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Abstract. Water use efficiency was estimated for Salix 
viminalis (L.) trees growing in the field under non-limiting 
nutrient and soil water conditions. Gas exchange measure- 
ments were used to calculate conductances to water vapour 
and CO2 fluxes. Sap flow was measured using a tree-trunk 
heat balance technique. Transpiration and CO2 uptake were 
estimated using an open-top ventilated chamber enclosing 
the whole foliage of a tree. Mesophyll conductance to CO2 
(gm') was modelled as a non-linear function of global 
radiation (Rg) and air temperature. Stomatal conductance 
(gs) was modelled as a function of R~ and vapour pressure 
deficit (Be). The models explained 92 and 88% of the 
variation of gm' and gs, respectively. The net photosyn- 
thetic capacity of S. viminalis was high compared to a 
number of broad-leaved species. The optimum temperature 
for photosynthesis was found to be 20.5 ~ The instanta- 
neous water use efficiency (WUEi) was high: it reached a 
maximum of 15 g (CO2) kg-1 (H20) for small rates of E, 
and decreased down to 9 g kg q for peak rates of E. Water 
use efficiency calculated from above-ground biomass 
measurements and from net carbon assimilation revealed 
a specific carbon allocation pattern during the season. The 
combination of gas exchange and dendrometric measure- 
ments was found to be a promising approach of non- 
destructive estimation of root/shoot allocation of carbon. 

Key words: Mesophyll conductance - Stomatal conduc- 
tance - Allocation - Growth 

Introduction 

The primary interactions of a terrestrial plant and atmo- 
sphere are represented by fluxes of water and CO2. Under- 
standing how these fluxes are mutually related and how 
they depend on environmental conditions can assist man- 
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agement practices in forestry and agriculture, particularly 
with respect to increasing concentrations of CO2 in the 
atmosphere and efficient use of available water. Water use 
efficiency (WUE), defined as the ratio of assimilated CO2 
or C, or dry matter produced per unit of transpired water, 
serves as an index for comparing plant species at different 
hierarchical levels and temporal resolutions. For assess- 
ment of WUE via gaseous fluxes, the term instantaneous 
WUE (WUEi) is used, because the measurements usually 
have a resolution of seconds or minutes. Long-term WUE 
(WUEi) is estimated from growth (expressed mostly as dry 
weight increment) and water use over longer periods, from 
days up to years. The assessment of WUEi involves 
measurement of transpiration (E) and CO2-fixation or 
assimilation (An) which include calculation of stomatal 
and mesophyll conductance. Simultaneous measurement 
of total carbon assimilation and the above-ground produc- 
tion allows some estimate of below-ground carbon alloca- 
tion. 

Estimated WUE values in the literature are not easy to 
compare due to the wide range of approaches chosen for 
measuring the associated fluxes. To compare WUE found 
for a species in different regions or time, WUE must be 
compensated for the environmental conditions under which 
the measurements were made. This is based mainly on the 
theory that An is a function of E and vapour pressure deficit 
(6e), provided leaf temperature does not depart from the air 
temperature and the ratio of conductances for CO2 and 
water is approximately constant (e.g. Bierhuizen and 
Slatyer 1965). This approach, together with other ways of 
treating WUE with respect to climate, is reviewed by 
Tanner and Sinclair (1983). 

In this paper, WUEi for above-ground production was 
estimated from measurements of tree diameter increment 
and sap flow by the tree-trunk heat balance (THB) method. 
WUEi was estimated from measurements of gaseous fluxes 
by a combination of gas concentration measurements with 
an infrared gas analyser (IRGA) and volumetric flow 
measurements in an open-top ventilated chamber enclos- 
ing a whole tree canopy. WUEi was also estimated using 
functions for mesophyll and stomatal conductance for CO2. 
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T h e s e  f u n c t i o n s  we re  u sed  for  i n d e p e n d e n t  ca l cu l a t i on  o f  
An and  re l a t ed  to sap f l ow  m e a s u r e d  in s e v e n  o the r  
d o m i n a n t  t rees .  M e a s u r e d  a n d  m o d e l l e d  W U E i  were  
e x p r e s s e d  for  f i xa t i on  o f  C ( W U E i c )  and  a v e r a g e d  so as 
to b e  c o m p a r a b l e  w i t h  a l o n g - t e r m  e s t ima te  o f  W U E i .  In  
this  way,  roo t - to  s h o o t  a l l o c a t i o n  pa t t e rn  c o u l d  b e  r e v e a l e d  
a n d  the  p a r t i t i o n i n g  o f  ne t  a s s i m i l a t ed  c a r b o n  a b o v e -  and  
b e l o w - g r o u n d  was  c o m p u t e d .  T h e  a i m  o f  this  s tudy  was  to 
e s t i m a t e  l ong -  a n d  s h o r t - t e r m  W U E  for  Salix  viminalis  (L.) 
t rees  and  h o w  tha t  re la tes  to w e a t h e r  va r i ab l e s  and  t ime.  
A p p l i c a t i o n  o f  the  m e t h o d s  for  e s t i m a t i o n  o f  c a r b o n  
a l l o c a t i o n  to the  b e l o w - g r o u n d  par t s  o f  a t ree  was  also 
s tudied .  

Materials and methods 

Site, plant material, methods and calculation used with measurements 
of gas exchange and sap flow have been described elsewhere 
(Cienciala and Lindroth 1994). Only the calculation of CO2-assimila- 
tion, conductances to water and CO2 fluxes, and water use efficiency 
are presented. The analysis of gas exchange will be expressed in terms 
of conductances instead of units of CO2 concentration in the air and in 
the leaf intercellular space (Ca and ci, respectively; Von Caemmerer and 
Farquhar 1981). This is for a simpler interpretation of fluxes, to which 
conductance is directly proportional (Long and Hallgren 1993), 
because the size and relationships of fluxes were of main interest 
here. Since the paper deals with issues of interdisciplinary interest, we 
occasionally use alternative units for easier comparison of the 
measured values. All the results presented below will refer to trees 
of the dominant group as distinguished in Fig. 2 in Cienciala and 
Lindroth (1994). 

Conductances  to C02  f lux  

The calculation of conductances associated with flux of CO2 is 
analogous to that summarised by Bugbee (1985). The total CO2 flux 
(An; mrnol  m-Zs -1) can be written as 

An = AC/ZR (3) 

where AC (mmol m -3) is the CO2 concentration gradient between the 
chloroplast and the external atmosphere (360 ppm) and ER is the total 
resistance given by 

ZR = 1/gb'+l/gs'+l/gm' (4) 

where gb', gs' and gm' are boundary layer, stomatal and mesophyll 
conductances for flux of COz, respectively. Note, however, that grn' is a 
complex variable, which includes both transport and "enzyme" 
components (e.g. Jones 1992). We treat gm' as a "rest" term in the 
resistance (conductance) analogy (Eqs. 3, 4 and below). Thus no 
attemps are made to elaborate the gin-concept itself, which may 
often be ambiguous (see e.g. Parkhurst 1994). CO2 concentration in 
the chloroplast is assumed to be equal to the compensation concentra- 
tion. gb' was  calculated via boundary conductance for water vapour 
(gb) as 

gb' = gb/1.387 (5) 

where the constant of 1.387 is the ratio of diffusivity between water 
vapour and CO2, empirically corrected for turbulence (Thom 1968). 
Since gb' > >gs' ,  it has a small impact on the total CO2 flux and is not 
discussed further here. 

Similarly, gs' was calculated via stomatal conductance for water 
vapour (g~) as 

g~' = gs/l.56 (6) 

where the constant of 1.56 is the ratio of diffusivity between water 
vapour and CO2. The mesophyll conductance (gin') was calculated by 
rearranging Eqs. 3 and 4 from measured An. 

Calculat ion o f  C 0 2  f l u x  (An) 

The net flux of CO2 between the tree crown and the surrounding air 
was measured and calculated according to the detailed description 
given for transpiration by Cienciala and Lindroth (1994) with the 
following exceptions: (i) Mw was replaced by Mc (molecular weight 
for CO2) and k = 106 (because CO2 concentration is given as gmol 
mol-l) in Eq. (2), (ii) it was assumed that the concentration in the 
reference cell was 360 ppm, i.e., equal to the ambient concentration in 
the air. The error caused by the deviations from this value was 
negligible. 

Boundary  layer  and s tomatal  conductance  f o r  water  vapour  

The average boundary layer conductance to water vapour diffusion (gb; 
cm s -1) per unit one-sided leaf area in the chamber was estimated as 
(e.g. Monteith and Unsworth 1990) 

gb = (CdUc)/Pd (1) 

where cd is a drag coefficient (0.2), u~ is the wind speed inside the 
cuvette (cm s -1) and P~ is the shelter factor (1.5). 

The leaf surface conductance to water vapour diffusion (gs; cm s-l) 
per unit leaf area was estimated as 

g~ = gb/{gb[pcp(e~-ea)]/(~ET)-i } (2) 

where ~ is the latent heat of vaporisation of water (2465 J g-l),  E is the 
transpiration per unit leaf area (g m-Zs-1), ]t is the psychrometric 
constant (65.5 Pa K-l), p is the density of air (1225 g m-3), Cp is the 
specific heat of air (1.01 J g-IK-1), e~ is the saturated vapour pressure 
(Pa) at "air" temperature and ea is the actual vapour pressure (Pa). 

Model l ing  s tomatal  and mesophyl l  conductance  

Stomatal and mesophyll conductance data were fitted using non-linear 
least-square regression analysis. The model was initially analogous to 
the approach described by Massman and Kaufmann (1991). In the first 
step, conductance (g, i.e., gs, gs' or gm') was modelled as a function of 
global radiation (Rg) as 

g = gn+gxRg/(rg+pr) (7) 

where the three parameters are gn, the minimum conductance (night- 
time conductance), gx, related to maximum conductance and pr, 
parameter related to maximum radiation. 

For gs, the response to vapour pressure deficit (Be) was included by 
incorporating the modifier f~e to Eq. 7 as 

g = (gn+gxRg/(Rg+pr))f~e (8) 

where f ~  was in a form analogous to that of Lohammar et al. (1980), 
namely 

f ~  = 1/(l+pd~Se) (9) 

where pa is the slope parameter. 
For grn', the temperature response was applied by adding the 

modifier f r  to Eq. 7 as 

gin' = gn+gxRg/(Rg+pr)fr (10) 

wherefr  was analogous to function applied for gs by Jarvis (1976) as 

fr  = [(Ta-Yn)/(To-Tn)]{ [(Tx-T,)/(Tx-To)] a } (11) 

where Ta is air temperature, Tn is related to the lowest temperature for 
carbon assimilation (set to 0 here). To is the parameter to be fitted and 
it represents the optimum temperature for carbon assimilation. The 
exponent a, which equals (Tx-To)/(Tx-Tn), was fixed (= 0.5). Thus, T,, 
the maximum assimilation temperature, is determined solely by To 
(Massman and Kaufmann 1991). 
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The conductance data used to fitting Eqs. 7 -11  excluded those 
obtained during rain and when condensation occurred in the gas- 
exchange system (see Cienciala and Lindroth 1994). 

Water use ef f ic iency 

The instantaneous water use efficiency (WUEi; g kg -l or ~tmol 
mmol 1) was given by 

WUEi = An/E (12) 

where An (mg m-Zs-t or ~tmol m-%q) is the net photosynthetic rate 
(assimilation rate of CO2) and E (g m-Zs -1 or mmol m-2s 1) is 
transpiration. 

The long-term water use efficiency (WUEj; g kg q)  was estimated 
a s  

WUEI = DW]Qwt (13) 

where Qwt (kg) is sap flow integrated over a specific period (approx. 
2 weeks) and DW (g) is the dry weight of the above-ground parts of the 
tree, estimated as 2-parameter power function of trunk-diameter 
measured at a height of 50 cm (ds0; mm) 

DW = b(ds0) c (14) 

where parameters b = 0.0869 and c = 2.7 were estimated from 
destructive biomass measurements from 30 sample trees (Theo 
Verwijst, unpublished data, 1992). For comparison of WUEi and 
WUE1, values were also expressed in terms of assimilated carbon 
(C) per unit of transpired water and denoted as WUEic and WUEIc, 
respectively. The conversion factor of Linder and Axelsson (1982) was 
used for WUEIc, giving the carbon content of the dry weight of 
biomass as 50.5%. 

The term "modelled WUEic" used in this work means estimates of 
water use efficiency based on calculated "instantaneous" net assimila- 
tion integrated for daily carbon uptake and then divided by daily water 
use. An was computed using modelled gs' (gs; g/  = gs/1.56) and gm', 
and then expressed in terms of daily accumulated carbon. For E, the 
average of the measured Qwt per day of 5 - 7  dominant trees was used 
(relationship between E and Qwt - see Cienciala and Lindroth 1994). 

R e s u l t s  a n d  d i s c u s s i o n  

Model l ing  conductances  to C 0 2  

M e s o p h y l l  (gm')  and  s toma ta l  (g~') c o n d u c t a n c e  to CO2 
d i f fe red  in m a g n i t u d e  and  d iu rna l  d y n a m i c s ,  gm' was  
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Fig. 4. The modelled stomatal conductance to CO2 as a function of 
global radiation (Re) and vapour pressure deficit (Be) (Eq. 8; surface) 
and the actual gs' values (filled circles). For clarity, only every 15th 
point is shown (r2 = 0.88) 
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Table 1. Dependence of gm' on Rg and ira according to Eq. 10: 
parameter values, standard error (SE) and coefficient of  variation 
(CV, %) of the individual parameters are given (r2 = 0.92, n = 3260) 

usually one-third to one-quarter of gs', and reached a 
maximum of about 0.1 cm s -1 during warm clear days 
with high global radiation (Rg). The diurnal pattern for gin' 
was symmetrical and correlated with Rg. In contrast, gs' 
rose sharply in the morning, reached the maximum of about 
0.4 to 0.45 cm s -l, and then gradually decreased (Fig. 1 c). 

During night-time, gs' was commonly above zero, i.e. 
stomata did not close entirely and significant levels of 
transpiration were measured during periods of high vapour 
pressure deficit e.g. for the nights of July 21/22, 24/25 
(Fig. 1 a -c ) .  Night-time transpiration from the same stand 
was also reported by fritz and Lindroth (1994) who 
measured stand evaporation by micrometeorological meth- 
ods. On the other hand, grn' was normally negative because 
of respiratory losses. 

Fitted relationships confirmed the observations above. 
Rg and Ta (Eq. 10, Table 1, Figs. 2, 3) explained 92% of the 
variation in gin ' .  gin' was sensitive to temperature and 
approximately doubled when temperature increased from 

Parameter Value SE CV (%) 

g,  (cm s-0  -5.08e-3 4.60e-4 7.58 
gx (W m -2) 0.186 3.03e-3 1.58 
pr (W m -z) 473.94 17.37 3.43 
To (~  15.24 0.129 8.45 

5 ~ to 12 ~ It reached its optimum at 20.5 ~ Native 
plants usually have optima similar to the daytime tempera- 
tures at which they normally grow (Salisbury and Ross 
1992). The light response of gin' did not reach saturation 
even at maximum irradiance. This is a common feature for 
many species when net photosynthesis is measured for a 
whole shoot (Salisbury and Ross 1992). The leaves deeper 
down in the canopy do not reach light saturation even at 
maximal irradiance above the canopy. Single leaves of 
Salix aquatica (Smith) showed a clear light saturation 
response while the response of the shoot was similar to 
that found in this study (McDonald 1989). 
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Table 2. Dependence of gs' (gs) on Rg and 8e according to Eq. 8: 
parameter values, standard error (SE) and coefficient of variation (CV, 
%) of the individual parameters are given (r2 = 0.92, n = 3260). For g~, 
multiply parameters gn and gx by 1.56, as well as the corresponding 
values of SE 

Parameter Value SE CV (%) 

g. (cm s-l) 0.066 2.5e-3 3.77 
gx (W m-2) 1.803 0.072 3.98 
pr (W m -2) 847.2 42.22 4.98 
pd (kPa) 1.242 0.037 2.95 

Rg and 5e explained 88% of the variation in stomatal 
conductance to COz or water vapour (gs' and gs, respec- 
tively; Eq. 8, Table 2, Figs. 4, 5). 

The values for gs were in reasonable agreement with 
porometer measurements on individual leaves in the same 
stand (unpublished data) which gave maximum conduc- 
tances of about 1.5 cm s -1. 

The function for stomatal conductance was chosen 
according to the experience by Massman and Kaufmann 
(1991). In their study, the function of Lohammar et al. 
(1980) performed well in comparison with some other 
models even though it contained only three free param- 
eters to be estimated by the least square procedure. The 
economy of the parameters was also the reason for includ- 
ing the Lohammar equation in the SPAC model when 
parameterising water fluxes for spruce trees by Cienciala 
et al. (1994). Here, however, we had to introduce a fourth 
parameter (gn; Eq. 8), which would account for the 
observed significant stomatal opening during night-time. 

Net assimilation of CO2 (An) reached the maximum of 
0.6 mg m-2s -1 (13.6 I.tmol m-2s-0. At night, An typically fell 
to negative values (i.e. respiration) of about -0.05 mg 
m-2s -1 (Figs. 1 d, 6a). In an extensive review on photo- 
synthesis in trees, Ceulemans and Saugier (1991) sum- 
marised the 'photosynthetic capacity', defined as "max- 
imum CO2 exchange rates at saturating light, 20 -25  ~ and 
330 ppm CO2" of a large number of deciduous broad- 
leaved species. Most of the data included were based on 
single-leaf measurements rather than a whole tree canopy 
which results in low values of saturated An. The values 
found here belong to the upper range of 'photosynthetic 
capacities'. 

The relationship between An and E was non-linear and 
there was a relatively large scatter in the data (Fig. 6, top). 
The following 3-parameter (pl, 2, 3) equation 

An = pl [1-exp(-p2E) ]+p3 (15) 

was fitted (r2 = 0.85, n = 3260). Using this function, the 
"mean" instantaneous water use efficiency (WUEi = An~E) 
was plotted against transpiration rate (Fig. 6, bottom). 
WUEi increased rapidly from negative values to a max- 
imum of 15 g kg -l for transpiration rates of 12-15 mg s-I 
m -2 and then decreased slowly to about 9 g kg -t at a 
maximal transpiration rate of 60 mg s -1 m-L 

The pattern of the response shows that S. viminalis 
utilised water more efficiently when transpiration rates 
were well below maximum. Bassman and Zwier (1991) 
investigated the gas exchange of different Populus clones 
grown in greenhouse. They found that WUEi decreased 
with increasing "vapour density difference" (VDD), mainly 
at low density differences. At maximum VDD (about 
18 g m-3), WUEi was almost constant. For an increase of 
VDD from 3 to 18 g m -3, WUEi of PopuIus dropped by 
about 50%. For a similar increase in ge, WUEi of S. 
viminalis dropped by about 65% (not shown). For high 
values of ~e (2.4 kPa) or VDD (18 g m -3) where the curves 
level out, WUEi of S. viminalis was about 3.2 mmol mol-1 
compared to 1.25-2.65 mmol mo1-1 found for the different 
Populus clones. This suggests that Salix has a higher water 
use efficiency than Populus. However, the differences in 
measurement methods (e.g. single leaf vs whole tree, 
greenhouse vs field, etc.) and limited material prevent 
really conclusive comparison of absolute values. 

The underlying causes of non-linearity between An and 
E has been considered by Bierhuizen and Slatyer (1965). 
WUEi can be described as a function of the ratio between 
conductances (R) and leaf vapour pressure deficit (SeL): 

WUEi = An/E = kR/SeL (16) 

where 

R = (1/gs'+l/gb'+l/gm')/(1/gs+l/gb) (17) 

and k is a constant. If  R is regarded as a constant WUEi is a 
function only of 5eL (e. g. Tanner and Sinclair 1983; Verma 
et al. 1986; Baldocchi et al. 1987). Normalising An for 5e 
(Se ~ SeE assuming negligible differences between air and 
leaf temperatures) it can be seen that the relationship 
between An and E for S. viminalis remained curvi-linear 
only at low values of E (Fig. 7). 
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The normalisation of An for ~e also changed the diurnal 
pattern of WUEi: the maximum was shifted from morning 
to late afternoon and 8eWUEi became less variable 
(Fig. 1 e). Using Eqs. 8 and 10 to calculate R and then 
weighting An~)e by R further improved the linearity of the 
relationship with reduced scatter (Fig. 7). Variations in re 
and R explained practically all of the non-linearity between 
An and E. 

WUE and allocation of  carbon (long-term) 

The long-term water use efficiency (WUE1) determined for 
above-ground production varied considerably during the 
season (Fig. 8). WUE1 was slightly over 12 g kg -1 in early 
July, decreased below 4 g kg -1 in the end of the month, rose 
again to about 5 to 5.8 g kg --~ and then decreased to 
0.2 g kg -1 at the end of the season. The average value of 
WUE1 during the period 10 Ju ly -  1 October was 5.0 g kg -~ 
(g dry biomass per kg transpired water). 

WUE expressed in terms of carbon estimated for above- 
ground biomass (WUElc) initially showed higher values 
than that based on net assimilation (WUEic), i.e. 
WUEIc > WUEic for mid-July. For the rest of the season, 
however, WUE1c<WUEic with increasing difference in 
late September. The measured and modelled W U E i c  dif- 
fered in magnitude by 14-18%,  with lower measured 
values. Higher modelled compared with measured WUEic 
(Fig. 8 c) are expected because of the differences in the data 
sets used for calculation. Measured values for periods when 
transpiration measurements were affected by condensation 

and rain were omitted (see Cienciala and Lindroth 1994). 
Thus measured WUEic contains relatively more data at 
high Be. There was also the effect of increased air 
temperature (and Be) in the chamber (see below). 

Average modelled WUEic was 3.8 g kg-1 for the period 
10 July to 1 October. For the same period, WUElc 
calculated for above-ground biomass, was 2.6 g kg -1. 
Total assimilated carbon and that accumulated for above- 
ground parts were 440 and 321 g, respectively, for the same 
period. Assuming the respiration of the biomass outside the 
chamber (mostly below ground) was 15% of the net 
assimilation (cf. Dickmann and Pregitzer 1992), 86% of 
C was allocated to above-ground biomass and 14% to the 
stool and root system. The stand was both irrigated and 
fertilised and trees were grown on 8-year-old stumps: thus 
the 14% fraction is fairly reasonable compared to results 
from other root studies (e.g. Santantonio et al. 1977). 

The seasonal temporal differences of WUEi compared 
with those of WUE~ show that changes in the pattern of 
allocation occur in S. viminalis. When WUEic < WUEIc, it 
is assumed that tree uses carbon from a pool in the stump 
and roots as well as current assimilate (Lindroth et al. 
1994). 

Enclosure and errors associated with extrapolations to 
open-grown trees 

The enclosure by the chamber imposed changes of envi- 
ronmental conditions and this must be considered when 
extrapolating these measurements to open-grown trees. In 
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chamber, Rg decreased by 5%, diffuse light increased by 
10%, air temperature increased linearly with net radiation, 
typically by 1 ~ for clear-sky midday conditions, and 
continuous ventilation held wind speed inside the chamber 
at 0.5 m s -1 (Cienciala and Lindroth 1994). 

The effect of  Rg was taken into account in parameter- 
isarion of gm and gs (gs'). No compensation was made for 
changes in diffuse light; it is believed that diffuse light 
promotes assimilation and thereby WUE (e. g. Denmead et 
al. 1993). In our study this is expected to have no 
significant impacts because of the small light fraction 
involved. The influence of the increased ira in the chamber 
on gm and gs' was calculated for five warm sunny days 
2 2 - 2 6  July (Fig. 1 a). The increased Ta gave 0.7% decrease 
of the mean in gin-model and 2.9% decrease in gs' (gs)- 
model (Ta acts via 8e in this model). Finally, the ventilation 
rate in the chamber matched the average windspeed in the 
canopy, the effects based on aerodynamic properties 
(aerodynamic conductance) were neglected. It is thus 
reasonable to expect, that the total error associated with 
extrapolation of conductance data for CO2-flux from 
chamber- to open-grown trees was less than 5%. 

Conclusions 

The variation in gin' was largely explained (r2 = 0.92) by a 
simple non-l inear model with Rg and Ta as independent 
variables. Most of the variation in gs was explained 
(r2 = 0.88) by a model with Rg and ~Se as independent 
variables. This model included night-time which was non- 
negligible. The net photosynthetic capacity, as defined by 
Ceulemans and Saugier (1991), of S. viminalis was high 
compared to a large number  of broad-leaved species. WUEi 
was maximal at low transpiration rates. During the period 
of measurement, the pattern of carbon allocation for above- 
and below-ground parts varied considerably. The combina- 
tion of gas exchange and dendrometric measurements 
provides a unique approach for the non-destructive estima- 
tion of allocation of carbon to root and shoot. 
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