
LEAF CONDUCTANCETO WATER VAPOR TRANSFER

FROM LEAVES OF A BLACK WALNUT (Ju_ans ni ra L ) SAPLING i/
i

Phillip M. Dougherty

Universityof Missouri

Columbia, Missouri
i:

Thomas M. Hinckley

University of Missouri

Columbia, Missouri

and

James P. Lassoie

Cornell University
Ithaca,NewYork

ABSTRACT

Data on leaf conductance and xylem pressure potential were collected

..... from a field grown black walnut (Jug!an s nigra L.) sapling in two succes-
sive years. Moderate to severe droughts were observed during both sum-

mers. As soil moisture decreased, maximum leaf conductance, maximum
.... xylem pressure potential, and the range observed in both conductance and

xylem pressure potential decreased. Complete recovery in both were noted
following heavy August rains and recovery in soil moisture. Under light

sufficient conditions, leaf conductance in this sapling depended more
upon an interaction between pre-sunrise xylem pressure potential and

xylem pressure potential than on xylem pressure potential alone in con-

trast to what has been found in a wide variety of species.

?

INTRODUCTION

The extent to which plants regulate foliar water loss appears to
depend on the particular adaptive strategy utilized to compete for

limited resources within a given environment. It is unlikely that any

single adaptation, such as a modification in leaf or stomata morphology,

............._...... would be sufficient to assure competitive success in an environment where

water is limiting. In most environments, adaptations probably consist
of a unique combination of numerous growth and development processes
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which lead to an integrated biological system where an observed physio-

logical response is a function of a particular set of conditions rather

than a single variable. Information about such systems could be acquired

by simultaneously monitoring all plant processes and existing environ-

mental conditions. However, because of the apparent complexity involved,

this approach is impractical if not impossible. A more realistic approach

is to measure only those variables which seem to control a particular

process. The second approach was taken in this study in order to describe

the interaction between soil moisture, xylem pressure potential, and leaf

conductance to water vapor in a black walnut (Ju___lansni rg_r_ L.) sapling.

METHODS AND MATERIALS

This study was conducted at the University of Missouri's Forestry
Research Site located on the Ashland Wildlife Area in Central Missouri.

The area is characterized by a warm, humid continental climate with

annual temperatures averaging 13°C while total precipitation averages
961 mm.

The soil on this study site is a Weldon silt loam and has been

fully described by Metcalf (1975). It is 122 cm deep and consists of

an AI and A2 horizon composed of 10.3% and 11.0% sand, and 67.9% and

62.6% silt, respectively. The BI horizon (24-34 cm) is composed of
10.1% sand and 55% silt. The B21horizon contains 52.5% clay and extends
from 35 to 53 cm. Horizons below this dense clay horizon have decreas-

ing clay contents. These clay horizons undergo seasonal wetting and dry-

ing cycles and thus may contribute to the plant water supply.

The study tree was a 5.0 m tall black walnut sapling located on an

old field site surrounded by a 57-year-old second growth oak-hickory

forest. Fully expanded sun leaves located in the upper half of the tree

crown were sampled during this study.

The set of measurements selected to characterize plant responses

and environmental conditions included: xylem pressure potential, leaf

conductance, leaf temperature, wet and dry bulb temperatures, photo-

synthetically active radiation, total incoming solar radiation and soil

moisture content. All of the above parameters, except soil moisture,

were measured at hourly intervals from 0500 to 1800 hours for 5 days

between June 6 and July 22, 1974, and for 9 days between June 13 and

August 27, 1975.

At each sample interval, leaf resistance to water vapor loss (RI)
was estimated on four leaflets using a Lambda diffusion porometer

described by Kanemasu et al. (1969). Operating procedures were those of

Morrow and Slatyer (197i)_ Measurements were taken only on lower sur-

faces since black walnut leaves are hypostomatous. These resistance

values were then converted to conductance (I/RI) and averaged. Xylem
pressure potential (P) was estimated for two rachii each hour using the
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pressure chamber technique (Ritchie and Hinckley 1975). Since this tech-

nique necessitates destructive foliar sampling which would affect the

_ root/shoot ratio, some progressive modification in the sapling's water

status may have occurred during the study.

_i Leaf temperaturewas measured on the lower surface of each leaf
sampled using a fine wire copper-constantan thermocouple (Gale et al.

i_._ 1970). Wet and dry bulb air temperatures were measured using aspirated

_! diodes located 3 m from the base of the study sapling at a height of

'i+ 1.5 m above the ground. These values were used to calculate vapor pres-
sure deficits°

Photosynthetically active radiation (PAR: 400-700 nm was measured

witi+ a Lambda quantum sensor parallel to the upper sample leaf surfaces

(_iggs et al+ 19711). Total incoming radiation was monitored above the

forest canopy using a Xipp and Zonen solarimeter located on top of a
20 n tower.

Soil moisture content _Jas estimated by the neutron probe method

usi,_g a _$uclear Chicago PI9 depth probe and model 2800 A scaler. Water

content _¢as estimated to a depth of 120 cm in a single access tube

located 0.5 m from the base of the study tree. Measurements were taken
every 15 cm and then converted to percent soil moisture on a volumetric
basis.

d_

Lrp RESULTSANDDISCU_SIO+_

DiurnAl Leaf Conductance Patterns
In

Diurnal patterns of leaf conductance (C) were recorded throughout

;e_ prolonged drought periods during the summers of 1974 and 1975. The

recovery of C follot¢ing soil moisture recharge was also examined in 1975.
Normally, soil moisture and plant water content are closely related

since the amount of _¢ater in the soil represents the absolute maximum
i available for plant root uptake (Ritchie and Hincklev 1975). This

dependency was illustrated by determining the relationship between the

Ll 0500 hour P value (base P or BP, bars) and the soil moisture content
(S_C, %) in the top 30 cm of soil under both dehydrating and rehydrating

conditions during the two summers The best fit equation obtained for

the relationship between BP and SHC using linear regression techniques

was in BP = 8.465 -+2.520 In SMC (r2 = 0.89, n - 15). This close rela-

tionship of BP and SMC should be kept in mind during the following dis-
cussion of observed changes in C and P at various soll moisture contents.

Diurnal response patterns of leaf conductance on clear warm days

before, during, and after the 1975 summer drought are shown (Figure i)o

An impaired _hotoactive stomatal response and a reduction in the maximum
observed C were noted under low versus high SMC conditions (0.035 versus

0.17 cm/s). On August 6, a day marked by very low soil moisture content
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and BP, apparent stomatal closure was initiated by 0700 hours° The

inability to recover sufficient turgor to reopen stomata resulted in

extremely low conductances for the remainder of the day even though

xylem pressure potentials were slightly higher than on days of higher

SMC (Figure i: August 6 versus June 21).
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Figure i. Diurnal trends of leaf conductance (C) and xylem pressure

potential (P) for a field-grown black walnut sapling, photo-
synthetically active radiation (PAR), total incoming solar

radiation (SR), and vapor pressure deficit (VPD) are presented
for three days during the summer of 1975 (June 21, August 6
and 19). Soil moisture content (% by volume) was 29.7, 6.8
and 21.6% on these days, respectively. TST = true solar time.

The response pattern of C following recovery from a prolonged drought

appeared similar to that observed under high soil moisture conditions

which occurred earlier in the growing season (Figure i: June 21 versus

August 19). This suggested that the effects mediated by low soil mois-

ture supply on leaf conductance were not permanent. Diurnal patterns in
P were also considerably different under high versus low soil water
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conditions (Figure i: June 21 and August 6). The most salient differ-

ences between the moist and dry days were (i) the -11.2 bar difference in

BP, (2) the apparent difference in photoactive stomatal opening, (3) the
difference in the rates of change of P with time, (4) differences in mid- i_
day values of P and (5) the difference in the extent of recovery of P at li

night.

Classically, the reaction of plant processes such as photosynthesis

and growth to plant water deficits depends upon both the absolute level

and the duration of that deficit (Hsiao 1973). However, the data from

black walnut suggested that the daily minimum deficit (i.e., maximum P

or BP) was as critical in determining plant responses as the maximum

deficit° There were approximately 450 bar-hours noted on the low soil

moisture day (calculated by integrating above the P curve, with P from

1900 until 0500 hours assumed equal to BP) as compared to 260 bar-hours

on the high soil moisture day. In addition, P never increased above

-11.5 bars on August 6 while it was between -2.3 and -0.3 bars for at

least eleven hours on June 21 (Figure i: June 21 and August 6). Leaf

conductance also averaged 0.148 cm/s on June 21 and 0.005 cm/s on August 6

during a period when photosynthetically active radiation exceeded 500

>E/m2/s. Therefore, hydroactive stomatal closure would have restricted

carbon dioxide uptake and limited photosynthesis on August 6 more than

on either June 21 or August 19.

Relationship of Leaf Conductance to photosynthetically Active Radiation
at Various Soil Moisture Contents

The lack of complete photoactive opening of stomata on days of low

(Figure i: August 6) versus high soil moisture (Figure I: June 21 and

August 19) suggested a need for further analysis of the C-PAR relation-

ship. Data collected during both 1974 and 1975 were segregated on the

basis of BP and were limited to early morning observations, a period
when vapor pressure deficit is at a minimum and P is near a maximum.

Two separate ranges of BP were delineated: (I) when BP was greater than

-3.0 bars and (2) when BP was less than -5.0 bars. An equation, using

the method of least squares and expressing C in the form of a Michaelis-
Menton equation, was developed for each data set within the above two BP
ranges (Figure 2).

Maximum leaf conductance was 2.2 times greater on days when BP was

>i-3.0 bars than on days when BP was _< -5.0 bars. A comparison of the

average rate of change of leaf conductance as PAR ranged from 19 to 250

_E/m2/s, indicated a 2.6 to 2.9 times greater stomatal response per unit

change in PAR when soil moisture was high than when soil moisture was

low. Ninety percent of maximum C was observed (0.07 cm/s) when PAR was

400 _E/m2/s on days when SMC was low. In contrast, on moist days, an

irradiance of about 1200 BE/m2/s was required to produce 90% of the maxi-
mum conductance observed (0.21 cm/s). This suggested a possible extended
response of the stomata to PAR under conditions of high soil moisture.

In addition, stomata might have been responding to increasing leaf
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temperatures (Jarvis 1976). Tile reduced stomatal response to light as

BP decreased might also be a result of decreased photosynthesis and leaf

energy supplies. For example, guard cell membrane integrity and the

maintenance of potassium influx and proton efflux pumps depends upon

energy sources derived from photophosphorylation (Hsiao 1973). A guard

cell osmotic adjustment as noted by Turner (1974) in field-grown crop

species may have also occurred.

.4
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Figure 2. The relationship between black walnut leaf conductance (C)

and photosynthetically active radiation (PAR) within two

ranges of base xylem pressure potential (BP). The formula
and statistics for each line are also shown and are: W =

maximum conductance, Kp._ = PAR at which conductance is 50%__AK _
of maximum, DF = degrees ot freedom, A = intercept, B =

slope, R2 = coefficient of determination, F = F-test statistic.

Relationshi p of Leaf Conductance to Decreasing Xylem Pressure Pptential

Ultimately changes in leaf conductance are related to changes in i

guard cell turgor pressure (Turner 1974, Jarvis 1976). These changes in

turgor may either be triggered by light (photoactive response) or by

reduced epidermal and/or leaf water content (hydroactive response).

Limiting observations to those made when PAR was greater than 600 _E/m2/s

and when P was decreasing, created a data set in which photoactive stom-

atal responses were minimized and where P was influencing C more than the
reverse.
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A plot of conductivity versus P under the limiting conditions

af described above is shown for July 6 and 22, 1974 and for August 6, 1975
in figure 3. Base xylem pressure potentials were -1.2, -5.2 and -11o5

bars on these days, respectively. Unique relationships between C and P

were obtained depending on the particular BP value. On July 6 when BP
was high, C decreased linearly in response to decreasing P. Conductances

on this day ranged from a high of 0o185 cm/s when P was less than -6 bars

to a low 0.073 cm/s when P was -18 bars. However, on July 22 when BP

was -5°2 bars, C ranged from 0.076 cm/s when P was less than -6 bars to

0.015 cm/s when P was -17 bars. On August 6 when BP was low, only a

narrow range in P was observed (-9.7 to -13.8 bars) and C varied only

between 0.045 and 0.003 cm/s. As BP decreased, the range of observed

leaf conductances decreased and frequently minimum or middav P actually
increasedo
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Figure 3. The relationship of leaf conductance (C) to decreasing xylem

.... pressure potential (P) for a black walnut sapling on three

days (July 6 and 22, 1974 and August 6, 1975) when base xylem

pressure potentials were -1.2, -5.2 and -ii.5 bars respec-

tively and photosynthetically active radiation was greater

than 600 laE/m2/s.
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Data from these three days suggested a strong interaction between

BP and P as they affected leaf conductances. This was further confirmed

when all P and C measurements from all days (n=138) were pooled and ana-

lyzed using a simple regression technique and the aforementioned criteria.
The interaction between BP (an estimate of soil moisture content) and P

explained 58% of the variation in C while P alone accounted for only 13%

of the observed variation. A significant relationship between BP and

maximum daily C has been observed in Douglas-fir (Pseudotsu__a menziesii
(Mirb.) Franco) by Running (1976). In contrast to these findings, others

have reported a highly significant relationship between C and P (Tobiessen

and Kana 1974, Hinckley et al. 1975).

In summarizing the relationship between leaf conductance and decreas-

ing P at high light levels, it appeared that: (i) no single unique func-

tional relationship existed between C and P, (2) a linear relationship

was found between C and P for each day and hence for each BP level, (3)

as BP decreased both the variation in observed P and C decreased, and !
(4) as BP decreased the maximum observed leaf conductance decreased.

The poor relationship (R2 = .13) observed herein between C and P

might be caused by (i) the inability of petiole P to reflect guard cell

water status (Paul Jarvis, Univ. Edinburgh, personal communication),

(2) the possibility of guard cell osmotic adjustment, and/or (3) a i

decrease in xylem osmotic potential (John Boyer, Univ. of Illinois, per-

sonal communication). A decrease in xylem osmotic potential would cause

P to overestimate leaf water potential (Ritchie and Hinckley 1975). If !

guard cell osmotic adjustment did occur then it was in the direction

opposite to that noted by Turner (1974).

CONCLUSIONS

Leaf conductance to water vapor diffusion from leaves of this black

walnut sapling appeared to be extremely sensitive to changes in soil

moisture content as estimated by changes in BP. With decreases in BP, i
relationships between photoactive opening of stomata, and between P and

C were altered. The apparent stomatal sensitivity of this black walnut

sapling to decreasing BP would suggest that photosynthesis would be

severely curtailed during periods of moderate water deficit as compared
to other trees such as white oak (Quercus alba L.) in which open stomata

have been observed at P values as low as -23 bars (Hinckley et al., 1975).

As a possible corollary, black walnut would probably use less soil mois-
ture than white oak even under moderate drought conditions.
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