
Michoacan (4). His placement of the 
phases in time has been changed in 
accordance with the current dating of 
time markers (Mazapan figurines, 
Plumbate pottery, and copper artifacts) 
found at the site. It is also in accord- 
ance with cross-ties of a radiocarbon- 
dated ceramic sequence established for 
the geographically close site of Tizapan 
el Alto excavated by Meighan and 
Foote (13). 

Sequences have been published for 
both the Autlan and the Tuxcacuesco 
zones. The Autlan sequence (5) was 
defined on the basis of surface surveys 
and cross-ties with the ceramic sequence 
established for the excavations at Tux- 
cacuesco (14). The Colima sequence 
was based on surveys, excavations of 
tombs (5), and ceramic cross-ties with 
the Tuxcacuesco sequence (14). 

Kelly's sequences have been accepted 
without modification with the exception 
of the dates of a suggested correlation 
with the Basin of Mexico (14). The low- 
er limits of her "coeval" complexes at 
Tuxcacuesco and Colima (Tuxcacuesco 
and Ortices-Chanchopa) have been 
pushed back in time. This has been 
done in order to correlate with a radio- 
carbon date (UCLA-1066) (10) from 
the rifled tomb at Chanchopa, near 
Tecoma6n and four radiocarbon dates 
from early stratigraphic levels at Mor- 
ett, Colima, which have ceramic cross- 
ties with the Tuxcacuesco complex of 
the Tuxcacuesco sequence. 

Both the Tuxcacuesco and Ortices 
complexes have been provisionally cor- 
related with Teotihuaca6n III (14) of 
the Basin of Mexico, on the basis of a 
Thin Orange, Chanchopa tomb associ- 
ation. However, the Thin Orange re- 
storable vessel came from a Chanchopa 
tomb with pure Chanchopa contents, 
while the radiocarbon-dated shell brace- 
let fragments came from another Chan- 
chopa tomb with mixed Chanchopa 
and Ortices contents. The temporal 
relationship between the Chanchopa 
and Ortices complexes is not yet clear 
(15). 

Both the middle and upper phases 
of the Autlan, Tuxcacuesco, and Co- 
lima sequences have been temporally 
modified. However, the changes are 
not based directly on radiocarbon 
dates, but on the current dating of the 
appearance and disappearance of such 
time markers as Mazapan figurines and 
copper artifacts. 

Stratigraphic excavations were con- 
ducted in the Cihuathin province at 
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Barra de Navidad, Jalisco (16), Playa 
del Tesoro, Colima (17), and Morett, 
Colima (18) by UCLA in 196t-62. 
A tentative sequence has been estab- 
lished on the basis of preliminary ce- 
ramic analysis and 11 radiocarbon 
dates (19). 
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Isopiestic Technique: 
Measurement of Accurate Leaf 
Water Potentials 

Abstract. Sunflower leaf tissue of 
known potential was obtained by equil- 
ibrating an interveinal leaf sample, at 
constant temperature in air, with a 
potential determined by sucrose solu- 
tions. Equilibration occurred within 17 
hours. Except for one determination, 
all measurements of the water poten- 
tial of the equilibrated samples with 
an isopiestic technique were within 0.1 
bar of the known potential of the 
tissue. This finding indicates that ther- 
mocouple psychrometers can meas- 
tire accurate values of water potential 
when an isopiestic technique is used. 

There are many methods of measur- 
ing the water potential of leaves (1). 
Often, however, different methods do 
not give the same answer, although 
water potentials may be similar (2). 
There have been studies of errors that 
affect measurements of water potential 
(2, 3, 4) but there are none which 
demonstrate that, once the errors have 
been corrected, the technique is an 
accurate or absolute measure of water 
potential. 

When first introduced, thermocouple 
psychrometers were expected to pro- 
vide values close to actual leaf water 
potentials. However, the heat produced 
by respiration (5), the adsorption of 
water vapor on the walls of psychrom- 
eter chambers (6), and the resistance 
of leaf tissue to vapor transfer (3) 
cause inaccuracies in determinations. 
Readings may be corrected for these 
errors, and in some instances the er- 
rors may be eliminated altogether. 

A modification of psychrometer 
practice has been suggested which in- 
corporates all the above corrections 
in a single method and is called the 
isopiestic technique (4). Basically, the 
method consists of finding a solution 
which neither loses nor gains water 
from the plant sample. The potential 
of the solution, which is known, is 
then equal to the potential of the 
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Fig. 1. Equilibration of sunflower leaf tis- 
sue in a desiccator containing water vapor 
with a water potential of -5.6 bars. Each 
point represents one determination. 

sample. If the corrections applied to 
the technique are valid, it should be 
an absolute rather than relative meas- 
ure of water potential; that is, the 
water potential of a tissue sample hav- 
ing a known potential should be the 
same as the water potential indicated 
by the instrument. In this report, I 
use the isopiestic method to show for 
the first time that a method of mea- 
suring leaf water potential can give 
absolute values. 

Sunflower leaf tissue of known po- 
tential was obtained by -equilibrating 
an interveinal leaf sample at constant 
temperature in an atmosphere that had 
a water potential which was deter- 
mined by the vapor pressure of sucrose 
solutions (7). The equilibration cham- 
ber was an aluminum desiccator sub- 
merged in a constant-temperature bath 
(280 + 0.00050C). The air inside the 
chamber was stirred with a Teflon- 
coated magnet, rotated by a magnetic 
stirrer mounted upside down above the 
bath. The sucrose solutions covered 
the bottom and were absorbed by fil- 
ter paper which extended 2 cm up- 
ward along the sides of the desic- 
cator. The rest of the desiccator wall 
and top was coated with vaseline to 
reduce water adsorption. 

The equilibration procedure con- 
sisted of placing a sunflower leaf in 
a pressure chamber (8) and bringing 
its water potential within 2.5 to 3 bars 
of the desired potential by forcing sap 
out of the petiole with pressure ap- 
plied to the leaf blade. Interveinal 
samples from the leaf were then placed 
on the wall of the desiccator and held 
there by the vaseline which coated 
the walls. The contact between wall and 
tissue kept the leaf near bath tempera- 
ture. A thermocouple was mounted in 
the side of the desiccator to measure 
small deviations between bath and leaf 
temperature, and the junction was held 
against the leaf surface by a small 
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piece of tape. A second thermocouple 
was mounted in the top to measure 
air temperature inside the desiccator. 
After the leaf sample was in place, 
the desiccator was closed, submerged 
in a water bath, and the air inside 
was stirred. Equilibrium was reached 
in 17 hours (Fig. 1), but tissue usually 
remained in the chamber for 36 to 40 
hours. 

The water potential of the tissue 
at equilibrium in the desiccator was 
calculated from a slightly modified 
form of the familiar equation relating 
vapor pressure and potential: 

-R T R 
- In p/po 

where *,J is the water potential (bars), 
R is the gas constant (liter bars mole-' 
deg-'), V is the partial molal volume 
of water (liters mole-), T is the Kelvin 
temperature, and p is the vapor pres- 
sure of the sucrose solution at bath 
temperature. Since leaf temperature 
was warmer than bath temperature by 
as mulch as 0.007'C, po was taken 
as the vapor pressure of pure water 
at the temperature of the plant tissue. 

After equilibrium was reached, the 
tissue was transferred to a psychrom- 
eter chamber, and an isopiestic mea- 
surement was made. The measurement 
consisted of two consecutive determi- 
nations, first with water on a thermo- 
couple that was inserted into the psy- 
chrometer chamber and then with a 
sucrose solution on a second thermo- 
couple. The potential of the sucrose 
solution was close to that of the leaf 
tissue. Thermocouple output was plot- 
ted as a function of the potential of 
the water or solution on the thermo- 
couple, and the line Was extrapolated 
to zero output. The potential at zero 
was taken as the potential of the leaf 
tissue. 

The tissue covered the wall and bot- 
tom of the psychrometer chamber 
(the top was coated with vaseline) so 
that adsorption of water on the walls 
did not affect the measurement. All 
determinations were corrected for heat 
of respiration. Sampling and transfer- 
ring of the tissue between desiccator 
and psychrometer were carried out in 
a humid chamber. 

Every isopiestic determination ex- 
cept one was within 0.1 bar of the 
water potential of the tissue (Fig. 2). 
There was no systematic error in the 
measurements (5). The one instance 
in which the potential of the tissue 
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Fig. 2. Comparison of water potential 
values obtained by isopiestic technique 
with the water potential of sunflower leaf 
tissue that had been equilibrated in an 
atmosphere of known potential. The equi- 
potential line is represented by the di- 
agonal in the figure. Each point repre- 
sents a single determination with the 
psychrometer. 

differed from that indicated by the in- 
strument (0.3 bar difference) was at- 
tributable to slight water losses during 
transfer of the tissue from the desic- 
cator to the psychrometer chamber. 
Thus, the psychrometer indicates ab- 
solute water potentials and should 
measure absolute potentials in the in- 
tact plant as long as water loss or 
gain by the sample is negligible dur- 
ing transfer from the plant to the 
psychrometer. Since psychrometer val- 
ues were accurate whether leaf water 
potentials were -6 or -1-6 bars, ac- 
curacy is evidently not affected by the 
water status of the tissue and the 
straight line formed by the data prob- 
ably may be extrapolated to zero po- 
tential. 

J. S. BOYER 
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Station, New Haven 

References and Notes 

1. A. Ursprung, Flora 118-119, 566 (1925); R. 0. 
Slatyer, Australian J. Biol. Sci. 11, 349 (1958); 
D. C. Spanner, J. Exp. Bot. 2, 145 (1951); 
D. F. Gaff and D. J. Carr, Ann. Bot. N. S. 
28, 351 (1964). 

2. J. S. Boyer, Plant Physiol. 40, 229 (1965); 
E. B. Knipling, thesis, Duke University, 1966. 

3. S. L. Rawlins, Science 146, 644 (1964); H. D. 
Barrs, ibid. 149, 63 (1965). 

4. J. S. Boyer and E. B. Knipling, Proc. Nat. 
Acad. Sci. U.S. 54, 1044 (1965). 

5. H. D. Barrs, Australian J. Biol. Sci. 18, 36 
(1965). 

6. W. R. Gardner and C. F. Ehlig, Plant Physiol. 
40, 705 (1965). 

7. H. Walter, Die Hydrattir der Pflanze (Gustav 
Fisher, Jena, 1931), p. 161. 

8. P. F. Scholander, H. T. Hammel, E. D. 
Bradstreet, E. A. Hemmingsen, Science 148, 
339 (1965). 
Present address: Department of Botany, Uni- 
versity of Illinois, Urbana, Illinois 61803. 

30 August 1966 

SCIENCE, VOL. 154 


	Cit r180_c231: 
	Cit r179_c230: 


