O m™? day™*
k Light extinction coefficient m? ground (m? leaf)™*
L¢ Projected leaf areaindex m? leaf (m? ground)™*
P Daily incident rainfall kg H,0 m 2 day~ !
q Water-use efficiency Jam (kg H,0) ™2
Qo Normalized water-use efficiency  ggm (kg H20)™ * kPa
Q Soil water content kg H,0 m"?
Qmax M aximum soil water content kg H,0 m"?
Qmin Minimum soil water content kg H,0 m™?
R(R,)  Root biomass initial value) Jgmm’ 2
s Canopy water storageconstant kg H,0 (m? leaf) "

day?

S Daily incident (total) solar

radiation MIm ?day !
T Daily transpiration kg H,0 m 2 day~ !
e Light utilization coefficient OgmMJI?
s Wiater extraction constant m? gom * day™*

with qo, the normalized water-use efficiency, aconstant. Light-
limited growth (G) is calculated from the amount of radiation
intercepted by the canopy. Using a Beer’ s law approach,

GL = eSy(1- exp(-kLo)), ©)

where e is the light utilization coefficient, S is the daily
incident (total) solar radiation, k is the canopy light extinction
coefficient and L is the projected leaf areaindex (LAI) of the
canopy.

Water-limited growth (G, is determined by the maximum
rate of water extraction by roots (E). In RESCAR, E is calcu-
lated from the vertical distribution of root length density and
extractable soil water content. This degree of resolution is
appropriate for annual crops, where the rate of descent of the
root system after sowing critically determines the seasonal
pattern of water extraction (Monteith 1986, Robertson et al.
1993a, 1993b). For perennial swith an established root system,
it may be more appropriate to adopt a coarser resolution. In
adapting the model for trees, a single-layer approximation is
used in which E is afunction of the root biomass (R) and soil
water content (Q) within a homogeneous rooting zone of
effective depth ds,

E=sR(Q - Quin), (4)

where s is a constant and Qp,in is the minimum (non-ex-
tractable) soil water content to depth ds. Although amulti-layer
description of the rooting zone might be more redlistic, the
single-layer approximation must be evaluated, ultimately, in
termsof its predictive success. Transpiration during water-lim-
ited growth is equal to E, and Equation 1 then determines G,
as

Gy = QE. ©)

Daily growth is then taken as the lesser of the two limiting
rates,

G = min(G.,Gu), (6)
and daily transpiration is given by

.8 6
T= mlngFL, Eg. )
e [}

Figure 1a shows the genera dependence of G and T on soil
water content.
Soil water balance

Following McMurtrie et al. (1990a), daily maximum rainfall
interception by the canopy (Iima) IS assumed to be proportional
to canopy LA,

Imex = SLC! (8)
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Figure 1. (a) Schematic relationship between transpiration (T), growth
(G) and soil water content (Q) assumed inthemodel. The vertical axes
are calibrated in terms of water or dry matter, related by water-use
efficiency (q). In the water-limited phase (Qmin< Q< Qc), Tand G are
determined by the maximum rate of water extraction by roots (E,
Equation 4). In the light-limited phase (Q > Q), T and G are deter-
mined by intercepted radiation (G is light-limited growth, Equa-
tion 3). The critical water content (Qc, given by Qc = Qmin+ GL/gsR)
is afunction of canopy LAI, root biomass, solar radiation and vapor
pressure deficit; the value of Q. therefore changes on adaily basis. (b)
Hypothetical soil drying curve predicted by the model with no rainfall
input and Q. held fixed. Soil water content declines at a constant rate
(GL/q) inthelight-limited phase, and exponentially (with rate constant
SR) in the water-limited phase.

where sis a storage constant. The canopy interception rate is
then taken asthe lesser of 1,5 and daily incident rainfal (P),

I = Min(lmax, P). 9)

The reduction in canopy transpiration due to wet foliage was
incorporated using the method described by McMurtrie et al.
(1990a) (see Discussion), but was found to have a negligible
effect on the predicted water balance of the two P. radiata
standsto which the model was applied; thisfeatureistherefore
ignored here. Similarly, understory evapotranspiration was es-
timated to be a minor component of water balance for these
stands (Myers and Talsma 1992) and isalso ignored. The daily
rate of change of soil water content is then given by

RQ_p .7

dt ’ (10)

with drainage occurring at field capacity (Q = Qma). Figure 1b
showsahypothetical soil drying curve obtained from Equation
10with P=1=0and with L., R, S and D held fixed. Initially,
growth is light-limited and soil water content decreases at a
constant rate (given by G, /q). Below acritical value (Q., which
is afunction of L., R, § and D and is therefore fixed in this
example), growth becomes water-limited and soil water con-
tent declines exponentially with a rate constant given by sR
(see Equation 4). In redlity, the value of Q. will change on a
daily basis because of variations in incident radiation and
vapor pressure deficit, and on longer time-scales because of
variationsin leaf area and root biomass.

Materialsand methods

The model was evaluated using data collected during the
Biology of Forest Growth (BFG) experiment (1983-88) on the
effects of fertilization and irrigation on P. radiata stands grow-
ing near Canberra, Australia. In 1983, trees were 10 yearsold
and stocking density was approximately 700 ha *. Experimen-
tal treatments applied were irrigation (1), solid fertilizer (F),
irrigation plus solid fertilizer (IF), irrigation plus liquid fertil-
izer (IL); acontrol (C) stand received no treatment. Data from
the C and F stands were used to evaluate the present model
(soil water content inthel, IF and IL stands being maintained
at, or close to, field capacity). The F treatment was applied in
two doses in September and October 1983, with a total addi-
tion of 400 kg ha™ * of nitrogen and 200 kg ha * of phosphorus.
A detailed description of the site and experiment is given in
Benson et al. (1992).

Raison et al. (1992) estimated the pattern of |leaf area devel-
opment in each stand from 1983 to 1987. Their data corre-
spond well with leaf areas predicted for these stands by the
BIOMASS model (McMurtrie and Landsberg 1992, McMur-
trie et al. 1992); BIOMASS was therefore used to extrapolate
the leaf area data to 1988 to cover the period over which sail
water contents were measured (Myers and Talsma 1992). Pro-
jected LAI (L) wasapproximately 2 before treatment, increas-
ing to maximum values of 5 and 5.5 for the C and F stands,
respectively (Figure 2). The linearly interpolated LAI data
were used in conjuction with measured daily incident solar
radiation (S) to calculate light-limited growth (G_, Equa
tion 3), and in conjunction with measured daily incident rain-
fall (P) to calculate rainfall interception (I, Equation 9).

Following the method described by McMurtrie et al.
(1990a), the mean daily vapor pressure deficit (D) was calcu-
lated using a sinusoidal pattern of temperature over a 24-h
cycle, with the assumption that air is saturated at the daily
minimum temperature. No root biomass datawere availableto
estimate the maximum water extraction rate (E, Equation 4)
directly. Asthesimplest reasonable hypothesis, it was assumed
that the ratio of root biomass to LAl remained constant
throughout the experiment; the sensitivity of the model to this
assumption is discussed below.

Myers and Talsma (1992) measured soil water content to a
depth of 2 m at 2-week intervals in each stand. Their data for
the C and F stands were compared with soil water contents
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Figure 2. Seasonal changes in projected leaf areaindex estimated by
Raison et a. (1992) for control (C, A) and fertilized (F, B) P. radiata
stands; the last three data points for each stand were estimated by the
BIOMASS model (McMurtrie et al. 1990a) and reflect the summer
drought of 1987--88. The interpolated data (lines) were used to esti-
mate light-limited growth (G, Equation 3) on adaily basis.

predicted by numerical integration of Equation 10 from July 1,
1984 to July 1, 1988 on a daily timestep, assuming a rooting
zone of effective depth ds = 2 m. Using previous estimates for
P. radiata stands, the light extinction coefficient was set to
k=0.5 (McMurtrie et al. 1992) and the storage constant was
set to s = 0.5 mm day ! (McMurtrie et al. 1990a). For each
stand, Qmax Was set equal to the maximum observed soil water
content. Asdiscussed by McMurtrie et al. (1990b), arun-off of
50 mm from the C stand was assumed to occur following the
singlerainfall event of 130 mm that broke the summer drought
of 1984--85.

The remaining parameters of the model determine daily
transpiration (T) according to Equation 7. With the ratio R/L
constant, T depends on three independent parameter combina-
tions: e/q,, the ratio of the light utilization coefficient to the
normalized water-use efficiency; sR,, the initial value of the
rate constant for water extraction on July 1, 1984; and Q,, the
minimum soil water content. These parameters determine dif-
ferent characteristics of the soil drying curve, asthe hypotheti-
cal examplein Figure 1billustrates. For each stand, the values
of sR, and Qmin were adjusted to obtain the best fit to the
observed soil water contents in the water-limited phase of the
first drying cycle. The value of e/q,, which determines water
use on light-limited days, was then adjusted to obtain the best
agreement between predicted and measured soil water con-
tents over the entire simulation period. Note that e and g,
cannot be estimated separately by this procedure.

Results

The model gave good agreement with measured soil water
contentsover a4-year period involving several wet—dry cycles,
for both the C and F stands (r2= 0.93 and 0.96, Figures 3aand
3b, respectively; the goodness of fit did not vary significantly
with season). The fitted values of sR, and e/q, (Table 2) are
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Figure 3. Predicted (upper line) and measured (M) soil water contents
in the top 2 m, and measured incident rainfall (lower plot), over a
4-year period for (a) the C stand, and (b) the F stand. Parameter values
are given in Table 2. See Myers and Talsma (1992) for details of soil
water measurements. (c) Asfor (a), but with root biomass (R) fixed at
itsinitial value instead of proportiond to leaf areg; in this case, water
use is significantly underestimated.

physiologically reasonable. The value of sR, for both stands
(0.02 day™ 1) compares with values of 0.015 day™* and 0.05
day~* for sorghum growing on a vertisol and alfisol, respec-
tively (Monteith 1986). | am unaware of other estimates of this
parameter for trees.

The value of elq, (0.26-0.28 kg H,O MJ ! kPa' %) isinter-
mediate between those reported by Monteith (1989) for tem-
perate cereals (about 0.4 kg H,O MJ* kPa'%) and for C,
cereals and tropical/sub-tropical legumes (about 0.17 kg H,O
MJ ! kPa %). There are few published data on e/q, for trees;
most estimates of e and g are on incomparable timescales, and
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Table 2. Parameter values for the C and F stands, giving r?= 0.93 and
0.96, respectively (Figures 3a and 3b). See Table 1 for parameter
definitions.

Parameter C F

k (m? ground m" ? leaf)* 05 05
s (kg H,O m 2 day™ 1 = mm day™ %2 05 05
e/t (kg Ho0 MJ" L kPa 13 0.28 0.26
SR, (day 13 0.02 0.02
ds (m)* 2 2
Qmin(kg H20 m™2 = mm)® 140 110
Qmax (kg H,O0 m™2 = mm)® 365 365

1 McMurtrieet al. (1992).

2 McMurtrie et al. (1990a).

3 Best fit values.

4 Myersand Talsma (1992).

5 Maximum observed soil water content.

Jo values are rarely quoted. An exception is the study by
Baldocchi et a. (1987), who estimated short-term (half-hour)
canopy values of e and qo in a relatively well-watered oak—
hickory forest (Quercus and Carya spp.) using eddy correla-
tion techniques. Their estimates of e (4—-8% photosynthetically
activeradiation conversion efficiency, or about 1.75-3.5g CO,
MJ  total radiation) and g, (10.9 g CO, kg™ 1 H,0 kPa) imply
elg, = 0.16-0.32 kg H,O MJ 1 kPa %, with amid-range value
(0.24) comparable to the present estimate for P. radiata.

The assumption that root biomassincreased in proportion to
leaf area was important in obtaining close agreement between
predicted and measured soil water contents throughout the
4-year period. When the rate constant for water extraction was
held fixed at itsinitial value (sR,), predicted soil water con-
tents were consistently higher than measured values, particu-
larly during the last two years of the simulation (Figure 3c), as
aresult of the underestimation of water use on water-limited

days.

Discussion

Alternative approaches

McMurtrie and Landsberg (1992) and McMurtrie et al. (1992)
applied a more detailed model of canopy photosynthesis and
water use (BIOMASS, McMurtrie et a. 1990a) to the same
stands. They aso obtained a good fit between predicted and
measured soil water contents over the same 4-year period. In
their simulations, the canopy was represented by three layers,
each divided into sunlit and shaded fractions, and the soil was
represented by two layers. Calculations of leaf CO, exchange
were based on the detailed physiological model of Farquhar
and von Caemmerer (1982) together with the empirica sto-
matal conductance model of Ball et al. (1987). It was assumed
that conductance was unaffected by soil water deficit until
plant-available water declined to 40% of that at field capacity;
below that point, conductance was assumed to decline linearly
with plant-available soil water (McMurtrie et a. 1990a).

My resultsindicate that water use by these P. radiata stands
can also be predicted successfully by asimpler scheme. Light-
limited growth is calculated directly from intercepted radia-
tion, rather than by integrating leaf-scale photosynthesis
through the canopy. The effects of soil and air water deficits
are expressed directly interms of transpiration and growth and
their relationship in terms of water-use efficiency, rather than
in terms of stomatal conductance explicitly. The canopy and
soil are each represented as a single layer, rather than severa
layers. Given that about 85% of the fine root system in these
stands was found in the A horizon (0-40 cm depth), the
apparent success of a single-layer soil model with effective
depth ds= 2 m may reflect the importance of water extraction
by the remaining 15% of the root system during summer
droughts (Myers and Talsma 1992).

Root/foliage allocation

The present simulations used measured (and BIOMA SS-esti-
mated) leaf areas asinputsto evaluate the basic assumptions of
the RESCAP model. Clearly, it is desirable to predict L from
the moddl itself, on the basis of additional assumptions for
growth alocation. RESCAP places equal emphasison therole
of leavesin light interception and the role of rootsin supplying
water, so that root/foliage alocation plays a key functional
role in the RESCAP approach.

The assumption that R/L. was constant resulted in approxi-
mate co-limitation of growth by light and water over the 4-year
simulation; the proportion of days on which predicted growth
was water-limited was 54 and 49% in the C and F stands,
respectively. A more functional approach, and one that fits
naturally into the RESCAP model, would be to assume that
root/foliageallocationisapositivefunction of G, /G,,, theratio
of light- to water-limited growth on any given day. By incor-
porating the role of roots in nutrient uptake, this approach
could be extended to include nutrient-limited growth. Experi-
mental studies (e.g., Linder 1985, Dalla-Tea and Jokela 1991)
and theory (Dewar 1996) suggest that nutrient limitations on
forest productivity may operate primarily through allocation to
foliage growth and light interception, rather than through the
efficiency of light utilization (€).

\alidity of q p /D

The assumption that vapor pressure deficit is the main deter-
minant of water-use efficiency is expected to be valid more
often for forests than for crops. For aerodynamically rough
canopiesthat are well coupled to the atmosphere, transpiration
is relatively insensitive to solar radiation (Jarvis and
McNaughton 1986), as is the case for P. radiata canopies
(Kelliher et al. 1990).

Thephysiological basisfor qu I/D may be understood at the
leaf scale in terms of the conservative nature of the ratio ¢j/c,
of intercellular to atmospheric[CO;] (e.g., Sinclair et al. 1984).
However, because stomata close in response to increasing
vapor pressure deficit, the ratio ¢i/c, is not strictly constant as
D varies. Future applications of RESCAP might consider the
modified assumption qu (I/D +1/D,), where Dyisan empirical
constant, as suggested in the Appendix on the basis of arecent
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model for stomatal conductance (Leuning 1995). This modifi-
cation takes into account the stomatal response to D and its
effect on ¢i/c, and implies that q approaches a non-zero value
as D increases.

A central assumption in RESCAP is that g has the same
value whether water islimiting or not. The physiological basis
for this assumption at the leaf scale is that the ci/c, ratio is
independent of water supply. McMurtrie et al. (1992) observed
this to be the case for the P. radiata standsin the BFG experi-
ment. In the context of Leuning’s (1995) stomatal model (Ap-
pendix), one interpretation is that bimodal (i.e., patchy)
stomatal closure occurs when the supply of water is limiting,
resulting in aproportional declinein stomatal conductanceand
photosynthesis.

Applicability of the model to other stands

The reduction in canopy transpiration caused by wet foliage
was ignored in the present application. Following McMurtrie
et a. (1990a), thiseffect may beincorporated into Equation 10
by replacing T with max(0,1 - 1/Epen) T, where Epen is the Pen-
man rate of evaporation from a wet surface (Monteith 1965).
The value of I/Epe, the fraction of the day during which the
canopy is wet, was estimated to be small for these P. radiata
stands, but may be significant when rainfall occurs as frequent
showers. Understory evapotranspiration was also ignored, but
can be amajor component of the water balance of open stands
(Kelliher et al. 1990, Whitehead and Kelliher 1991). These
components of water balance may need to be included when
applying RESCAP to other stands.

Conclusion

Inview of the close physiological link between water and CO,
uptake, the results of this study suggest that stand growth may
berealistically smulated by relatively simple modelsbased on
conservative values for the light utilization coefficient (€) and
the normalized water-use efficiency (q). The physiological
basis for this approach can be explored with more detailed
models that explicitly represent leaf-scale fluxes of CO, and
water; both approaches are useful and complementary.
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Appendix—L eaf-scale water -use efficiency

Let A, Tier @nd g denote net leaf CO, exchange, transpira-
tion and stomatal conductance for CO,, respectively. For aleaf
that is well coupled to the atmosphere (i.e., boundary layer
conductance much greater than g), the leaf-scale WUE is

:Al;eaf_g(ca' G)_ Ca GO

= = - ==, (A1)
T 1.6gD 1.6Dg Cagy

Oieaf

where ¢; and c, are the intercellular and atmospheric [CO,],
respectively. Leuning (1995) proposed astomatal conductance
model that combines the correlation between g and A (Ball
et al. 1987) with the hyperbolic function of Lohammer et al.
(1980) describing stomatal response to humidity deficit:

At
Ca

g=a—=(1+D/Dy) %, (A2)

where g and D, are empirical constants (the parameters g, and
Gin Leuning’'s model have been set to zero for simplicity).
With Al = 9(ca- Ci), Equation A2 impliesthat

Ci 1 Do
21 =2F 4+ =9, A3
Ca algi Doé (A3)

and substituting this expression into Equation A1 gives

Caad , 16
Olear = ﬁgﬁ + D_o;, (A4
From this analysisit may be seen that the assumption q u /D
of RESCAP is equivalent, at the leaf scale, to neglecting the
stomatal response to humidity deficit and its effect on ¢;. The
effect of including the humidity response is that Qes ap-
proaches a non-zero value (rather than zero) as D increases.






