
Evaluation of a Dual-Radioisotope Instrument for Measuring Leaf Conductance and
Photosynthesis1

C. Ramos, G. J. Hoffman, and A. E. Hall2

ABSTRACT
Modifications in both the design and operation of the dual-radio-

isotope instrument are described. The accuracy and reliability of the
modified instrument were then evaluated in both laboratory and field
tests. Leaf conductance and net CO2 exchange rates determined with
this instrument and by gas exchange methods in the laboratory were
similar for both corn (Zea mays L.) and wheat (Tritictim aestivum L.).
A field test of the instrument on barley (Hordeum vulgare L.) subjected
to two levels of salinity gave coefficients of variation which indicated
that errors attributable to the instrument and/or the plant material
were less than 35% for leaf conductance and 16% for photosynthesis.
The instrument provides rapid, simultaneous measurements of leaf
conductance and photosynthesis under field conditions.

Additional index words: Porometer, Tritium, Carbon-14, Leaf CO2
exchange rate, Stomatal diffusion resistance.

APORTABLE instrument that utilizes tritium and 14C
was developed by Johnson, Rowlands, and Ting

(1979) for measurements of photosynthesis, transpir-
ation, and leaf conductance on intact leaves. The in-
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strument exposes a small portion of an intact, attached 
leaf to air containing known concentrations of tritiated 
water va or (THO) and isotopically labeled carbon 
dioxide ( COz). Both molecules diffuse into the leaf 
according to their own concentration gradient. Photo- 
synthesis and leaf conductance to both water vapor 
and carbon dioxide can be calculated from the amount 
of THO and 14C retained by the leaf tissue after a 
short exposure. 

The tritium technique for measuring leaf conduc- 
tance to water vapor has several advantages over 
transit-time porometers. First, the precision of transit- 
time porometers is low when leaf conductance is high, 
whereas the precision of the tritium technique is vir- 
tually independent of stomatal conductance. Further- 
more, measurements with transit-time porometers are 
strongly dependent upon temperature and calibration 
only partially compensates for this effect. With the 
tritium technique, such compensation is unneces- 
sary-measurements by the tritium method are nearly 
independent of temperature because the flux of triti- 
ated water vapor into the leaf is not influenced by the 
water vapor pressure inside the leaf. Two disadvan- 
tages of this method are that it is destructive and 
radioactive safety precautions must be heeded. The 
attributes of I4CO2 for measuring photosynthesis are 
well documented (Shimshi, 1969) and are employed 
in this instrument. 

Here, we report experiments conducted to evaluate 
a modified version of the instrument developed by 
Johnson et al. (1979). The results obtained were com- 
pared with those found by gas exchange methods on 
the same leaves. Tests were also conducted to clarify 
the uncertainty concerning the extent of back diffusion 
of THO out of the leaf during measurement (Johnson 
et al., 1979) and the relationship between I4CO2 uptake 
rate and net C 0 2  exchange rate (Incoll, 1976). 
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MATERIALS AND METHODS 
Instrument Description 

The instrument shown schematically in Fig. 1 is a modified 
version of that used by Johnson et al. (1979). Only design 
and operation modifications are emphasized here. A com- 
mercially prepared source of air, containing 300 * 7 ppm 
C02,  21% (v/v) 02, 79% (vh) N2, and 0.71 Ci mol-' I4ClO2, 
is bubbled through 10 ml of tritiated water (specific activity: 
19 mCi mol-') contained in a 25-ml test tube. The THO is 
maintained at constant temperature by an insulated ice- 
water bath. The gas mixture, containing 14C02 and THO at 
controlled concentrations, flows into a small chamber that 
is clamped to the leaf. After leaving the chamber the gas 
passes through cylinders containin a H 2 0  absorber (Drier- 

and 14C02 to the atmosphere. Flow rate through the system 
is maintained constant at 3.0 cm3 sec-' by a pressure reg- 
ulator. A bypass and on-off valve ahead of the pressure 
regulator release pressure to facilitate refilling the lecture 
bottle. 

The leaf chamber is mounted on a pair of surgical tongs 
(Fig. 2). Two on-off valves on the tongs, one before and 
one after the THO test tube, control the flow of gas through 
the leaf chamber and minimize flow surge. A switch attached 

ite)' and a C 0 2  absorber (Ascarite) Y to prevent loss of THO 

Mention of a trademark, proprietary product, or vendor c.oes 
not constitute a guarantee or warranty of the product by the USDA 
or its agents. 

three w a y  v a l v e  
Fig. 2. The tongs that hold the leaf chamber, the two valves con- 

trolling gas flow and the electrical switch that operates the timer. 
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Fig. 1. Diagram of the instrument showing the gas flow circuit. See text for details. 
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to the tongs operates an electronic timer (Fig. 2). When the 
chamber is clamped onto a leaf the two valves are opened 
and the timer is started. After exposing the leaf for a selected 
period of time the tongs are opened, the valves close, and 
the timer stops. The leaf chamber (Fig. 3) has been designed 
to minimize changes in irradiance on the leaf. The volume 
and projected leaf area enclosed by the leaf chamber are 
0.22 cm and 0.72 cm’, respectively. Two small transparent 
plastic deflectors increase turbulence in the leaf chamber 
and reduce the boundary layer resistance of the exposed 
surface. The chamber is sealed to the leaf by rubber rings 
and a thin gasket of closed-pore sponge rubber. The over- 
pressure inside the lead chamber due to gas flow is very low 
(570 Pa). A three-way valve before and after the leaf cham- 
ber allows measurements on either one or both leaf surfaces. 

Gas is transported from the main body of the instrument 
to the leaf chamber, a distance of about 1.3 m, with polyvinyl 
chloride tubing (3.2 mm OD, 1.6 mm ID). The instrument 
has a total mass of 12 kg and can be operated by one person. 
A steel lecture bottle with an internal volume of 300 cm3 
suffices for 400 measurements when filled to a pressure of 
10 MPa. 

Operational Procedure 
Before starting a series of measurements, the instrument 

is operated to simulate 15 consecutive measurements of 
about 15 sec each. This minimizes changes in the THO 
concentration in the leaf chamber with time. Next, two 
measurements of about 10 sec each are taken after clamping 
the leaf chamber over small rectangular (about 1.3 x 2.0 
cm2) pieces of wet filter paper to determine the THO con- 
centration of the gas arriving at the leaf chamber, (THO),,,, 
as will be explained later. The two pieces of filter paper are 
placed in a vial containing 0.3 ml of H20.  This volume of 
water minimizes any loss of THO by evaporation when the 
vial is reopened. After taking the filter paper measurements, 
the surface of the rubber rings in contact with the filter 
paper is dried to prevent tritium contamination of subse- 
quent leaf samples. The instrument is then ready for leaf 
measurements. 

To identify the exposed portion of the leaf within the 
chamber, the rubber ring surface that presses onto the leaf 
is inked with a pad every two or three measurements. Typ- 
ical exposure times are about 15 sec. After each measure- 
ment the exposed leaf disk together with some surrounding 
tissue is punched out, frozen in liquid nitrogen, put into a 
scintillation vial containing 0.3 ml H 2 0  and stored in ice 
within an insulated box. Usually, three or four disks from 

lucile body 
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Fig. 3. Top view shows the cross-section of the leaf chamber; the 
lower view shows one-half of the chamber. 

the same leaf or treatment are placed in a single vial to 
reduce the cost and the time required for sample processing. 
Two. additional filter paper measurements are taken every 
20 or 30 measurements to re-establish (THO),,. 

After field collection, the sample vials are brought to the 
laboratory and stored at - 10 C until further processing. 
The samples are combusted in an oxidizer Harvey Instru- 

therefore makes scintillation counting more accurate. 
ments, N.J.)3 that allows the separation of I H and I4C and 

Theory and Calculations 
Leaf Conductance 

If the outward flux of THO during a measurement is neg- 
ligible and we take as the effective THO concentration inside 
the exposure chamber, (THO),, the mean between the inlet 
and the outlet THO concentrations, (THO),, and (THO),,,, 
respectively, then it can be shown, following an approach 
similar to Johnson et al. (1979), that 

[I1 
where rT is the leaf resistance to THO (including cuticular 
and stomatal components) in sec m-’, A is the projected 
leaf surface area exposed in m2, t is the exposure time in 
sec, d is the amount of THO retained by the leaf in dpm 
(disintegrations per minute), (THO),, is the inlet THO con- 
centration in dpm m-3, f is the gas flow rate in m3 sec-’ and 
rz is the boundary layer resistance to THO in sec m-I. 

Leaf resistance to water vapor (rl) may be obtained fol- 
lowing Graham’s law of diffusion by multiplying rT by (IS/ 
20)”’ (the square root of the ratio of the molecular weights 
of water and tritiated water). Leaf resistance was converted 
to its reciprocal, leaf conductance (SI), and expressed in 
units of molar flux. In molar flux units, leaf conductance 
is independent of pressure and nearly independent of tem- 
perature (Cowan, 1977). Leaf resistance expressed in sec 
m-’, and leaf conductance (gl) in mol rn-’ sec-’ are related 
by 

rT = (A t/d) [(THO),, - (d/2ft)] - r: 

where C is the molar density of air in mol m-3 at the given 
temperature and atmospheric pressure. 

The boundary layer resistance to THO vapor (r:) was 
determined in the laboratory using measurements of THO 
absorbed by wet filter paper and applying Eq. [ I ]  with r: 
= 0. In these measurements, (THO),, was determined by 
bubbling the gas entering the leaf chamber through 10 ml 
of H 2 0  and measuring time and flow rate. Trapping of THO 
by H 2 0  was complete. The boundary layer conductance to 
THO obtained by this method ( I  .84 mol rn-’ sec-’) is large, 
indicating that air flow in the chamber is turbulent. Once 
r: is known, (THO),,, can be estimated at any time during 
field operation by taking measurements on wet filter paper. 
This procedure differs from that used by Johnson et al. 
( 1979). 

One of the assumptions implicit in Eq. [ l ]  is that THO 
at the vapor-liquid interface in the intercellular air spaces 
of the leaf is zero during the time the leaf is exposed to 
THO vapor. This is similar to the assumption that the THO 
specific activity of the leaf water in the exposed area remains 
negligibly small during the measurement. Errors arising from 
this and other assumptions can be evaluated from the no- 
tations and equations that follow: 

gT = combined conductance of leaf and boundary 
layer to THO in m sec-’ (in this case these 
units are more convenient); 

w = leaf water content in mol m-2; 
x = fraction of leaf water available for fast THO 

equilibration; 
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specific activity of THO in the leaf water in 
dpm mol-'; 
THO influx to the leaf in dpm m-' sec-'; 
THO efflux from the leaf in dpm m-' sec-'; 
Total THO inflow in dpm m- ; 
Total THO outflow in dpm m-'; 
water vapor concentration in the intercellular 
air spaces in mol m-3. 

The following relations hold: 

Combining Eqs. 131 through [7J gives 

The ratio Qo/Qi is a measure of the error involved by as- 
suming that there is no THO back-flow. An unlikely high 
value for this ratio can be obtained by using a worst case 
approach. The following values were used: leaf temperature 
= 30 C; (H,O)int = 1.69 mol m-3; gT = 0.01 m sec-I; t 
= 15 sec; w = 5 mol m-,; and x = 0.2. Substituting these 
values into Eq. [8] yields: 

(Q,/Qi) 0.127. 

Neglecting THO efflux under these conditions introduces 
a maximum error of 12.7%. For this calculation, it was 
assumed that 20% of the leaf water is available for fast 
equilibration with THO; this includes the water in the leaf 
apoplast (cell walls and xylem) plus an unknown fraction 
of the water in the symplast (depending on the exposure 
time and membrane permeability to water). Values reported 
for the fraction of leaf water in the apoplast are quite vari- 
able, possibly as a result of the different species and tech- 
niques used. Gaff and Carr (1961) found that up to 40% of 
the total leaf water in eucalyptus at full turgor was in the 
cell walls. In the other extreme, Turner et al. (1978) esti- 
mated apoplastic water at full turgor was 7% of the total 
leaf water in sorghum (Sorghum bicolor L.). Intermediate 
values have been reported by Boyer (1967) and Jones and 
Rawson (1979). 

The error caused by THO efflux is proportional to leaf 
conductance (see Eq. [8]). In our maximum error estimate, 
the conductance (approximately 400 mmol m-2 sec-I) may 
be considered a maximal value for many circumstances (it 
was not exceeded in the experiments described in this pa- 
per). The leaf water content used is an average value (Alt- 
man and Dittmer, 1966). 

Another possible source of error is the estimation of 
(THO),. In our calculations, we assumed (THO), = (THO),,,, 
the arithmetic mean of (THO)i, and (THO),,,. Gaastra (1959) 
proposed the logarithmic mean instead of the arithmetic 
average. Jarvis and Catsky (1971) stated that in adequately 
stirred leaf chambers the effective concentration of a given 
gas is that at the outlet. Farquhar and Raschke 
(1978) used: K = 0.33 Kin + 0.67 KO,,, where K stands for gas 
concentration. The maximum difference between our esti- 
mate of (THO), and that given by the other three alternatives 
occurs when (THO), = (THO),,,. Taking this most unfa- 
vorable case with an actual leaf conductance of 400 mmol 
m-' sec-' it can be shown that under our operating con- 
ditions: (THO),,, = 0.84 (THO),, and therefore (THO),,,, 
= 1.10 (THO),,,. That is, we would be underestimating leaf 
conductance by about 10% if indeed (THO), = (THO),,,. 

Photosynthesis 
Photosynthetic rate was calculated by: 

P = (m/t AS)  [91 
where P is the CO, uptake rate, in mol sec-I; m is the 
amount of I4CO2 absorbed by the exposed leaf tissue, in 
dpm; and S is specific activity of I4CO2, in dpm mol-'. 

The specific activity of I4CO2 arriving at the leaf chamber 
was measured by bubbling the gas through 10 ml of C02 
Oxifluor scintillation cocktail and measuring flow rate and 
time. The I4CO2 trapping was complete. CO, was measured 
with an infrared gas analyzer. 

In estimating CO, uptake rate, we have introduced no 
correction for CO, depletion in the leaf chamber. The ef- 
fective CO, to which the leaf is exposed can affect (IO2 
uptake rates. We can develop a similar reasoning as we did 
when estimating (THO),. If we assume that (CO,), = 
(C02),,,, it can be shown that for a high C 0 2  uptake rate 
such as 50 pmol m-, sec-' and under our operating con- 
ditions of (CO,),, = 300 vpm, A = 0.72 x 10-4m2 arid f 
= 3 . 0 ~  10-6m3s-', then (C02),,, = 270 vpm. Under con- 
ditions where (CO,), is limiting photosynthesis this would 
imply that we would be underestimating COz uptake rate 
at (CO,), of 300 vpm by ca. 10%. 

Gas Exchange 
The gas exchange system used was similar to that de- 

scribed by Hall and Kaufmann (1975). A 1500-W mstal- 
lamp supplied light and the cuvette was modified for gas 
exchange measurements with narrow leaves. Air was stiired 
inside the cuvette by a small fan. Boundary layer contiuc- 
tances to water vapor, as measured with wet blotting paper, 
were 770 and 840 mmol m-2sec-' for corn and wheat leaves, 
respectively. Leaf temperature was measured by three cop- 
per-constantan thermocouples 76-pm diameter) in contact 
with the lower leaf surface. Humidity at the inlet and oiitlet 
of the leaf chamber was measured with a dew point hygrom- 
eter. C 0 2  exchange was measured by infrared gas anal- 
ysis. Different values for C 0 2  uptake and leaf conductance 
to water vapor were obtained by varying light intensity and 
using leaves of different age. After a leaf was enclosed in 
the cuvette, the COz concentration outside the leaf (assuimed 
to be equal to that at the outlet) was adjusted to 310 31 15 
vpm. When steady values of C 0 2  uptake and leaf con- 
ductance were attained, the cuvette was opened and four 
to six measurements were taken with the dual-radioisoi.ope 
instrument from the apex towards the base of each Leaf. 
Approximately 7 min were required for corn and 5 miri for 
wheat to complete the measurements after opening the cu- 
vette. Exposure times for each measurement ranged from 
10 to 20 sec. Leaf temperature was 28 ? 2 C. Calculations 
of leaf conductance from the gas exchange measurements 
followed the procedure proposed by Cowan (1977). 

Plant Material 
Tests on the uptake of THO and I4CO2 as a function of 

exposure time were conducted on sweet corn (Zea mays 
L., cv. Golden Cross Bantam) growing in the field ai the 
Univ. of California, Riverside. Plants were 3 months old at 
the time of the measurements. 

The comparison between measurements made with the 
dual-radioisotope instrument and the gas exchange method 
was done with sweet corn and wheat (Triticum aestivum 
L.). Sweet corn, grown in pots containing soil in a green- 
house, was 2 to 5 weeks old when the measurements were 
made. Wheat was seeded outdoors and transplanted to pots 
when plants were 4 months old (grain filling stage). Two or 
three days before measurements were taken the plants were 
transferred into a controlled-temperature chamber in the 
laboratory. 
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Fig. 4. Uptake of THO and I4CO, by corn leaves after different 

exposure times. Each point represents the average of two mea- 
surements. Lines fitted by eye. 
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Fig. 5. Comparison of measurements on corn leaves by the gas ex- 
change method and the radioisotope technique for leaf conductance 
to water vapor (a) and CO, uptake rate (b). 

The ability of the instrument to detect differences in leaf 
conductance and photosynthesis due to different treatments 
was evaluated from measurements on flag leaves of barley 
(Hordeum vulgare L., cv. C M. 67) grown in two adjacent 
field plots (Hoffman and Jobes, in preparation). One plot 
had been irrigated to attain a leaching fraction (that fraction 
of applied water that drains below the root zone) of 0.17, 
and the other had a leaching fraction of 0.02. Concurrently, 
both plots received saline water having an electrical con- 
ductivity of 2 .2  dS m-'. Xylem water potential was measured 
with a pressure chamber and osmotic leaf water potential 
was determined with thermocouple psychrometers after 
freezing the leaf disks in liquid nitrogen. 

RESULTS AND DISCUSSION 
Influence of Exposure Time 

The uptake of THO by wet filter paper increased 
linearly with time over a period of 30 sec (r = 0.990). 
Likewise, when the filter paper was moistened with 
C0,-Oxifluor scintillation cocktail, I4CO2 uptake in- 
creased linearly during a 20 sec exposure period (r = 
0.9996). This indicates that errors due to accumulation 
of radioisotopes in the filter paper were small. How- 
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Fig. 6. Comparison of measurements on wheat leaves by the gas 
exchange method and the radioisotope technique for leaf conduc- 
tance to water vapor (a) and CO, uptake rate (b). 
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ever, measurements in the laboratory under constant 
temperature conditions showed that the concentration 
of THO entering the leaf chamber, (THO),,, increased 
slightly with operating time. Taking a simulated mea- 
surement (with no leaves) every 90 sec over a l-hour 
period produced an increase in the measured (THO),, 
of 11%. This variation was not observed with (I4CO2). 
Measurements taken in the field on 3 different days 
showed that the amount of THO absorbed per unit 
time by wet filter paper was 9,900 t 100 dpm sec-' 
at the beginning and 11,700 t 200 dpm sec-' at the 
end of a series of 50 leaf measurements. The reasons 
for this change in (THO),, have not been determined 
but the effect is significant when measurements are 
taken over a long time period. Consequently, mea- 
surements of (THO),, were made periodically using 
wet filter paper during subsequent experiments. 

The uptake of 14C02 and THO as a function of ex- 
posure time was tested further by taking measure- 
ments in the field along a corn leaf under uniform light 
conditions (1.25 mE m-2 sec-I). Measurements for 
each exposure time were replicated on another leaf 
and put into the same sample vial. Results from this 
experiment are shown in Fig. 4. No deviation from 
linearity is apparent indicating that THO or I4CO2 ef- 
flux from the leaf was negligible. 

Comparison with Gas Exchange Measurements 
Measurements of leaf conductance to water vapor 

with the two methods agreed well (Figs. 5a and 6a). 
In the case of C02 uptake in corn (Fig. 5b), the dual- 
radioisotope instrument gave slightly higher estimates 
than the gas exchange method at low rates; but lower 
estimates at high rates. Similar estimates of photo- 
synthesis by the two techniques were expected with 
corn, a C-4 plant, because photorespiration is low and 
should not lower the specific activity of 14C02 at the 
fixation site. 

Results for wheat, a C-3 plant, showed no clear 
differences between estimates of C02  uptake by the 
two methods (Fig. 6b), but there was a tendency for 
the data points to fall above the 1:l line. Corre- 
sponding measurements of leaf conductance to water 
vapor also showed the same trend (Fig. 6a). A plau- 
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a 

0 
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sible explanation for these results would be a partial 
stomatal closure when the gas exchange cuvette was 
opened to make the instrument measurements. This 
explanation is supported by the observation that those 
points above the 1:l line in the comparison of COz 
uptake rates (Fig. 6b) gave similar deviations for the 
measurements of leaf conductance to water vqpor 
(Fig. 6a). Plotting C 0 2  uptake rate versus leaf con- 
ductance (Fig. 7) indicated that for a given leaf con- 
ductance, both methods gave essentially the same C02 
uptake rates. The correlation between leaf conduc- 
tance and photosynthesis is better for the radioisotope 
instrument than for the gas exchange method. A pos- 
sible explanation is that the leaf area measured with 
the instrument is small and therefore more homoge- 
neous than with the gas exchange method. The short 
exposure times (ca. 15 sec) made any 14C02 evolution 
during the measurement unlikely. Ludwig and Canvin 
(1971) observed that in sunflower (Helianthus anniius 
L.) leaves there was a la of 30 sec between the supply 
of I4CO2 and the start of C02  evolution from the leaf. 
Thomas et al. (1978) observed that I4CO2 efflux after 
exposing wheat leaves to I4CO2 was not apparent be- 
fore 60 sec. It should be noted that in the present work 
the external C 0 2  was not exactly the same in both 
methods (270 to 300 vpm in the I4CO2 technique a.nd 
310 & 15 vpm in the gas exchange method). Although 
this difference was not taken into account, the effixt 
would be less than 15%. 
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Fig. 7. CO, uptake vs. leaf conductance to water vapor as measured 
by the gas exchange method and the radioisotope technique. Results 
are from the same experiment as in Fig. 6. 
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Fig. 8. Leaf conductance to water vapor and photosynthesis during 
the day. Measurements were taken on flag leaves of barley growing 
on two adjacent plots under different salinity treatments. Each data 
point is the mean of three measurements. 
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control treatments had a significant effect on the plants
as indicated by the differences in leaf water status
(data not given). Analysis of the data in Fig. 8 indi-
cated ihat the average coefficient of variation for single
measurements was 35% for leaf conductance and 16%
for CO2 uptake. This variation includes that in the
plant material as well as that caused by the experi-
mental technique.

Net or Gross Photosynthesis Measurements
There is conflicting evidence on whether the I4CO2

technique estimates net or gross photosynthesis. This
question is particularly important when working with
C-3 plants because of photorespiration. With C-4
plants, it is generally accepted that net and gross
photosynthesis values are similar. Incoll (1976) re-
viewed this topic and concluded that no clear answer
had been obtained. Our results do not show any sig-
nificant difference between the 14CO2 technique and
the gas exchange method for either a C-4 (Fig. 5) or
a C-3 (Fig. 6) plant within the resolution possible,
which was no better than ± 15%.

CONCLUSIONS
The instrument described in this paper can be ef-

fectively used to obtain rapid, simultaneous measure-
ments of leaf conductance to water vapor and photo-
synthesis under field conditions. Estimates obtained
with the dual-radioisotope instrument were similar to
values obtained by the gas exchange method. It may
be necessary to determine the relationship between
photosynthesis, as measured by this technique, and
net CO2 exchange rates for the specific species and
conditions in question, because even though the two
were similar in these studies, substantial differences
have been reported by other workers, especially with
C-3 species.
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