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THEORETICAL PAPER 

Modelling the soil-plant-atmosphere continuum in a 

Quercus-Acer stand at Harvard Forest: the regulation of 

stomatal conductance by light, nitrogen and soil/plant 

hydraulic properties 

M WILLIAMS.' E. B. R AST l ~ TTER. 1 D. . FERNANDES. ' M. L. GOUL?E .
1 

S. C. WOFSY.
1 

G. R. SHAVER.' 

J. M. MELILL0. 1 J. w. MU GER.1 S. -M. FAN1 & K. J. ADELHOFFER 

'The Emsystems Center. Marine /Jiological Lalmratm:i·. \~1md .~ I loft'. MA .025-13. USA. a~1d ~ J?il•isi<m <if Applied Sciences and 

/)i•ri(lrtment of Earth and Pltmewry Sciences. Hmw1rd U111vers11y. Camlmdge. MA 02138. USA 

ABSTRACT 

O ur ohjective is to descrihe a multi-layer model of C.r 

canopy processes that effectively simulates houri)' C02 

:uul latent energy ( U ~) lluxcs in a mixed deciduous 

Quercus-Acer (oak- maple) st'.111d in c~ntra l l\ l ~1 ss ac~1u 

selts, US/\. The key hypothesis J!OVernmg the b1oloA1cal 

component of the model is Urnt stomata! conductance (g,.) 

is var ied so that daily carbon uptake per unit of foliar 

nit roj:!en is maximized within the limitations of ca1101>Y 

water avr1ilability. T he hydraulic system is modelled as :m 

a nalo ~ue to simple electr ical circuits in parallel. includinJ! 

a separate soil hydraulic resistance. plant resistance and 

plant capacitance for each c:m opy layer. Stomata! openin(! 

is initially controlled to conserve plant water stores and 

delay the onset or water stress. Stomata! closure at :i 

threshold minimum l ~1 f water potential prevents xylem 

cavitation and controls the maximum r:itc of wate r llux 

through the hydraulic system. We show a strong correla

t ion between predicted hourly C02 exchange rate 

(r2 = 0·86) and LE (r2 = 0·87) with independent whole-for

est measurements made by the eddy correlation method 

during the summer of 1992. Our theoretical derivation 

shows that observed relationships between C02 assimila

tion and LE nux can he explained on the basis of s tomata! 

behaviour 01>timizing c:irhon gain, and provides mt 

exi>licit link hetwecn canopy structure, soil pro 1>erties. 

atmospheric conditions and stomatal conductance. 

Ke\'-111ords: Q11erc11s r11hm: l\cl'r rulnw11: soil- pla11t

a 1r ~10spherc coniinuum model: photosynlhcsis: plant 

hydr:1ulic conductance: s1oma1al conduc tance. 

INTRODUCTION 

Eco-physiological processe:-. such as photosynthesis and 

lc;if energy balance. arc now relatively well understood 

Ctll'/'l'SflOlldi!llCl'.' M(lf/Jew Williw11.... 711e Ecm..~1·s r e111.1 · renlt'I', 

Marine /Jiological La/111ra111ry. Wood ... llolc. MA 02543, USA. 
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(Mt.:Murtric 1993). Whal n:mains elusive is a sound under

standing or how these processes integrate over space and 

time. and interact within a community of plams. lmcre:-i in 

scaling. canopy processes derives in pan from question~ 

raised about the global carbon (C) cycle. and the nature ol 

the missing. terrestrial C si nk (Schimel 1995). One 

approach to this problem uses models that allow scaling of 

processes at the leaf level to whole canopies (Jarvis C't al. 

1985: Running & Coughlan 1988: McMurtrie 1993). Such 

models closely predict hourly co~ llm, measurements in 

temperate grasslands (Norman & Policy 1989). a soybean 

crop (Baldocchi 1992). and 1cmpcratc forest (Amthor 

\ 994). although the latter model 1endcd to ov1.:restimate 

CO~ uptake in the afternoon (Amthor et al. 1994). Our goal 

in this paper is to describe <t process-based model that 

accurately predicts whole- forest carbon and water 

exchange, and explains these 11uxes in terms of optimal 

water and nitrogen (N) use. Such a model both improvt.:~ 

our understanding or key factors in forest growth and 

ecosystem function, and provides a synthetic tool with 

which to investigate the behaviour of canopies al different 

sites. 

Both aggregated (e.g. 'big-leaf) and distributed (e.g. 

multi-layer) approaches arc commonly applied in mod

elling canopy proce!'>scs (Raupach & Finnigan 1988). 

There arc costs and benefit~ to both (0' eill & Ru~t 1979: 

Rastetter et al. 1992). Dbtrihuted simula1ions require 

a~sumptions about the uistribution of key parameters in 

space. but allow model parametriLation using fine-scale 

(e.g. leaf-level) data. Aggregation avoids the need for ~pa 

tlal deiai ls by bui ld ing the dTcc1s of non-linearities into the 

model parameters: however. line-scale data arc not dircc1ly 

applicahlc to cstima1io11 of these coarse-scale parameters. 

These parameters must therefore be estimatcu directl) 

from coarse-scale data (e.g. canopy rather than leaf-level 

data). 

Big-leaf mode Iii ng is an aggregated approach com

monly applied in simulations of canopy processes (Sinclair 

er al. 1976): photosymhetic propcnie. or individual lc;ives 

an: assumed 10 be scaled with depth in Lhe canopy in rela-

911 



912 M. Williams et al. 

Lion to pholosynthetic photon nux density (PPFD) profiles 

(Farquhar 1989; Field 1991 ). If this is so, then details of the 

canopy profile can be ignored in many cases, and the mod

elling approach can be simplified to treat on ly a single 

layer. However, if the interaction between microcl imate 

and physiology is or interest, then it is important LO resolve 

detail within Lhe canopy using a distributed approach 

(Raupach & Finn igan 1988). The model we present is 

based in part on a hypothesized spatial independence of 

stomata! control , and therefore precludes an aggregated 

approach. Atmospheric saturat ion deficit. net radiation and 

leaf boundary layer conductance al l vary with clcplh in the 

canopy; also. the rate or water supply may depend on the 

height of the leaves above the ground. This means we 

expect vertical variation in patterns of water stress, and 

thus the degree or stomata l limitation may vary wi th height 

in the canopy. To investigate and account for this phe

nomenon, we employ a I 0-layer canopy model. 

Our model is a new synthesis, combining simple models 

of plant and soil hydraul ics, carbon assimilation. gas diffu

sion and vegetation/environment interactions to produce a 

robust model of the soil- plant- atmosphere continuum. 

The model is unique in that ~ . for each layer is calculated 

to maximize daily C gain per unit leaf N, withi n the limita

tions of canopy water storage and soil- to-canopy water 

transport. Transpiration is ultimately limited by the rate of 

water supply imposed by plant hydraulics (Tyree 1988) 

and soil water avai labil ity (Golian et al. 1985). 

Cowan ( 1977) has proposed a mechanism or optimal 

stomata! variation that regulates the relationship bet ween 

water loss and carbon gain. We employ a similar mecha

nism that operates to ensure the efficient use of canopy 

stored water so it can be more optimally employed amelio

rating afternoon water stress. Once stored water is 

exhausted, leaves must be irrigated by wuter transported 

from the soil (Meinzer & Grantz 1990): g, adjusts so that 

transpiration equals the rate of water supply (Aston & 

Lawlor I 979). The maximum rate of water supply is deter

mined by the minimum sustainable lea f water potemial. 

canopy capaci tance. root water uptake, soil water avai l

ability, and stem hydraul ic conductance (M einzer & 

Grantz 199 I ). Stomata! closure at a threshold mini rnum 

leaf water potential prevents xylem ca vi Lat ion and controls 

the maximum ra1e or water l"lux through the hydraulic sys

tem (Jones I 992). 
We parametrize and drive the model wilh meteorologi

ca l data and measurements of vegeta1ion structure col 

lected at Harvard Forest, Petersham, M A (42 '54°N. 

72 ' I 8°W, eleva1ion. 340 111) during the summer of J 992. 

The model then predicts the C02 exchange rate and tran

spiration rate of each canopy layer; from measurements or 

other lluxes within the system (e.g. soil respiration and 

evapora1ion), we can predict the diurnal course of whole

forest lluxes. The eddy correlation method (Baldocchi e t 

al. 1988) has provided independenl measurements of the 

hourly !luxes of carbon and latent energy from the forest 

canopy for entire growing seasons at Harvard Forest 

(Wofsy et al. 1993). We compare the simulated and rnea-

sured diurnal nuxes of C02 and latent energy (LE). and 

discuss the influence of' plant hydraulics on llows. W e use 

sensiti vity analysis to determine the most influential sci or 

parameters, and discuss future directions for model dcvel

opmclll and application. 

MODEL STRUCTURE 

The model (Fig. I ) consists or various sub-models, which 

can be roughly divided into physical and biological com

ponents. The physical components specify the structure of 

the canopy, dclcrmi ne the absorption or bol h photosynthet

ically active radiation (PAR) and other wavelengths in 

each canopy layer, calculate leaf boundary layer conduc

tance, and determine soil water avai lability. The biological 

components determine how leaf' water potential varies w ith 

transpiration, the variation of lear biochemical parameters 

wi th foliar N contcnl , irradiance and leaf temperature. and 

the diurnal course of gs in each layer. which controls C 

uptake and water loss. 

Physical sub-models 

The physicul sub-models arc calculated only once per time 

step (30 min). Hourly meteorologica l data collected al 

Harvard Forest were linearly interpolated Lo estimate con

ditions on the half-hour. In the physica l components we 

h::ive four sub-models as follows. 

(A) Canopy structure 

The canopy is divided into IO layers. with equal leaf area 

per layer, spaced equally belwecn the top (24 m) and bot

tom ( I 0·5 m) of the canopy. El ls worth & Reich ( 1993) and 

Aber ( 1979) have shown that such a leaf area distribution is 

a reasonable assumption in closed deciduous forests. We 

analysed data from Ellsworth & Reich ( I 993) showing the 

variation in N concentration (g m-
2 

lel!/'area) with height 

in a deciduous forest. and fitted an exponential decay !"unc

tion that effectively described this relationship (see Eqn 

A I ). We used this function to allocate the total canopy N 

measured at the site among Lhe I 0 canopy layers. 

(IJ) Radimion ref!, i111e 

T he radiation routines model the incidence, interception. 

absorption and reflection of PAR, near infrared radiation 

(NIR), and longwavc radiation. PPFD (pmol m- 2 s 1
) was 

measured at the Harvard Forest si te: from the integrated 

daily IOlal , WC estimated the diffuse fraction of the incom

ing llux (Erbs et al. 1982). Using relationships from Szeic;1, 

( 1974), we approximate the incidence of N IR (i.e. the 

remaining component or the shortwave radiation) in 
W m- 2 . 

To determine solar radiation absorption . we employ 

Beer's Law as described in Amthor ( 1994) and Amthor et 

al. ( 1994). Their multilayer model of radiation absorption 

by the canopy accounts for individual tear and forest lloor 

<D 1996 Blackwell Science Lid. P/0111. Cd/ 0111/ E11vim1111w111. 19, 9 t t- 927 
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\ 
6. Change in 'Pin 

o'Pi,Jor 

I 
parameters; Vcmax• lmax 5 . Transpiration (Penman-Monteith) 

= fi..T, , N) / 

40 ~ -.. . c ·1 . etermme ass11n1lallon by varymg c un11 : 

Metabolic model = Diffusion model 

Vc( l- r-ll0)-Rd = (g1-0.5E)C,- (~ 1 +0 . SE)C, 

Figure 1. The canopy model i$ divided inw phyi.ical and hinlngical cnmponenb. Tiu: fonn.-r h:t\ c four fac<'t'. con~ccutivel) calculmcd a' 
lcuered in the diagram. relating to (Al the variation in leaf area dcn~ll) and lc;1r 1111rogcn content (I I> w11h depth 111 canopy (the ,cnical a>. ts): 
( B) the vc11ical dii.tribution of radiation PAR. NI R ;md long\\ ave (nnt 'hown): (Cl the dii.trihutinn of wind i.pccd and leaf bounda11 la) er 
conduciam:c wi1hin 1hc canopy. and (D} th..: ~m l water pot..:ntial ( '/1,) and i.nil hyur.rnlic conuuctl\ 1ty. The hinlogical component ii. then 

applieJ successively lo each canopy layer. Oiological proc.-sscs arc calc11la1ed i1cra1ivl'ly hy incrc111cn1ing layer , 10111a1al cnml11c1ancc (.i,-_
11

) 

unti l this rcsuhi. i11 ..: i1hcr no apprceiahlc i1tc rcase ill assi111i la1inn (d..: lincd by a par:1111ctcr 1). or lhc minimum leaf water potential ('I',,.,,,.) has 
been rcachccl . Th..: i1cra1ive procedure is calculated as follows: ( 1) g"' is incremcmed and w1al cnnductancc 10 CO ~ (>1,) is calculated: (2) the 

leaf energy ha lane..: and thus leaf tcmperawr..: (T1) arc csti111:11eu: (~} 1hc Rubi$CO-limi1ed ra11.: of carboxylarion (\/""·")and 1he po1en1ial rate of 
electron transpoit (J,11,") arc determined from "/"1• irradiancc anu lcat N cont..:nt: (4) mc~ophyll CO ~ concentration (CJ . anu thus C01 

ai.~imil:uion arc calculalcd: as ,f(, 11 incn::1,cs. a'simila1ion hcl'll111C' lcs' li111i1ccl by Jiffu~wn ( 11,. j, 1he ac1ual r:uc of carbOX) la1ion. ancl r 1~ 

the C01 compeni.atinn poin1): (5) g,11 abo driw~ ht) er tran,pir:nion <H .. l . determined h) the Pcnman - ~1n111ei1h equ:nmn: (6) each la) er ha' .111 

indcpcnd..:nt hydraulic: ~ys1cm (illu~ 1 r:11..:d for layer 11. where RP"•~ layer planl resistance. C,. is layer capacitance and R,
11 

is soil h)tlraulic 

resis1ance 10 this layer). which dc1er111i11ci. 1h..: lagged change in kaf wa1cr pn1e111ial ( 1/'1,.) caused hy transpir:uion. The cycle of incrca,cs in . ~' " 

is 1crminatetl whcn ei ther one of lh..: co11di1i1111' in (7) is no longer 11l..: t (N.B. r is small ). 

CO 1996 Blackwell Scic111.:c Lld. P/11111. C1'/l 111ul E11vim11111e111. 19, 911 927 
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reflecrance and absorptance of NIR, PAR and longwave 

radiation. Reflectivity and trunsmissivity of leaves and 

soils were esrimated from data provided by Baldocchi et al. 

( 1985). We assumed a spherical leaf angle distribution 

(Russell et al. 1989). The sum of PAR (derived from 

PPFD). NIR and longwave radiation absorbed determines 

the net isothermal radiation for each canopy layer. 

(C) Lea/ boundary layer charac1eris1ics 

The multilayer approach requires that we estimate the vari

ation of boundary layer characterist ics of leaves within the 

canopy. Measurements were made at the Harvard Forest 

tower of wind speed (m s-
1
) and direction (0

) at 30 m. 6 m 

above the canopy surface. However. wind speeds. and thus 

boundary layer conductances. di:c line within the canopy 

(Robe11s et al. 1990). We use an exponential wind relation

ship (Cionco 1985) Lo approximate the wind speed at dif

ferent heights within the canopy. Within each canopy 

layer. we estimate the leaf boundary layer conductances to 

water vapour and heat using relationships from Nobel 

( 1983 ). At Harvard Forest. measured midday C02 concen

trations at 30 m (6 m above the canopy) and within the 

canopy vary by less than I µmol mol 
1
• On this evidence, 

we will <1ssumc that conductance across the canopy bound

ary layer is high enough to be ignored. 

(C) Soil 111a1er f'lwracreri.wics 

Soil water potential ( lfJJ and soil hydraulic conductivi ty 

(/ ~ 0 ; 1 ) were not measured directly. bul can be estimated from 

soil sand. clay and water content using empirical relation

ships (Saxton e1 al. 1986). Evaporation or water from the soi l 

surface is determined from soil rndiation balance (calcul<1ted 

in the radiation regime) and soil wt\ler content (Amthor et al. 

1994 ). Soi I moisture levels arc high around the study site at 

Harvard Forest (sec below). so we expect soil water to be 

freely available throughout the growing season in this case. 

Biological sub-models 

The key hypothesis governing the biological components 

of the model is that J:, is controlled 10 maximize c~1 rb on 

gain per unit N within the limit :-; set by the rate of water 

uptake and canopy water storage. Studies on Querc:u.1· 

rnbro (Ren & Sucoff 1995) and other species (Kuppcrs 

1984: Mein:r.cr & Grantz 1990) have shown a coordination 

of vapour-phase and liquid-phase conductances. Meinzer 

& Grantz ( 1991) hypothesize that J:, will ideally remain in 

balance with the hydraulic capaci ty of the soil and roms to 

supply the leaves wi th water. avoiding leaf desiccation al 

one extreme and the unnecessary restriction of' C02 uptake 

al the other. We model this explicitly. and also include the 

impacts of water stored by plants. 

Component plants are assumed w open their stomata 

until either ( I ) further opening docs not constitute an effec

tive use of stored water in terms of carbon gain per unit 

water loss, or (2) runher opening causes a drop in leaf 

water potential below the limit that c.iuses xylem cavi ta

tion. Plant water relations arc mocklled as an analogue to a 

simple electrical circuit (Cowan 1965: Passioura 1982: 

Whitehead & Hinckley 199 1 ). Each canopy layer is 

assumed to have an independent connection to soil water. 

Therefore, each layer is modelled separately. 

Soil resistance 

We use a single soil layer steady-state model (Newman 

1969: Federer 1979) 10 estimate the hydraulic resistance of 

the soil around the roots that supply each canopy layer 

(R,
11

: MPa s 111
2 

mmol-
1
). The model i s dependent on root 

dimensions and soil hydrau lic conductivity (sec 

A ppendi x). We assume that each canopy layer is supplii:d 

by an equal proportion or the total root length, and so R, 11 is 

invariant among layers. The single soil layer is an appro

priate ap[>roximation for Harvard Forest because of high 

moisture levels (see below). but a more detailed soil prolile 

might be needed in dry soi ls. 

Plant hydra11lics 

The highest layers in Lhe canopy arc subject to lhe greatest 

resistance 10 xylem water supply (Hellkvist el al. 1974}. 

Thus. xylem hydraulic resistance per unit leaf area for 

layer n in the canopy (Rr 11 ; MPa s m
2 

mmol 
1

) i ncreases 

with the h1yer height (11). We make various simplifying 

assumptions in our representation of plant hydraulics. 

Analogous with a pipe model (Shino7.aki el al. 1964). each 

layer is ser ved by an independent water supply system. We 

employ an unbranched model , rather than a branched 

catcna (Tyree 1988). because of its greater simplici ty. and 

because wc arc representing a canopy of many indi viduals. 

rather th:m modelling a single tree. The whole canopy can 

be visualized as a set of I 0 parallel circuits (only one of 

which is shown in Fig. I ). /\ separate branch hydraulic 

resistance is not specified, but is assumed 10 be included 

with the value or /?pn· 

The water in the xylem can rupture under the extreme 

tensions that occur naturnlly - there is often a threshold 

water potenti<il for such cavitation (Jones 1992). The onset 

of xylem cavi tation can lead 10 a rapid and catastrophic 

decline in stem hydraulic conducti v ity by inducing further 

cavitations (Tyree & Sperry 1989). Jones & Sutherland 

( I 99 I) have shown thal the maintenance of a maximally 

efficient conducting system requires that stomata close as 

evaporati ve demand rises to prevent shoot water potentials 

falling below this threshold value ( l/ ~ 1111111 ). Tyree & Dixon 

( 1986) have measured the threshold value for Acl'I' sacclra

ru111 as - 2·5 10 - 3·0 MPa. B.issow ( 1995) reports that mea

sured leaf water potentials or Q. m /Jrn near the I larvard 

Forest si te do 1101 fall below - 2·5 MPa: Lhis value is used in 
modelling the threshold. 

Dy11amicjlow 

The relationship between the nux of water through the 

© 1996 Blackwell Science Lid, Plarrt. Cd/ mul t::11vi'""""''"'· t9. ') 1 l -927 



plant and the water potential drop is not unique; ini1ially 

water is drawn from stores within plant I issues. so thai liq

uid flow lags the transpirativc demand (Landsberg el al. 

1976: Schul.~e el al. 1985 ). This hysteresis can be modelled 

by incorporating capaci tors into the circuit analogue to rep

resent canopy water storage capacity (Jones 1978). 

Assuming constant capacitance (C11). the change in leaf 

water potential or canopy layer 11 over a time step Ll1 can he 

described by 

_ L\l 
1
P, - Pwgh - E,,(R,,, + 1?1,,,) - '11

1,, ( I ) 
Ll 'l'1n - C,.(R,n + Rpn) 

where Pw is the density of liquid water (kg m-3
). g is gravi

tational acceleration (9·8 m s-2
) and h is the height (m) of 

the canopy layer 11 (see Appendix for derivation). The 

response times or both crop plants (Jones 1978) and 1rees 

(Schulze e1 nl. 1985) indicate thal a time step or 30 min is 

adequate to resolve the dynamic behaviour using this equa

tion. 
Jones ( 1978) used a similar lumped-parameter model 10 

simulate diurnal trends of '1'1 in transpiri ng wheat. and 

round 1ha1 it could account for more 1han 90% or the varia

tion in hourly means of 'l'r· However, we do nol believe 

th<ll this approach has been used 10 predict g,. and thus 

determine the hypo1he1ical water supply limitations to pro

ductivity. 

Tyree & Sperry ( 1988) undcnook hydraulic measure

ments for Acer .wcclwrum in Vermont and estimated the 

hydraulic conductivity (Gr) to be 4·0 mmol s-
1 

m 
1 

MPa 
1 

(RP"= h/Gp: sec l\ppendix). The conducti vity of Q11erc11.1· 

ni/Jra is of similar magnitude (Cochnrd & Tyree I 990). We 

assume that ring-porous Q11errn.1· will have a slightly 

higher conducti vity than Acer. and so we use an es1im<11e of 

4.5 for model testing. This figure gives /?
1
,,. values close 10 

those measured for larger Q. mlmt seedlings (Ren & 

Sucoff 1995). 
Schulze el ul. ( 1985) have estimated total Lrce stored 

water usage f'or adu lt Picea nbies. An individual P. nhies 

used 16·2 kg of stored water in a day: needle biomass was 

13· I kg. Using leaf mass per unit area relationships for I'. 
abies (Oren el al. 1986). we estimate the amou111 or stored 

water per unit leaf area as 8·8 mol m 2
• The drop in leaf 

water potential during stored water usage was I · I MPa. so 

we estima1e capacitance (C11 ) at 8·0 mol MPa 
1 

m 2
. 

Although C11 is expressed on a leaf' area basis. the stored 

water is distributed in both foliage and the woody 1issuc of 

the crown. Landsberg el al. ( 1976) estimated the capaci

tance of polled apple trees 10 be similar. around 

5·0 mot MPa 
1 

m 2
• The value of Schulze er al. ( 1985) is 

probably more applicable to this model because i1 was 

measured for full -sized canopy trees in the licld. However. 

because of the uncertainty associated with this value. a sen

sitivity analysis has been performed on ell (see below). 

Leaf /Jioclie111ical 1u11·t1111e1ers 

The model used 10 delennine photosynthesis is described 

elsewhere (Farquhar & Von Cacmmercr 1982). but the 

© 1996 Blackwell Science Ltd, l'/0111, Ct'll 11111l l ~ 111'irm111 11•111. t9. IJ 11- 927 
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calculation or lhc parameters required is detailed below. 

Pho1osyn1hesis is limited by the minimum of the rihulose 

bisphosphate carboxylation rate and the rate of ribulosc 

bisphosphate (Ru BP) regeneration. The maximum rates of 

these two processes and their temperature and N depen

dences must be calculated. 

Ma.ri11111111 <·ar/)()xyl(l/inn ca1wci1y ( V,.1111,.) 

We assume 1hat \le""" is proportional Lo foliar N concentra

tion (Harley el al. 1992). and can be described by the fol 

lowing relationship: 

(2) 

where k,c is a temperature coefficient (a temperature

depcndent polynomial function normalized 10 30°C: 

Kirshbaum & Farquhar 1984 ). and K., is a catalytic rate 

constant (µmol C02 g-
1 

N s '>. ~is calculated from mea

sured values of N and \lcmav The maximum leaf N contcms 

at Harvard Forest in 1992 were 3·6 g m 2 leaf area for Q. 
rubra and 2·3 g 111-

2 
for A. ruhru111 (Bassow 1995). To 

match these values. we selected the highest values of v cmn' 

recorded ror these or similar species in the literature: 

around 51 pmol C02 m-
2 

let({S 
1 

for Q. m /Jra. and around 

31 ·6 ,umol C02 m 2 
leaf s 

1 
for A.saccharum at 30 °C 

(Wullschlegcr 1993) (the value for A.sacclwrum has been 

corrected from 25 °C). However. Epron e1 al. ( I 995) argue 

that these values are underestimates. because the data in 

Wullschleger ( 1993) are calculated based on the internal 

C0 2 concentration (C,) rather than 1hc concen1ra1ion at the 

carboxylation site (CJ. In woody plants. C,. can be sub

stantially lower than C; because of low internal conduc

tances (g,). Our biochemical model has been modified to 

include g, (sec Eqn A 11) as e~1imated by Epron e1 al. 

( 1995). and the values of \/,.""" have been corrected by a 

simple scaling 10 rellect thi~ modilication. The corrected 

values arc 122 pmol C02 m 2 
leaf ~ 1 for Q11erc11s, and 

around 75 ,umol C02 m-
2 

leafs 
1 

for Acer. From the d:ua 

provided. we obtain similar v• ilu c~ of "'-" for both ~pccics : 

33·9 for Q11erc11s and 32·8 for A<'er. giving a site average ~ 

or 33·61-111101 C02 g-
1 

s 
1

• 

Maxi11111111 ele1·1ro111ra11s1101·1 mte (J,,,,.,) 

Harley t'I al. ( 1992) have also dcmonstrnted that ./""" 

values arc proponional 10 foliar N concemration.j ustifying 

the following relationship: 

(3) 

where k1J is a temperature coefficient (of similar functional 

form to k,,.) <llld Ki is the electron transport rate coefficient 

(,umol g 
1 

N s 
1
) which we calculate from measured values 

of N :ind ./111." •• / 1111" values for Q. ru/Jrn have been delcr
mined from AIC, curves (Loreto & Sharkey 1990) at 

127 pmol m 
1 

leafs 
1
• However. Epron el al. ( 1995) show 

that J,11"' value:. are higher when calculated from AIC, 

curves for woody species. We therefore correcl the 

Q11erc11s value to 165 µmol m 2 tear s 1 at 30 °C. We 
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eslimate lmax values for Acer by assuming that the 

V.,111ux:J111,.x rat io is similar for both species; the estimated 

va lue is 94 µmol m-
2 

leaf s-
1
• Using the maximum foliar N 

concentrations listed above. the site average Kj is then cal

culated as 44·3 pmol g- ' N s- 1
• We determ ine the potential 

rate or electron transport from J 111.,x and absorbed PPFD 

(Farquhar & Wong 1984). 

Biocltemical para111e1ers 

Severa l other parameters arc requ ired for the photosynthe

sis model (Farquhar & Von Caemmercr 1982). The values 

and temperature dependences of K.. and K,,. the 

Michaelis- Menten constants for enzyme cataly1ic ac1 ivi1y 

for C02 and 0 2• respectively. are taken from Kirschbaum 

& Farquhar ( 1984) and McMunrie e1 a l. ( 1992). We deri ve 

P. the C02 compensation point in the <1bscncc of non

photorcspira1ory respiration . from measurements or v cm:ix• 

amongst other parameters. Epron e1 of. ( 1995) suggest that 

observed values or r ~ in woody plants are overestimated 

from /\IC; curves because internal resistance to C02 diffu

sion is unaccounted for. We accoun l for this resistance (see 

below). and so we can approximate woody planl P by thaL 

of herbaceous plants. 36·5 pmol n101-
1 

at 25 °C (Epron el 

al. 1995). using an Arrhenius relationship for temperature 

sensi1ivi1y (McMurtric el al. 1992). W e determine 1he res

piration rate of each layer (Rd: pmol 111-
2 s- 1

) from foliar N 

contenL and leaf temperature. using relationships and 

parame1ers described by Ryan ( 1991 ). 

l111pac1.1· of waler s/a/us 

Following Cornie e1 al. ( 1989), we assume 1ha1 1he pholo

synthelic apparatus is resistant to drought. Epron & Dreyer 

( 1993) have shown thal, in lhe leaves of young oak 

saplings (Q11errns petraea) subjected to water slress, there 

was on ly a limilcd decline in maximum photosynthetic 

rates, and the photochemistry of pholosystcrn II and the 

quan1um yield or ligl11-drivcn electron transport remained 

stable. We therefore assume that water s1ress affects only 

gs. and 1101 1hc photosynthe1ic mechanism. 

Leqf /elle/ proce.ues 

For each canopy layer. once every 30 min nn iterative pro

cedure is used to determine the maxi 111um stomata I con

ductance in this layer (g, 11 ) and the assimi lation rate associ

ated with this conductance (see Fig. I ). 

The iterative procedure is as fo llows, starting from a 

very low g,. 

( I ) lncrement>1sn by a small amount (c. I mmol m- z s-
1
). 

(2) Determine leaf temperature (T1, °C) resulting from the 

leaf energy balance al this x"' using a steady-state 

approximation (Jones 1992). 

(3) Determine leaf biochemical parameters. based on 

fol iar N concentrations (Field & Mooney l 986), 
<1bsorbed PPFD and leaf temperature. 

(4) Determine lhe equi librium rncsophyll C02 concentra-

1ion <Cc) lhat satisfies both diffusion from 1he atmo

sphere 10 1hc mcsophyll (sec Appendix) and metabolic 

uptake. as described by Farquhar & Von Caemmerer 

( 1982). 

(5) Calculale layer transpiration ra1e (mmol m-2 s- 1
) at 

this x,11 wi1h I.he Penrnan- Monteilh equation (Jones 

1992). 

(6) Calculale the change in layer leaf waler potcnlial ( •-fJ,
11

) 

afler one time step (Lll. 1800 s) or transpiration at 1he 

specified g,
11

, using Eqn I . 

(7) Return to step I (for a funher increment o f g,n), unless 

either: 

(a) previous Rsn increment foiled to raise assimi lation 

appreciably (sec below). or 

(/3) l/~ 11 has reached i1s specified cavitaiion limil 

( IP
1111

;
11

) . The water supply system is now operating al 

its maximum rate: any further increase in gsn would 

take the xy lem beyond its threshold !'or cavitation , and 

result in a catastrophic failure in water supply. 

II is 1his i1 erativc procedu re of sell ing x,, especially as 

relates 10 step (7), 1hat sets our canopy model apart from 

sim ilar models. Embedded in 1his procedure is our under

lying hypothesis tha1 stomata} variation operates 10 mini

mize waler s1ress, by effectively using stored water to max

imize C gained per unit water loss over lhe course of a day, 

and by preventing xylem cavi1 a1ion. 

Figure 2 shows 1hc response of ne1 leaf layer C0 2 assim

i lation rate (/\) and lranspiration 10 g,. in the topmos1 

canopy layer at noon on a reprcscn1a1ivc day (sec Fig. 5. 

day 2 15, for prevailing environmcnlal condilions - 1hese 

are held constant through lhc i teration). After an initially 

rapid increase, 1he response or/\ become:-; asy111p101ic, and 

the carbon gain per uni I water loss declirn.:s. We argue 1hu1 

plan1s use their water s1ore conservati vely: it is more effi

cient to limi1 Csn when almosphcric saiuration deficits arc 

low (morning), so that stored water can be uti l ized later to 

1~ 20 

12 

16 

10 

., .. 12 "' 
~E 

8 
'): 

0 0 
~G E 

g 
<( 

IJJ 

0 o · '-- ~ --s-'-oo - ~-1-'oooL...._ ~-- , 5 .Loo_~ -2....1000- ~-....J 0 

Figure 2. Typical upper canopy response of A. assimila1ion rate 

(-)and£. lranspira1ion ra te(- ) 10 stomata! t:onduciancc. The 
crosses mark where 1 (s10111a1a t threshold) is equal to 0·2. 0·07. O·O I 

and O-<JO t % (reading from lcfl to right). 
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buffer the impacts of high a f"l c rnoon almospheric satura

iion deficits. For lhis reason. optimal g·"' is fix ed when an 

im:re111cnl in g"' (.=I mmol m 
2 

s-
1
) fails 10 im:rease A by 

more 1han 0·07%i (lhc threshold parameter 1). twas initially 

selected us ing Fig. 2. to give maximum conductances or 
300 111 11101 111 i s-

1
, in accordance with me;1sured maxima 

for Q. m/Jra (Weber & Gates 1990). 

Site description 

The model results were compared with hourly measure

me nts of whole-canopy exchange made al Harvard Forest 

during the 1992 growing season (Wol'sy el al. 1993: 

GoulJen et 111. 1996). The forest to the south-wcs1 of the 

tower is mainly composed or Querrns nrhra L. (=70% of 

the lea f area) and Acer mhm111 L. ( "'309h or 1hc tear area: 

Amthor et al. 1994). We focused on days w i1h no more 

than one data point missing per day. and with winds pre

dominantly from rhc south-west. We compared daytime 

flu x predicrions with measurements o r LE (Wm ~) and ner 

ecosystem exchange of co ~ (NEE). NEE (J-1 mot m 
2 

s I) is 

the net nf gross canopy C02 uptake (carboxylation and 

oxygenation) and leaf. soil an<l ste m respiration. A nega

tive NEE represents a net llux into the forest (i.e. assimila

tion exceeds respiration). 

The experimcnlal mcthous used al I larvard Forest. and 

the accuracy of the mcasurcme111s . are described by 

Goulden e l 111. ( 1996). Individual hourly tlux measure

ments a rc subject 10 random variability or or<ler ± 20% 

because o f the finit e sampling period used ( Baldocchi et al. 

1988). T his c reates scatter in 1he comparison between pre

dic ted and measured fluxes that over t ime average to 1.ero. 

Systematic errors during Lhe day. which re!lcct a consistent 

discrepancy between Lhc true flux and the measured !lux 

(e.g. a calibration error). arc no greater than l 0- 20% 

(Gou Iden et al. 1996 ). 

Measurements showe<l that temperature (°C) and atmo

spheric saturation defic it (kl'a) varied s lightl y between the 

1op and bo 1tom of the c:rnopy: val ues for the midd le layers 

were derived by imerpolation . Incident PPFD 

(J-1 mol m ~ s 1
) was measure<l at :w m and used to calcu

late inc ide nl NIR . Ambient CO.! concentration (pmol 

mot 1) was measured a l 30 111. Total lear nitrogen was set 

at 6·7 g N m 2 ground area. based on Lhc foliar nitrogen 

comcnt reported for Harvard Forest by /\her e l al. ( 1993 ). 

and LA I was sci 10 3·5. based on leaf liuer collections 

made in 1.hc fo ll or 1992 near the eddy correlation tower 

(A mthor N al. 1994). The model assumes that LAI is 

equa lly distributed between 10 anu 2-1 111 lAbcr 1979: 

Ellsworth & Rci<.:h 1993). We assume a mean fine root 

rnuius of 0·35 111111. and <I fin e fOOI densi ty (/R) Of 

1300 m 111 
2

• using data eollccted at Harvard Forest by 

McClaughcrty. Aber & Melillo ( 1982). T he partitioning 

between soil and stem respirat ion was made following 

Goulden et al. ( 1996). 

Soil moisture levels 10 the sourh-wesl or the t0wcr arc 

high. Soi l pits <lug up to 60 111 south-west of the tower had 

standing water at 30 cm depth dming the summer or 1994 
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(Rich Boerne. Harvard Forest. personal communication). 

This section of rorest seems to be we ll supplied with water 

throughout the growing season. so we assume that soils are 

at !ic l<l capacity in model runs. Therefore. water limita

tions of canopy processes in these simulations arc the 

resu lt of restricted conductance through the soil- root-stem 

system. not the result of low soi l moisture. Soil maps at 

Harvard Forest indicate that sandy loams lie south-west of 

the wwcr. with .::60% sand content and I Oo/r c lay content. 

RESULTS AND DISCUSSION 

The model predicts diurnal varia tion in one parameter (gJ 

in each canopy layer. In combi nation with environmental 

conditions. g, determines the magnitude of canopy water 

and carbon fluxes . Modelled rates of soil evapora1ion arc 

a<ldcd to the transpira tion rates of the canopy layers to give 

whole-forest LE. The net or individual layer CO~ exchan!!e 

rates ;md soil and stem respira1ion rates prnvid~s our cs~i
matc or NEE. 

The model was tested against hourly llux measurements 

from 25 d wi th complete <lata sets and varying weather 

conditions l'rnm the summer o f 1992 (Fi!!. 3). From re!!rcs

s ion analysis or 111casure<l versus prcdi~ted lluxcs d~ring 
daylight hours (11 = 317). the r

1 
values were O·l:\3 for LE 

(slo pe 0·85 ± 0·02) and 0·82 for NEE (slope I ·O:'i ± 0·02). 
The model tended to underpredicl LE in :;ome instances. 

T he wino quadrnnL for each llux reading is indicated by the 

symbols in Fig. 3. Beeau:;c the model was parametrized 

w ith data l'rolll the canopy !'OU th-west of the tower. WC re

analyscd the data for periods in which winds were solely 

fro m this direction (11 = l :-19): the r
2 

values were 0·87 l'or LE 
(slope I ·O I ±().()2) and 0·86 fo r NEE (slope I ·03±().()2 ). 

Thus. when winds arc l'rom the south-west the model 

makes more accurate predict ions. and the s lopes or the 

regression lines do no! differ significantly from l ·O. The 

model underestimates LE when wi nds arc from the nonh

wesl. an area with swampy conditions. and where key 

parameters like LAI may <lirfcr from those used in the 

model. 

Prediction:; for four day:; between the end of Jul y an<l 

early Sep1embcr. with winds consis1emly from the south

west. arc examined in detail (Fig. 4). T he only differences 

among the modelled days are the measured environmental 

conditions and calculated diurnal varia1ion in :;olar eleva

tion. The full set o r parameters used in the mo<lcl runs arc 

shown in Table I . In discussing model output. we show 

predictions at the whole-canopy level (Fig. 4) and also for 

individual canopy layers (Figs 6 & 10). Our model is 

designed to make predictions at the whole-forest level. and 

thus Fig.4 is used for quanti tative model conlirmation. In 

presenting data for the individual layers. the detai ls of 

mo<lcl behaviour arc displayed. A degree of aggregation 

has been employed in paramc1ri1.ing each canopy layer: a 

s imple weighted average was applied 10 take accoun1 of 

species <lifferenccs. Thus. we use the 1.:omparison or 

canopy layer level predic tions with leaf level darn purely as 

a qualitative confirmation of the model. 
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Whole-forest hourly C02 exchange 

During the course of' the day. canopy processes arc initially 

driven hy the interception of incident radiation (Figs 4 & 

5). As s tomata open. CO! assimilation rises more rapidly 

than l ~ E'. because atmospheric saturation defic it is low in 

the cool of the morning (Fig. 5). With ris ing air tempera

tures. atmospheric demand for water. and thus transpira

tion, arc increased. As light becomes saturating. leaves arc 

no longer limited by potential electron transport. Instead. 

RuBP carboxylation activi ty becomes limiting. which in 

turn is related to leaf N content. Figure 6 shows diurnal 

rates Of assimilation (µ 11101 CO ~ S I pe r layer) and internal 

C O ~ concentrations CC,. pmol mo l 
1
) in selected layers on 

day 2 15. 
After midday a third factor becomes limiting. In the first 

few hours of daylight the transpirational demand created 

by sto matnl opening i~ met from water stored in the leaves 

and the crown (i.e. capacitance). 1 lowever. once the stored 

water is exhausted. the leaves must he supplied by water 

transported from the roots. In the upper canopy. over 20 111 

above the forest noor. xylem hydrau lic resistance is signif

icant and stonwta arc forced to close to maintain turgor ;rnd 

11void xy lem cavi tation. Because afternoon atmospheric 

saturation de ficits arc high in the upper canopy, the degree 

© t 996 B lackwell Science I .Id, Pinnt. Ct'ff mid £111'irm11111m1. 19. 911- 927 

of stomata! closure required to maintain tunrnr has a signif

icant effect on C01 di trusion i 1110 upper ca 1 ~opy l ayers~ 
Further factnr!I involved in reducing afternoon NEE 

include the measured drop in ambient C01 concentration 

result ing from co ~ uptake by the canopy. and the recorded 

increase in soil respiration caused hy higher afternoon soil 

t e mp erat ur e~. I lowcver. the model suggests that the over

riding reduction in afternoon C01 uptake results from 

stomata! closure in the upper canopy caused by restrictions 

in water suppl y. Measured anu modelled NEE show a sim

ilar hyperbolic n.:spon:.e to incident PPFD during the four 

d:iys wc examined (Fig. 7). and both shO\\ the :;amc hyl>

tercsi~. with afternoon co ~ uptake lower than morning 

uptake at a similar PPFD. 

Deeper in the can<'PY· there arc different limitations to 

productivity. Light level~ arc lower. but so also are atn10-

spheric :.aturation delicih. temperatures and wind :;pceds. 

and hydraulic.: rc:.istance i:. reduced in layers nearer the 

ground. Therefore water demand in the lower canopy 

never exceeds supply. and there is no stomata! closure dur

ing the afternoon according to the model. 

In their s tudies on gas exchange in mature Q11rrc11s 

mhm. Weber & Gates ( 1990) showed that a marked mid

dny depression in C02 assimilation commonly occurred 
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Table 1. Parameter value' and variahle' u'ed in 1he soil-plant-atmo,phere model 

Paramc1er/variablc 

Nel assimila1ion rate 

/\111h icn1 a1mosphcric C02 <.:o nce1Hr;1t io11 
Mc,nphyll C02 concc111ra1io11 

Leaf internal C02 co11cen1r:11ion 

Canopy l;1yer cap;ici1am:e 

Tran,pir:uion from canopy layer 11 

/\cclcrn11011due10 gravi1y 
Leaf boundary layer co11duc1ance 10 waler vapour 

Mc,ophyll conduclarn.:e 

Stomaial cnnduciancc 
1'01al comluclance to('(), lrom almo,pherc 

In mesophyll 
Canopy hydraulic conductivi1y 

Layer hcigh1 
Rch1tive humidity 

Ma>.imum elcc1ron tran,pon rate 
Canopy layer water nux 

RulJP earho.,yla1ion capaci ty tempcra1ure 

cocfficienl 
l ~ lec1ron 1ranspon 1empcr:t1ure cocflicienl 
I\ lrdiacli,- Menten con,tant ol Ruhi,1.:0 lor 
C02 at 25· C 

lnh1h111on const:rnt ol Ruh"co by 0 ~ a1 25"C 
Leaf area index 

Fine root length per m2 ground area: total/layer 
Soil hydraulie conducti vity 

/\rc:il con1.:cntration or lea f" N 
h>liar N concentration in layer 11 

Proponion of total canopy Nin top layer 

Slope coefficient of canopy N di,trihtt11on 

i\t111n,1>heric pre,sure 
Rc,piration rate 

Canopy layer hydr.iulic rc'i'tancc 
Soil hydrnulic rcsiMance 111 <.::inopy layer /1 

G:" con,tanl 

Fine roo1 radiu' 
Rml iu' of soil cylinder exploited hy a mm 

/\ir 1crnpera ture 

I .cuf 1cmpcra1Urc 
Sor I temperature 
/\clUal rale or carboxylat ion 

Ru BP carhoxylation capacily 

Canopy layer waler con ten I 
/\tnm,pheric ,a1ura1ion deficll 111 c:111opy layer 

C0
2 
co mpcn ~a ti o n poinl wilh H,1 = 0 al 25' C 

8No1:, 1hre,hold for ~ioma1al 01>cning 
RuUP carhoxylation ca1aly1ic ra1c coefli cicnl 

a1 JO' C 
Electron 1r:111,porl r;1te coeflicic111 ;1t 30"C 

l)c11si1y of waler 
Minimum suMainahlc leaf water po1e111ial 

Lear water po1en1ial in layer 11 

Soi l waler potenlial 

Symhol Uni1, Value 

c, 
c. 
E,. 

c,, 

" Ii 

Jm.1\ 

J,, 

kl< 

r, 
,._ 
T., 

T, 

T, 

V, 

v c111.1ll. 

IV,, 

& 
('* 

Xj 

p" 
'l'1tn111 

'f-'1 11 

•fj, 

pmol 111 ! s 1 

JllllOl 11101 I 

pmol 11101 

µmo l 11101 I 

11111101 MPa 1 
m 2 

11111111111) ! \ I 

111' ~ 
111 \ I 

111' I 

Ill\ I 

mol rn ! ' 
1 

variable 
variable 

variJble 

v;1riahlc 

8000 
variable 

9·8 
variable 
0-0025 

variable 

variable 

11111101111 I ~ I MP:i I 4.5 

Ill 10-24 

'X 
f/11101111 .'\I 

JllllOI Ill ! ' I 

Jlmol mol 

1111110111101 
Ill! 111 } 

variahlc 

variable 

variable 
I ·Oat 30"C 

1-0 a1 30°C 
3 10 

155 
3.5 

Ill UI l 1300/130 

11111101111 1 ~ 1 MPa 12-4 

l! Ill ! J: /'llllllrf (//'('(/ 

g 111 ! lt•11/ 111·c11 

Pa 

pmol 111 ' 
M Pa ' mi 11111101 1 

MPa' mi 11111101 1 

Pa 111' 11101 1 K 1 

111 

111 

"C 
"C 
oc 
J/1110) 111 ! \ I 

pmol 111 ! ' 
1 

mrnol 111 ! 

kPa 

11111111 nml 
(/, 

pmol g 1 s 1 

µ11101 g I S 
1 

kg 111 I 

MJ>a 

MPa 

MPa 

6-76 
variable 
0.152 

-0-103 
- Ix JO' 
variable 

variable 
().()025 

8·3 144 
().()()()35 

( llnl,Jv; 

v;1riable 
variable 

variable 
v;iriahle 

v:1riahle 

8800 
variable 

36·5 
l).07 

33-6 

44.3 

998·2 

- 2·5 
variable 

- 0·01 

Source 

Eq11 /\JO 

111casurc111c111 da1a 
equilihr: itc diffusion :md metabolic up1akc 

ofCOi 
Cakulaic from A. c. and g, 

Schul1c 1•1 of. ( 1985) 
Penman -Mo111ci1h equa1ion 

Eqn from NolJCI ( 1983) 

Epron "' "'· ( 1995) 
\CC ICXI 

Eqn /\ 11 

Tyree & Sperry ( 1988) 

~i l c cs1irnatc 
111ea, urc111en1 da1a 

E11n J 
Eqn /\ 5 

McMunric 1•1 ol. ( 1992) 

McMunnc e111I. ( 1992) 

Kiri.chhaum & Farquhar ( 1984) 

Kir ... chhaum & Farquhar ( 1984) 
1992 ~ i t c leal li 11cr 

McCl:urglu.:ny e111I. ( 1982) 
Boone (pcrso11;i l cornrnunica1ion). 

Sax Ion''' al. ( 198(1) 
/\her 1•1 ol. ( 1993 ). /\ mlhor et al. ( 1994) 

Eqn /\ I 

Ellswor1h & Reich ( I 99J) 
Elli.wor1h & Reich ( 1993) 

Ryan ( 199 1) 

Eqn /\J 
EqnA2 
Jones ( 1992) 

McClaughcriy l'I al. ( 1982) 

111casuremcn1 data 

slcady-, 1a1e appmxi111a1ion (Jon1.:s 1992) 
111easure111cn1 da1a 

Farquhar & Von C:1em111crcr ( 1982) 
Eqn 2 

Schul1e '''al. ( 1985) 
mcaMrrcmenl daia 

Epron t'/ ol. ( 1995) 

conjec1urc 
sec 1ex1 

sec ICX t 

Jones ( I 992) 
Bassow ( 1995) 

Eqns I & /\9 

Hoonc (JJCrM>nal communication). 
Saxton l'I 11/. ( 1986) 

during summers in the upper canopy. Reich et al. ( 1990) 

repon similar pauems in their investigation of oak- maple 

forests. Leaf-level mc;isuremcnls of pholosynrhcsis in rhe 

upper ancJ lower canopy h•1ve been undertaken at Harvard 

Forest in 1991and1992 (Bassow 1995). The data show a 

high degree of variability. I lowever, the measurements do 

indicarc thal C02 assimilation in 1hc upper canopy tended 

10 decline arter midday. In the sub-canopy, as:,; imil ation 

If) 1996 Bluckwell Science Lid. l'/11111. C«ll mul E11 viro11111e111. 19. 9 11 - 927 
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rates were generally lower. but less variable throughout the 

day. and an at'temoon dcc.:line in uptake was not indicated. 

These data provide qualitati ve substantiation for lhe model 

results al the canopy layer level. 
Bearing in mind the magnitude of the error associated 

with eddy corre lation methods. il is also instructi ve 10 

examine where modelled and measured results for the 

whole canopy diverge. For day 253 (Fig.. -l-) the model 

underestimates C01 uplake and LE during the middle of 

1he day. However. this day wa~ c.: haracterized by a grcal 

degree or variability in flux measurements. and by rcla-

1ivcly high soil temperatures. II seems likely that our 
estimates or soi l respiration arc an overestimate. The 

morning peak in measured U ;' is explained by evapora

ti on from wet leaf s urfac.:cs resulting from rainfal l a l 

0600 h. 

Internal C02 concentration ( C1) 

Figure 6 traces the diurnal course or predicted internal CO ~ 

concentrations (C,) for live canopy layers on day 2 15. 

Tenhuncn et al. ( 1984) ob~c1vc 1ha1 C; tends to remain 
essentially consttlll\ despite stomata! closure. so that assimi

lation and conductance change in conc.:ert. This observation 
is the basis or some empirical models or g, (Ball et al. 1987 ). 

(f) 1996 lllackwcll Science Lid. P/11111, Cr/I mu/ E111'irm11111•111. 19. 91 1 927 

A similar coordination between assimilation and stom

atal conductance arises because of the optimization we u~e 

lO calculate g, in our model. Thus. in our model C, remains 

relat ively c.:ons1an1 for much of the day and in mos1 layers. 

between 260 and 280 pmol mol 1
• a typical range for C, 

leaves. However. in topmost layers. where afternoon g, i~ 

set to avoid cavitation rather than optimise C uptaJ..c. C, 
falls as diffusion becomes limiting 10 assimilation. In stud

ies of gas exchange in malllre Q11l'rrns rubra. Weber & 

Gatci. ( 1990) shO\H:d that C, did decline during the middle 

or the day. though not to the extent of our predictions for 
the upper canopy. 

The stable C, values predicted for each layer arc simi lar. 

their exact values dependent on fo liar N concentration and 
im:idcnt radia1ion. However. because the impacts of s1om

:11al closure due 10 water s1rc:.s are confined 10 the uppt:r 
canopy. the average daily C; will decline with hcig.hl. 

Carbon isotope ratios in leave~ can provide an indication of 
long-tern1 aggregated C, values (Farquhar et al. 1989). 

U:.ing 1his technique. Yoder"' al. ( 1994) have sho\\ n thal 
in upper canopy tr ee~ there i~ C\'idence of reduced C,. 

which they trace 10 hydraulic.: limi1a1ions. Although their 
data pe11ain to a conifcrou:. stand at a dry site. they do pro

vide some suppor1 for our simulated vertica l distribution of 
average C; in developed stands. 
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Figure 6. Varia1ion in Iota I carbon assimi la1ion r.i1c ( lop) ;md 
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canopy l ayer~ 1hrough 1hc cour~c of clay 215. The layers are 
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Stomata! conductance 

Canopy models have employed empirically derived rela

tionships (Ball et cil. 1987: Collatz er al. 199 1) to predict 

stomata! conductance (mol m 
2 

s 
1 
). using var iations on 

the equation 

(4) 

where /-/, is relati ve humidity at the leaf sur face(%). C, is 

C02 concentration at the leaf surface (pmol mo! 1
) . A is 

net assimilation ra1e (µmol m 2 s '>.and 111 (dimensionless) 

and b (mol m 
2 

s 
1
) arc constants. We plot our predictions 

of g, for each layer of the canopy through lhe course of one 

uay (2 15) against Al /IC,, (sec Fig. 8) - because or high leaf 

boundary layer conductances, amhicnl and surface values 

of humidity und c o ~ conccnlration w ill not differ grcally. 

The figure shows that our model of g, is clearly related 

(r2 = 0·8'.l) 10 lhe empirical function. The gradienl of a fit

ted line, given thal b is small. gi ves an estimate of 111 of 

0· 12, which is in accordance with published values 

(McMurtr ie 199'.l). I lowever. our model does display an 

obvious excursion from the Bal l el al. relation: 1his is 

because Eqn 4 ilo. not dependent in any way on plant water 

slatus. 
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Figure 8. Prcdic1cd s1Uma1al conduc1am:e for five layers on day 

215 ( • ).as a runction or the Ball - Berry re lationship (B all <'I al. 

1987). where I\ i~ canopy layer C02 assimila1ion ra1c. /1 is amhien1 

humidity <tnd C., • ~ ambic111 air CO, conccn1ra1 ion. A lso ~hown i~ 

lhe diurna l Cll ll ;~C or MomalaJ conduclanCC for the lhi rd layer inlO 

1he cannpy ( 8-): 1hc numbers indicale 1hc time of day Ch). 

The model can also be used to examine how g, varies 

within the plant canopy. Daylight average and maximum 

g, are plolled against leaf height for the same day (Fig. 9). 
Maximum g, declines deeper into the canopy. However. 

lhe grealer water slress in the upper canopy and the result

ing afternoon stomatul closure mean that average gs i s 

highesl below lhe 1opmos1 layer. These predictions are in 

agreement wi th the measurements of Roberts et al. ( 1990) 

© 1996 B lackwell Science Lld. /'/11111. Cl'// a11d E:11 viro11111e111. 19. 911- 927 
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350 

who examined variation in g, with height in a Lropical rain 

forest. Pla111s higher in the canopy exhibited the greatest 

maximum g, values. and showed a steep decline after a 

mid-morning peak. Plants nearer the forest floor had lower 

maximum gs values and showed far less diurnal variation. 
These data do indicate that the predicted patterns arc con

sistc nl with obsc rvalions from other 1all-sta1Urc forests. 

Nitrogen use efficiency 

Nitrogen use efficiency (NUE) of each canopy layer 

through a single day is dc1crmined as the total gross co~ 

assimilation per g foliar N. Integrated daily NUEs or 1he 

c:.lllopy layers are simi lar (sec Fig. I 0). suggesting that the 

N distribution we applied is close 10 optimal. Upper layers 

arc the most e ffi cicn1 early and tare in the day. when they 

arc belier il luminated and least water-stressed. Lower lay

ers arc the mosr effi cient around noon, when irradiance is 

highest. The NUE of rhc 1opmos1 layers declines prccipi-

1ously with the onse1 of stomata I closure induced by water 

s1ress. The model indica1es 1ha1 taking account or 

hydraulic limi1a1ions 10 productivi1y in the upper layers 

LE 

Para111c1cr Value ,.2 :;lope 

Standard (Hi7 l.Ol±t1'02 

c .. (4·5) 3·0 0·87 0·97±0·02 
().() 0·87 1·04±0·02 

'1'1111111 (- 2·5) - 3·5 0·115 1·08±0·02 
- 1·5 0·80 0·80±0·02 

c (8tl00) 11000 0·86 1·06±<Hl2 
5000 0·86 0·93±0·02 

(0·07) 0·01 CH\2 1·25±0·03 
0·20 0·87 0·82±0·02 

/' ~ 

IMl<1 

0·86 
0·86 
0·85 
().!\.' 

0·86 
O·l!6 
ll·l!6 

0·86 
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may be import:ml in de1ermining the optimal distribution 

of N within the canopy. 

Sensitivity analysis 

The parame1ers 1es1ed ror sensi1i vi1y are those related 10 

the hydraulic model and stomata! variation that were nol 

measured al the site: C,,. 'i/1111111 • G" and 1. The model was 

rerun for the 25 d. wi1h 1hese parameters varied individu

ally by at least ±30% (according to uncertainty abou1 the 

parameter estimates). Table 2 shows the / and 

slopes ± s1andard errors of the measured versus predicted 

fluxes when winds were from the south-west. There was 

o nly a small alteration in model respunse wi1h varia1ion in 

canopy hydraulic conductivi1y (G
1
,), and canopy layer 

capacitance (C,,). There was more si.:nsi ti vi ty 10 changes in 

minimum sustai nable leaf waler pote111ial ( '¥
1111111

). When 

this was increased to - 1 ·5 MPa. 1ranspira1ion and photo· 

synthesis were significan1ly reduced. because s1omatal 

opening is constrained as '¥1111111 becomes le ::: ~ negative. 

Less negative values of '1~ 111111 arc equi valent to more ncga-

s 
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Figure 10. Diurnal varia1ion in 1111mgcn use efficiency (µmol C 

a~sim il atcd .cr' g I foliar ) for five or the I 0 layer' on day'.! 15. 
The layers arc numbered from the 1opmo~1 ( I ) 10 the second from 

bottom (9). 

NEE 
Table 2. Sensi1ivity analysis of the canop) 
model for canopy hydraulic conduciancc 

slope 
cndlicicn1 (G

1
,). minimum leaf w:11er 

rotent ial ( 'l'1111111l· c:111opy layer capaci1:111cc 
(C11) nnd 'tomalal lhrcshold ( r): brackcrcd 

24 

1·03±0·02 
values arc !hose from the standard parameter 

I ·00±0·02 sci. The model was rerun for the subsel of 25 
1·04±0·02 

<lay~ in 1992 "hen winds were from the 
1·06±0·02 

sou1hwe~1. wi1h ahcrcd parame1er value~ a~ 
0·92±0·02 mdic:ued. We detem1ined ? and ~lope :t 
1·05±0·02 

~iandard error from linear regrc~~i on of 
I .C10:t().()2 
I ·(l6±0·02 

mea,ured (independenl) veri:us modelled 
(dependent) lluxe~ (latenl energy and nc1 

0·96±0·02 ccosys!Cm exchange). fiucd through the 
origin (11 = 140) 
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Live values of 'P_. Thus. sensitivity analysis of l/~ min also 

serves as a sensitivity analysis on soil water availability. 

LE showed more sensi tivity than NEE 10 variation in 1. 

the stomata! threshold parameter that controls water use 

efficiency. We have used t 10 constrain g,. arguing that 

conservation of the plant water store ameliorates afternoon 

water stress. The sensi1ivi1y of this parameter (set 10 0·07% 
in the model runs) and this assumption were tested in more 

detail. r:or day 215 the canopy model was rerun wi th a 

varic1y oft values. ranging from 0·00 I 10 0·2% (Fig. 1 I ). 

With lower t values, GPP (gross primary productivity) was 

stimulated in the morning because stomata opened wider. 

The model then forecast a rapid exhaustion of the water 

store, causing stomata I closure to occur earlier and to affect 

more of the canopy. Afternoon GPP was significant ly 

reduced. and so in balance there was minimal improve

ment (less than 1 %) in daily total GPP with less con

Mraincd g,. With higher values of 1. the model predicted 

that !.tomata opened less widely in the morning; water 

stress was ameliorated in the afternoon. but this highly 

conservative strategy reduced daily GPP overall. The 

hydraulic model docs set short-term limits on productivi1y. 

but suggests that conservative g, limits the degree of 

canopy water stress. 

Further directions 

The model docs not include any representation or waler 

dynamics around roots or the impacts of root clumping 

(Tardicu el al. 1992). W<1ter uptake rates may be affected 

by the development and enlargement of water-depletion 

zones around roots during the course of the day. If morning 

photosynthesis relics large I y on stored water. these 

depiction zones around roots arc expected to affect only 

afternoon transpiration and therefore might explain the 

tendency of the model to overestimate late afternoon LE. 
Also. we did not simulate the variation in soil moisture at 

differcnL depths. To test and apply this model further. we 

require data l'rom a water-stressed site. so that the impacts 

of low soil moisture on canopy processes can be examined. 

The major objective or th is work was to develop predic

tions or canopy 11uxes. both for use in investigation of the 

stand-level response 10 global change. and for application 

to ecosystem models (e.g. Parton el al. 1988: Rastetter el 

al. 199 1 ). Having confirmed model predictions against 

whole-forest measurements. we can reliably use the model 

to develop more aggregated representations of canopy pro

cesses. These arc much simpler sets of equations. operating 

like a simplified 'big-lear model. that capture the 

behaviour of the process-based formulation while requir

ing many fewer parnmctcrs and much reduced computing 

power. 

CONCLUSIONS 

We describe a soil- plant- atmosphere continuum model 

lhat. given numerous simplifications and assumptions. 

adequately predicts both canopy C02 uptake and transpira-

© 1996 Bluckwcll Science Ltd. Pla111. Cell mu/ E11viro1111umt. 19. 911 - 927 



tion for a (}twrt'm At'er "ilc al I larvan.I Forest. The nmdd 
-.uc.:ccssrully capture-. the impacts o r contrasting weather 

conditions on (' assimilation and LE llux over a growing 

... ca-.on. Thus. we c.:an conlidemly cmplo) the model to sim

ulate ... casonal patterns or C and water exd1anges. gi' en the 
availability or relevant parameter:.. 

The model -.ucccssrully accounts for the observed after
noon decline in ('() ~ uptal..e. -;uggcsting that this arises from 

-.wm:ual cln-.urc in the upper c:mopy. ini1iatcd by exhaus

tion or s1orcd waler. lkcause the impacts of water stress arc 

conrim.:d lO the upper canopy. where atmospheric <.kmand 
is highest. anu hydraulic.: resisl<lnce grc;llCSl. lhC nHldcl sug

gests llWl avcr:tgc dai ly internal CO ~ c.:oncenlralions (C,) 

decline wi1h height. The prcdic.: tions or 1his model for g, arc 

broad ly in agn.:cmenl with ll ll)SC o r the Ball {'/ "'· (I 9X7) 
approach. though di l'f'crcnces do arise because o f' the 

impacts of plant w;11cr status nn g, in our model. Our simu

lated maxi mum g, va lues decli ne with foliar N concentra

tion and wi th c:mopy height. Ex:1111ina1ion of pn.:dicti.:d N 
use cflicicm:ies shows 1hat the mcasureu N tlis1rihu1io11 

applii.:d in this mmlcl is c.:lose lO optimal. Further. sensitivity 

analysis or lhc hydraulic paramelcr:-. :.hows 1ha1 gas lluxi.:s 

arc most rcspon,ivc to variation in minimum leaf' waler 

po1en1i:1I ( t/11111 ,,,) and '-Oil waler potential ( lfJJ. Analysis abn 

reveals that an optimal slomatal behaviour may exis1. whic.:h 

mosl cflic.:icntl) u1ili1es slOred water 10 delay 1hc onscl or 

afternoon water :.lrc:.s. 
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APPENDIX 

The canop) foliar 

layer 11) i!> gi' en h) 

di!>tribution lg 111 .! leaf area .. in 

and the 'oil hydraulic re.,i!>tance to eanop) 

(R, 11 : M Pa!> ml 11111101 1) hy 

R = lnlrJrJ 

'
11 

2rrl, l.""1 

(.'\I l 

ht)Cf II 

lA2l 

The canopy layer hydraulic resistance lRr
0

: MPa s 111; 

11111101 
1
). which inc ludes root. stem and branch rcsisiancc. 

is given by 

It 
u.,11 = -( .. 

'1• 
(A2) 

and 1he canopy layer capacitance <C11.111111ol MPa I Ill l )by 

C = dW., 
11 

"'¥111 
(A4l 

The -.teady-!>tate ";Iler llux thrnu!!h a canop) la) er l},,: 
11111101 111 ; ' 

1
) can be "ri 11en ~ 

lA5) 

The rate of change or layer water Ct)llte111 (cl 11'.,/dl) is given 

by the diffen:111.:e het\\ een the llow of water into the layer 

and that lost by tran!>piration frnm tha1 layer: · 

d \11,/dt = ./11 f,,. 

Thu!>. 

ti W,/d1 = ( lfl, - '//111 - P" . ~lt )!(/(11 + R1111 ) - £ ... 

Substitution oi' Eqn A4 inll) l::qnA 7 gives 

The ne\\' 11'111111 11 is simpl) determined by 

(A6) 

(A7) 

lA8) 

(A9) 

The CO~ diffusion model. cakulatcd separately for eac.:h 

layer (Von Caemmcrcr & Farquhar 1981 ). i!> 

A = (J:, - O·SE>C.. - Cg, + 0·5E)C,. (A 10) 

The total C02 c.:onductancc from a11110:-.phcrc to mesophylf 
(g,: nml m ~ !> 1

) i-. givt.:11 hy 

1·65 /.~, + 1-37 / gh+ Ilg,. 
(A 11) 


