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COMPARATIVE DROUGHT RESISTANCE OF FIVE CONIFERS AND
FOLIAGE MOISTURE CONTENT AS A VIABILITY INDEX

Ricuarp P. Piaris?

GF PNWMiﬁf Northwest Forest and Range Experiment Station
Forest Service, U.S. Department of Agriculture,
Portland, Oregon

Abstract, Whole plant lethal points of foliage moisture content (FMC) for ponderosa pine,
sugar pine, Douglas-fir, grand fir, and incense-cedar were established from foliage tissue of
various ages. Exact lethal level depended upon the age of the tissue, but there was a general
plateau between the ages 6 and 13 months for sugar pine and Douglas-fir and 3 and 13 months
for incense-cedar. Whole plant relative turgidity (RT) lethal points were set for the pines and
firs using 13-month-old needles. Dry-weight loss upon soaking the needles: was found to
increase with the severity of the drought, especially for the firs. Soil moisture content (SMC)
lethal points were established for all five species on builders’ sand (death began at an SMC
probably equivalent to tension above 24 atm) and on pumice soil (death points equivalent to
tensions from 15 to 19 atm). Foliage moisttire content declined with decreasing soil moisture
stress in a straight-line relationship; FMC may be used as an index of soil moisture stress
within a rather narrow range of SMC and may also he calibrated with leaf tissue diffusion
pressure deficits developing under soil moisture stress to give an index of the water balance
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of the plant.

Based on the SMC at the death point and also upon some species’ ability to outlive others
under competitive conditions, ponderosa pine, incense-cedar, and Douglas-fir were the most
drought resistant, sugar pine the least, and grand fir intermediate. Ways are suggested in
which the mixed-conifer forests could become established and retain their mixed composition
through maturity. The findings suggest that if planting is used to regenerate clearcuts,
ponderosa pine and incense-cedar would be first choice, but that sugar pine would also be a

preferred species if seeding is used.

INTRODUCTION

The mixed conifer zone forests in southwestern
Oregon are unique in the number of conifer spe-
cies that successfully compete with one another
throughout their lives, growing to maturity in a
stand of mixed composition. Major timber species
in this zone are : ponderosa pine (Pimus ponderosa
L.aws.), sugar pine (Pinus lambertiana Dougl.),
incense-cedar  (Libocedrus decurrens Torr.),
Douglas-fir ( Pseudotsuga mensiesiv (Mirb.) Fran-
co), and grand fir (Abies grandis (Dougl.)
Lindl.). All of the above species may be found
mixed within any one stand at young, interme-
diate, and mature ages. After harvesting these
stands by the clearcut method, however, regenera-
tion, either artificial or natural, of these desirable
conifers is often difficult. Summer climatic condi-
tions are hot and dry, and the rapid encroachment
of other vegetation results in severe competition
for soil moisture, especially on southern exposures.
Summer drought is thus thought to be a major fac-
tor in the inability to regenerate these areas with
conifers. ‘

The present study is concerned with the reac-
tion of seedlings of these conifers under severe soil
moisture stress. In the process of studying these
reactions a useful index of whole plant hfe or
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death, the lethal foliage moisture content (FMC),
was established for ponderosa pine, sugar pine,
Douglas-fir, grand fir, and incense-cedar. TLethal
soil moisture content (SMC) values were estab-
lished as well for all five species, and lethal relative
turgidity (RT) values were set for all species
except incense-cedar.  The relative drought re-
sistance of these five species and their rooting
habits are discussed in relation to their establish-
ment and growth to maturity in a stand of mixed
composition in the ecologically complex region of
southwestern Oregon.

The author gratefully acknowledges the helpful
advice of W. I5. Hallin and the technical assistance
of Mrs. Mary Wells.

REevIEW 0F LLITERATURE

When seedlings are subjected to severe soil
drought, it is often necessary to establish when
the point of death has been reached. Parker
(1956 has reviewed many of the methods devised
to determine viability of woody plant tissue sub-
jected to severe water stress. With conifers, tests
have usually established the lethal point in terms
of tissue viability itself, apparently on the assump-
tion that the whole plant was alive until the shoot
tissue died.

Several studies have established, however, a
lethal point for the foliage in terms of whole plant

i

"ag



Y e N ——S———

202 RICHARD P. PHARIS

viability after rewatering. Marshall (1931) noted
the shoot moisture content at death for numerous
conifer species at ages less than'a month old, but
his data are of limited value because the lethal
level changes very rapidly with tissue maturation.
Tazaki (1960) determined a lethal shoot moisture
content for 3-month-old seedlings of Pinus thun-
bergii, and Brix ( 1960) established a lethal FMC
for seedlings of loblolly pine (Pinus taeda 19
in their second growing season. Brix’s results
stressed the need of a lethal point for the whole
plant rather than one based on the viability of
foliage tissue alone, since he showed that death
of the intact plant occurs while the stem and
needle fascicles both are still alive and able to take
up water. He concluded that resistance to water
transport after drought occurred in the root sys-
tem rather than the stem and that his index was
“merely an indicator of an internal water stress
which affects some portion of the roots more sig-
nificantly than it affects the leaves.” Ursic (1961)
found a lethal range of FMC for year-old loblolly
pines and also concluded that the roots may die
before the rest of the plant. Recently Stransky
(1963), in comparing FMC with needle color,
established a lethal range for whole plants of lob-
lolly pine.

A comparison of the relative drought resistance
of western conifers has been made by Marshall
(1931), who used the water-supplying potential
of the soil at the lethal point of month-old seeg-
lings of various species as his index of drought
resistance, and by Stone (1957), who used the
soil moisture content (SMC) in the lower root
zone as his criterion. ;

METHODS

Seedlings of Douglas-fir, grand fir, ponderosa
pine, sugar pine, and incense-cedar were subjected
to severe soil droughts in order to establish a
lethal point for FMC, RT, and SMC. These
lethal points were set by taking samples of the
foliage and soil just prior to rewatering and check-
ing the survival at a later date. Just a few of the
plants were rewatered at light and moderate
stresses. Most plants were rewatered when water
stress was severe in an attempt to gather the larg-
est number of samples near the hypothetical lethal
point—ideally with an equal number distributed
both above and below the critical point. The FMC
values obtained on previous days were used as a
guide for rewatering after obvious “live” and
“die” zones were established. This prevented
wasting plants in zones either well above or well
below the critical point.
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Experiment 1: Spring drought in builders” sand

In carly December of the year prior to the test,
2-year-old plants of Douglas-fir, grand fir, sugar
pine, and incense-cedar were dug at the Oregon
State nursery near lkton, Oregon, and taken to
Roseburg. The seediings had been grown from
seed collected from the {ollowing sources: Doug-
las-fir and sugar pine—Rogue River area; grand
fir from the eastern slope of the Oregon Cascade
Range; and incense-cedar from the Umpqua Na-
tional Forest. Ponderosa pine was obtained from
the Forest Service nursery in Bend., Oregon, and
the source of seed was the eastern slope of the
central Oregon Cascades. About 80 seedlings of
cach species were potted in 5- by 5- by 6-inch
plastic pots in huilders” sand.  In mid-December
the pines and the cedar were placed in a florist’s
greenhouse under actual daylight plus 2 hours of
artificial illumination in the middle of the night
so that the plants would break shoot dormancy.
The firs were not moved into the greenhouse until
January 5. so that they would be subjected to at
feast 2 months of cold, which appears to be neces-
sary for an early and uniform breaking of dor-
mancy. Most plants of all species broke dormancy
within 30 days after being placed in the green-
house. Plants were fertilized biweekly with a
modified Hoagland's nutrient solution and kept
well watered until the middle of April. All plants
were actively growing (both shoot and roots)
when watering ceased.

The length of time any one plant was unwatered
varied from 9 to over 30 days, depending upon
the size of the plant and the degree of water stress
to which the plant was to he subjected at the time
of rewatering.

The FMC of the 3- to 4- and 13-month-old
needles of pines and firs was obtained in the morn-
ing immediately prior to rewatering each indi-
vidual plant. Needles without obvious defects
(necrosis, poor color, etc.) Wwere selected from
near the middle of the flush. Age of the incense-
cedar foliage samples was approximately IS
months.  Samples of one or two fascicles from the
pines, four to eight needles from the firs, and the
outer half inch of several cedar branchlets were
taken. Samples were held in clear, moistureproof
plastic weighing vials until their fresh weight
could be obtained, usually 1 to 3 hours after
sampling.

Due to an oxidation of the plastic (contrary to
the manufacturer’s specifications ), the vials could
not be tared. Thus, the foliage was weighed
separately from the vial which resulted in a fresh
weight that was always 19 to 4% low because of
a moisture loss to the atmosphere of the vial and
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air.  After obtaining the fresh weight, the needles
were ovendried at 105°C to constant weight, re-
weighed, and the moisture content expressed as
a percentage of dry weight. \When the weight was
measured to the nearest 0.1 mg, possible weighing
errors from the balance were ahout 1% water for
the firs, and 0.5% water or less for the cedar and
pines.

Just prior to rewatering the seedling. RT of 3-
and  13-month-old " needles was obtained by a
method similar to that described by Weatherley
(1950). Results from the 3-month-old needles
proved unusable, however, due to extreme varia-
tion in the amount of water ahsorbed during the
soaking procedure.

In measuring the RT of older needles (age 13
months) of the pines and firs, the same sampling
procedure as for the FMC determinations was
used. The RT of incense-cedar was not measured
due to the difficulty of blotting the branchlets
completely dry aiter soaking. After fresh weight
was obtained, fir needles were sliced crosswise and
floated on water in a closed plastic vial for 24
hours (temperature and light conditions were those
of a typical office building ), after which they were
blotted dry, weighed immediately, ovendried, and
reweighed. Pine needles, sliced crosswise in halves
or thirds, were placed in the vial with one cut end
in water and the above procedure followed.

The SMC immediately prior to rewatering each
plant was obtained by taking approximately 45 g
from the soil in the bottomi 2 inches of the pot,
since this bottom layer had the greatest concen-
tration of roots. The glass wool plug was removed
from a drain hole, soil within an inch of the hole
discarded, and the sample taken. The cavity was
then filled with glass wool. The soil sample was
held in glass screw-top vials and taken to the
office for fresh weight measurement. The SMC
was expressed as a percentage of ovendry (105°C)
weight.  These gravimetrically determined SMC
values were also expressed in atmospheres of soil
moisture tension.  The tension values were ob-
tained through the use of pressure membrane and
tension table apparatus at the Oregon State Uni-
versity Soil Physics Laboratory.

The survival or death of the rewatered plant
was related to the three indices of water stress
previously obtained.  For plants well above or
well below the lethal point, several days were
usually sufficient to tell whether the seedling was
going to live. However, if the plant had been
close to the lethal point, a recovery period of sev-
eral weeks to over a month was sometimes neces-
sary, and during this period, individual seedlings
would seemingly vacillate hetween life and death.
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Fxperiment 2: Fall drought in pumice soil

The experiment was designed to test each spe-
cies competitively against the others as well as to
obtain foliage and SMC lethal values. Seedlings
of the same age and source as described in the first
experiment were collected from the nursery at the
same time but were heeled-in outside until March.
They were then potted in pairs in the center of a
no. 10 can in a water-laid pumice soil from (Glide,
Oregon. A seedling of each species was paired
with one of another species, so that there were 10
species combinations possible. At least 12 cans
of each combination were prepared, so that there
were approximately 120 cans with 240 seedlings.
An attempt was made to rewater each can at a
time when one species was still alive and the other
dead. This purpose was accomplished for about a
third of the cans.

Plants broke dormancy in April, were left out-
side, and kept well watered. They grew well and
only one application of nutrient solution was
necessary.

Cans were moved into the greenhouse in late
June and kept well watered. In early August,
light was provided in the middle of every night.
Plants were growing vigorously at the start of
the drought in early September. The first cans
were rewatered in late September. In October
the remaining cans with two live plants (105
cans) were moved into the office due to the humid,
cool atmosphere maintained in the greenhouse.
The office temperature was generally above 60°F.
Drought was continued under long-day conditions
(added 2 hours of light at night) until the middle
of November. After each can was rewatered, it
was taken back to the greenhouse.

The FMC of new and old pine and fir needles
(6 and 18 months old, respectively) was obtained
immediately prior to rewatering by the same tech-
nique described in experiment 1. Incense-cedar
foliage, approximately 3 and 18 months old, was
sampled in a similar manner. Length of time
needles remained in vials was shortened to less
than an hour, but loss of moisture to vial atmos-
phere was about the same as described earlier.
The RT was not measured in experiment 2.

Sampling of SMC was more complicated in this
experiment since there were two plants per can.
Preliminary excavation of root systems from sam-
ple cans showed that roots of paired plants had
become extensively interlaced and had completely
permeated the soil during the 6 months they were
potted  together.  However, pockets  occurred
where roots of one species predominated.  Thus,
for the first 10 cans SMC of the bottom 2 inches

of soil was sampled from four to eight locations
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around the can before rewatering. This prelimi-
nary sampling indicated that SMC was usually the
same throughout the bottom of the can ; but in some
cans it varied systematically. with a low pomt heing
opposite one species, a high point opposite the
other. For this reason, two SMC samples were
taken from each of the remaining cans prior to
rewatering, each one directly opposite a different
seedling. The dry weight of a vial of pumice soil
was usually about 13 g. All procedures for re-
watering and obtaining soil moisture tension values
were similar to experiment 1.

Resurts aNp Discussion
Foliage moisture content lethal points

The apparent lethal points shown in Fig. 1 were
generally selected by choosing that point having
the same number of “wrong” plants (those which
lived below or died above the lethal point) below
it as above it. Occasionally, however, a large
grouping of “correct” plants (those which lived
above or died below the lethal point) influenced
placement of the lethal point either above or helow
the mathematically correct Jevel.

In general, foliage lethal points for the death of
the entire plant declined with foliage age (Fig. 1).
The FMC values of pines and firs for ages 3-4
and 13 months are for seedlings potted in builders’
sand and droughted in late spring, while FMC
values of pines and firs for ages 6 and 18 months
are for seedlings potted in pumice soil and
droughted in late fall. The FMC’s of incense-
cedar at age 13 months are for the spring drought
in builders’ sand, and at 3 and 18 months for the
fall drought in pumice soil.

Incense-cedar.—Recent, but hardened, foliage
was estimated to be about 3 months old. The old-
est foliage at the base of seedlings was about 13
months old during the first (spring) drought and
18 months old during the second (fall) drought.
Apparent lethal points were fairly clear cut at 3
and 13 months and remained constant at about
57% for these ages. Eighteen-month-old foliage
turned brown and became almost air-dry while the
plant was still obviously alive.

Douglas-fir—Toliage of 3, 6, and 13 months of
age proved to be a good indicator of whole plant
viability, A plateau for the lethal point at about
629 appears to exist for needles 6 and 13 months
old. However, by 13 months the needles tended
to dry up and drop off under even moderately
severe water stress; on only about a third of the
scedlings were there enough suitable 13-month-
old needles left to be sampled.  Eighteen-month-
old foliage became air-dry.

Grand fir—Folage 3 monthis old proved a fair
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indicator of whole plant viability (lethal point
1009 3. and needles 6 months old were least vari-
able and had a lethal point of 62%. Foliage 13
and 18 months old became almost air-dry.

Ponderosa pine.~-Foliage 3-4 and 13 months
old proved fair indicators of whole plant viability
(lethal points of 103% and 869, respectively ),
whereas needles 6 and 18 months old (lethal points
of 689 and 60%. tespectively) were good indi-
cators and had narrow ranges of overlap.

Sugar pine—Sugar pine proved to be the best
species for establishing a whole plant lethal point.

- Overlapping  ranges were narrow, and lethal

points of 121%, 78%, 0%, and 58% were readily
established for foliage of ages 3-4, 6, 13, and 18
months, respectively. A plateau for lethal points
between ages 6 and 13 months is apparent and
similar to that found for Douglas-fir and incense-
cedar.

The seeming vacillation between apparent life
and death for as long as a month after rewatering
emphasizes the need for a good index of whole
plant viability. Number of “wrongs” (based on
preliminary classification of live or die) in the
zone of overlap was at a maximum a few days after
rewatering, but decreased to the constant level
shown in Fig. 1 within about a month and re-
mained this way for almost a year.

Even visual signs of life after rewatering, such
as regaining of leaf turgidity overnight, did not
always mean the whole plant would live, for death
sometimes followed a week later.

Inability to regain turgidity overnight did not
always imply death of the scedling, for some indi-
viduals took several davs before their foliage agaiu
looked succulent.  One grand fir lived for over a
vear with needles that remained somewhat flaccid.
With ponderosa pine, complete defoliation some-
times occurred except for several juvenile foliage
spurs at the base of the seedling which ultimately
sprouted.  Ponderosa pine and grand fir often lost
all but four or five needles, or even all but parts
of needles. and later began growth from the ter-
minal, Douglas-fir, sugar pine, and incense-cedar,
however, generally died if @ major portion of their
foliage died.

Age of foliage —Age of foliage is important in
establishing an index of whole plant viability (Fig.
1}. Marshall (19315, Tazaki (1960}, and Brix
(1960} sampled tissue whose age did not vary
appreciably between plants. Ursic ( 19615 sampled
needles at random from vear-old pines, and Stran-
sky (1963) used needies of the previous yeat's
growth, presumably. however, without regard to
flush within that vear.  Resalts of Stransky and

1

Ursic. were more variable than either Brix or
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Tazaki, perhaps due to greater variation in age
of needle samples.

Results from the present study indicate that for
2-vear-old plants, a relatively stable plateau for
lethal FMC probably existed between the ages
of 6 and 13 months for Douglas-fir, sugar pine,
and ponderosa pine and between 3 and 13 months
for incense-cedar. For grand fir, the age limit
for any plateau was evidently less than 13 months.
Foliage at 3 to 4 months of age was still in a state
of flux with regard to the maturative decline of
FMC under well-watered conditions for most of
these conifer species (Pharis 1963, and it is rea-
sonable to believe that lethal points are also chang-
ing rapidly during this period of maturation.

By age 18 months (13 for grand fir) foliage for
the firs and cedar becamne air-dry while the plant
was still very much alive, eliminating foliage of
this age as a good index for any critical deter-
mination of lethal point. For the pines, 18-month-
old foliage was still a good idicator, if available.
Most pine needles at this age tended to dry very
rapidly, while vounger foliage remained succulent.

Thus, foliage with a range of age from 6 to 13
months can be used as an indicator of whole plant
viability without calibration as to exact age, al-
though a more lmited range, e.g., 6 to 10 months,
would probably be safer. Foliage much older than
13 months or much vounger than 6 months is in
general not satisfactory. It should be realized
that lethal points obtained in the greenhouse may
differ from those obtained on seedlings in the
field (natural or planted). For instance, plants
that barely managed to survive in the greenhouse
will probably die under field conditions.  How-
ever, the similarity in lethal points of different
species of Pinus (discussed later) subjected to
drought under greenhouse conditions by several
other workers implies a rather uniform lethal point
for potted seedlings in greenhouses,

ariability.—\ ariation, or range of overlapping
“lives” and “dies,” was dependent both upon spe-
cies and age of tissue.  Other factors which could
not be definitely accounted for, such as sampling
errors, fungus attack, or severe climatic conditions
during recovery. may also account for part of this
variation.

Overlap between “hves” and “dies™ for the 3-
to 4-month-old foliage was generally greater than
for the 6- and 13-month-old foliage.  Since some
plants were rewatered over a month after others
and the date of fushing varied somewhat from
plant to plant, differences in stage of maturation
most likely accounted for this variation.  How-
ever, another reason mayv have been the tendency
of vounger shoot extensions, on which 3- to 4

Ecology. Vol. 47, No. 2

month-old needles are located, to die while the
plant remained alive.  Death of younger shoots
while the plant still lived was also reported by
Stransky (1963 for loblolly and shortleaf pines.

Physical collapse of the voung stem appears re-
.\‘]u;nsilnlc for this premature death of the new
shoot.

Differences in soil type were eliminated as a
possible cause of variability in the spring drought
on builders” sand by a later check experiment.
Here, half the ponderosa pine seedlings were
potted in builders” sand. the rest in pumice. and
all were droughted at the same time in late spring.
Results of this check drought confirmed the lethal
point for 13-month-old needles obtained earlier,
and this lethal point was the same for seedlings
on hoth soils.

Differences in climate during drought and re-
covery, or season of drought, however, may have
been -rcsp(msih]v. With regard to season, even
though plants were kept actively growing prior
to hoth droughts. those droughted in the fall may
not have heen physiologically equivalent to spring-
droughted plants, and thus may have differed in
their reaction to drought.  Variability, whatever
its causes, appeared to be accentuated for pon-
derosa pine: the other species exhibited remark-
ably little variation considering diversity of seca-
sons, drought, and recovery conditions.

Using 0- to 13-month-old foliage, future work-
ers with seedlings of these five species should have
no prohlem establishing statistical probability of
living or dying if a specific replicated number of
plants are rewatered in previously delineated minor
zones within the major zone of overlap (Fig. 1.
Results of the present study pinpoint the zone of
overlap and should eliminate from consideration
much of the upper and lower ranges of moisture
content.  In addition, the common FMC lethal
points for several species at different ages imply
that these points mayv he used with a reasonable
degree of certainty.  For example, a lethal point
around 6079 oceurs for mcense-cedar foliage at
age 3 months, Douglas-fir and grand fir at age )
months, and Donglis-fir and incense-cedar at age
13 months,  The pines are both higher than the
firs with o lethal point near 80% for sugar pine
at hoth 6 and 13 menths, and ponderosa pine at
13 manths,

Lethal points for ponderosa and sugar pine in

this studv are about | 1o 49 low (due to mois-

ture loss n viali Bu

st are virtually the same
as for loblolly and shortleal pine in Stransky's
report.  Thev also correspond with the approxi-
mate range reported by Ursic for loblolly pine.
The higher lethal point of 110% found by Brix
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(1960) is probably due to his use of needles
vounger than 6 months. The similarity of lethal
points for the four different species of pine when
needles of a similar age were used is intriguing,
and further extension of this method to other
species of pine might reveal a universal FMC
lethal point for Pinus spp.
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Relatizve turgidity lethal pomnts

For ponderosa pine and sugar pine, the RT
lethal points fall at 437¢ (Fig. 2) for 13-month-
old needles.  This value was assumed to be the
lethal level for Douglas-fir as well, although data
are too scanty to accurately place a critical 1 lethal
point.  The near air-dryness of 13-month-old
grand fir needles while the younger needles were
«till succulent makes an RT lethal point meaning-
less.  On the firs the number of samples for RT
measurements was limited because of difficulties
in finding needles which were not becoming woody.

There are numerous disadvantages to RT as
a measure of water stress for conifers. Brix
(19607 mentioned several involving time and
errors ; another major disadvantage found in this
study was that an appreciable dry- weight loss (up
to 25¢ for the tirs) occurred upon soaking the
needles of plants subjected to severe water stress.
This loss was readily discernible since duplicate
needle samples taken at the same time, weighed,
and immediately dried had a fresh, "dr\'—\\'(*ight
ratio much lower than that of needles soaked prior
to drving.  The loss was slight under well-watered
or moderate stress conditions.  Leaves are known
to convert starch to sugars under water stress
( Mever and Anderson 1952, p. 3836 ¢ thus, much
of the greater loss under stress here is probably
due both to diffusion from cut surfaces of sugars
and hydrolysis products of other high molecular

'\\twht compounds and to an 111c1v'w<1 respiration

rate.

Since Harms and McGregor {19625 found RT's
as low as 347 for mature needles of living loblolly
pines under water stress, lethal points as low as
43% for sugar pine, ponderosa pine, and Douglas-

fir do not seem unreasonable.

Soil moisture content lethal points

Since roots of all species had thoroughly per-
meated the soil mass, an SMC value above which
most plants hived and below which most died 1
indicative of the maximum water stress to \\huh
a plant can be subjected a wbostill remam alive.
I Ilm lethal point varies between species, then
this variation indicates differences in the ability
of one species 1o survive at a higher soil moisture
stress than another. On this hasis, then, in
huilders' sand pondernsa pine with a lethal point

1287 was most dronght resistanti shgar pine
with @ value of 1.353% wis least resistant; and
neense-cedar, Donglas-Hr, and grand fir were m-
termediate with values oi 1.39%. 1.45%, and
[y, 3+, Nariation and over-
punnice sail but the trend

].47" » TESPEC TH{'!_‘;
lapping were greater

micense-ceder  was the

was siunilar, except| @
most dronght resistane with a lethal point of
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relative dronght resistance,

the plants toward the center being the most drought resistant

6.97% . Sugar pine was still the least resistant
with a lethal point of 7.59%, and grand fir] Doug-
las-fir, and ponderosa pine were intermediate in
their drought resistance with lethal points  of
7.31%, 7.14%, and 7.12%. respectively (Fig. 31.

Water remaining in the soil at the approximate
death point was used to compare the drought re-
sistance of various western conifer spegies by
Marshall (1931) and Stone (1957). Marshall
droughted 24-day-old conifers on a coars¢ quartz
sand and found that ponderosa pine was the most
drought resistant, western white pine | (Pinis
monticola Dougl.) the least, and grand fir, Doug-
las-fir, and western { Thuja

redeedar pircata

Donn i itermediate.  Stone used a clay
loam and found the amount of water left at the
altimate wilting point was least for Jeffrey pine
& Dalfy, most for white

wWere

{ Pinus jeffreyt Grev.
fir (Libies concolor (( ord. & Glend.d Landl), and
aud  ponderosa

intermediate  for incense-cedar
pine.

Results shown in Fig. 3 e m ncely with both
Marshall's and Stone’s fine
i sugar pine for western
\\.h'\ll' il'l"}('. F'."f‘! TTHOLH ST ",I!.‘ I‘(‘tl«

Candl wrand fir for white

vs i oune substitutes

the comparative p

i ir for western
cedar in Marshall's
fir 1 Stong s

Facilities were not available for obtaining soil
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Fic. 4. Soil moisture content-tension curves.  Approxi-
mate death zones are shown for both soils, the lower
boundary delineating the highest moisture content at
which any plant died and the upper boundary, the lowest
moisture content at which any plant lived.

moisture content-tension values above 15 atm of
tension. The curves have been extrapolated above
15 atm, however, and the range of soil moisture
contents within which the “lives” and “dies” over-
lapped for individuals of all five species has been
placed on these curves for both soils (Fig. 4).
The highest soil moisture content at which a plant
died was probably equivalent to a tension as low
as 15 atm for pumice and 24 amm for builders’
sand. The lowest soil moisture content at which
a plant lived was probahly equivalent to a tension
as high as 19 atm for pumice and 30 or more
atmospheres for sand.

Survival of conifers at SMC's equivalent 1o
tensions well above the 15-atn permanent wilting
point was reported by Fowells and Kirk {(1943)
for ponderosa pine and Ursic (1961) who found
that loblolly pine died at a moisture content
equivalent to tensions hetween 50 and 100 atm. Al
of these values are based on samples of relatively
large soil volumes : the soil moisture tension within
a few millimeters of a rootlet at the death point
may be much higher.

The lower tensions of the death zone for pumice
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soil ( Fig. 4) probably occur because the uniformity
of moisture removal by the pressure membrane
apparatus could not be duplicated by roots for the
complicated pore system of pumice. This would
not hold true in the builders’ sand where all pore
space is external and unsaturated movement is
relatively rapid.

The tate of water movement under high ten-
Sions from the vesicular pumice particles is slower
than from sand, presumably because of the tor-
tnots pore arrangement within cach particle. For
the sand, root ramification was probably complete
enough to result in a uniform withdrawal of water
from: the eutire soil mass under high tension.
FFor the pumice soil, however, the large number
of vesicular particles may have resulted in nu-
merous untapped reservoirs of soil moisture, their
depletion being dependent primarily upon prox-
imity to a rootlet. Incense-cedar was probably
the only species which came close to fully occupy-
ing the soil mass msofar as uniform withdrawal
of moisture at high tensions.  Thus, the less ex-
tensive ramification of roots of ponderosa pine
mav have resulted in the reversal of its relative
position with incense-cedar in the pumice  soil.
and may also account for much of the variation
shown in Fig. 3. FEven so, the relative standing
of sugar pine and grand fir as being the least
drought resistant and incense-cedar, ponderosa
pine, and Douglas-fir the most still holds true for
the pumice as well as for the sand.

Fxact levels of these lethal SMC points may
vary somewhat with different drought or recovery
conditions.  Also. SMC lethal points are known
to vary for different ceotypes of Douglas-fir® and
probably  differ with ecotvpe for other species,
especially those having a wide geographic distri-
hution.

Relationship of decreasing foliage nioisture content
to soil moisture and to visual danage

13-month-old  needles
declined in a straight-line re lationship ( deviation
from linear regressiom is nonsignificant) with a
decrease 1 SN

3 This relntionship held true for other

Sugar pine FMC's of

over a specific range of SMC
(bnzls
species on both sotls exeept for very old and very
vorng

needles.  Phivsical collapse of the voung
upper stem, or the ]

vevcdle itseli, often resulted in

eapidly diving needies while moisture content of
o - =

the soil and other needles decreased more slowly.
The moisture content of the needles appeared to
.. Ferrell of
«l data an

A st

( Jregon

file at Silvicutture and iiny tamation Labora-
1 Pacitic Northwest b e Experiment
o, Resehurg, Orggon
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N 4o tained than DPD, and measurement of DPD for

°  Jarge numbers of samples is impractical.

2 1 o PLANT LIVED Brix (1962) has shown the method described
b ® PLaNT DiED by \Inntmth and Owen (1938) to he useful for
N — — APPARENT LETHAL POINY determining the DPD of loblolly pine needles.
e i Weatherley and Slatver (1957 showed that when
¥ leaf tissue DPD of privet and tomato was cali-
=l brated with RT. ecach species had a different
A curve. Thus, if conifer foliage tissue DPD was
& calibrated with declining FMC under increasing
- s0il moisture stress for the various conifers, FMC
' il Y 14275 145.34% would not only he useful as an index of whole

FOLIAGE MOISTURE CONTENT

SUGAR PINE

100 e T 130 1.40 150 IIM) |170 1,80 1.9 2!!)0
SOIL MOISTURE - PER CENT DRY WEIGHT
BUILDERS' SAND
Fic. 5. Trend of moisture content of 13-month-old
needles with decreasing s0il moisture when potted in
builders’ sand.

deviate from normal values of well-watered needles
at a soil moisture content equivalent to a tension
of about 14 atm for builders’ sand; while not
accurately determined for pumice soil, it
probably well below 14 atm.

There were several degrees of visual damage
on a whole plant basis in relation to declining
FAMC. Moderate damage (up to 209 dead fo-
liage) occurred for all species in a somewhat
direct relation to dechning [FMC, the range being
from 100% to 709 where 60% was the lethal
point. Severe damage occurred within a 107%
zone just above (or around) the Jethal point, with
no consistent relationship ~between  percentage
damage and declining FMC,

wads

Foliage moisture content as an index of soil and
plant water stress

The directly proportional decline of FMC with
decreasing SMC (l’in 5) means that FMC can
be used as an index of the soil moisture stress to
which the plant is being subjected.  Calibrating
FFMC with leai diffusion pressure deficit (D
would probably give the
plant water
extremecly useful

best indicator of actual
This calibration
AL G

stress, would  be

siee 18 more (*;\si]_\j oly-

plant viabilitv but also as a very readily obtained
index of drought severity.

Comparaticve drought resistance of the
five conifer species

Relative drought resistance of the various spe-
cies, if measured by ahility of one species to out-
live the other when grown together in cans and
droughted (Table 1), is similar to that derived
from the amount of soil moisture remaining at the
approximate death point (Fig. 3). Ponderosa
pine, Douglas-fir. and incense-cedar are the most
resistant, sugar pine and grmui fir the least. Of
71 cans n].rt«f"itul in Table I, there were 38 in
which one species lived and the other died after
rewatering and 33 in which hoth species died after

Taste 1. Number of cans in which one tree species out-
lived a second tre¢ species with which it had been
planted

Number of
cans in
which first-
named
species
Number  out-lived
of cans the
Species combination plante:d second

Gieneral combinations:!

Ponderosa pine ‘other four species 30 2
Douglas-fir ‘other four species 25 20
Incense-cedar other four spectes 4 19
Cirand fir ‘other four species 25 b
Sugar pine other four specres 28 3

Total vl

Specific combinations )
Ponderosa pine  Douglas-tiz S .
Ponderosa pine incense-ceda T 5
Pouderosa pine grand fir S H
Panderosa pine suzar pine 7 5
Douglas-fir mmeense-cedar N i
Donglas-fir grand fu i 3
Douglas-fir grgar o o 5
Ineense-cedar grand fit N s
[neense-cedar sugar pine S 7
Girand fir sngarv pine 5 3

A grouptg ol the spevity caldimiatiotiag ot o stuation m wiieh auy oue

spavive was potted i the samd g Wit il Foue othiers
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rewatering. For cans that fell into the latter
category, it could readily be determined from
FMC samples and appearance that one species
had outlived the other. Rewatering had heen de-
layed only to reduce FAMC of the live plant to a
near-critical level, thus better establishing a lethal
FMC for that particular species.

The ability of ponderosa pine to survive longer
than sugar pine in these pot studies (Table 1), as
well as to live at an appreciably lower SMC ( Fig.
3), may give a partial answer as to why ponderosa
pine plantings pn south exposures in southwestern
Oregon have shown such good survival while
sugar pine plantings have g nerally failed. Coupled
with this general drought resistance, however, may
be a differential ability of transplanted nursery
stock of the two gpecies to produce vigorous root
systems during the first year, since seed spotting
of sugar pine has been successful. The poor sur-
vival of planted Douglas-fir on south exposures
may be a combination of lower drought resistance
and a less aggressive rooting habit. Studies by
Stein (1963) on three typical southwestern Ore-
gon soils have shown that of the five species used
in the present study ponderosa pine, incense-
cedar, and sugar pine have the deepest root sys-
tems, with incense-cedar possessing the most
spreading and extensive rooting habit. Thus,
insofar as planting on tough south exposures in
southwestern Oregon, ponderosa pine and incense-
cedar would be the recommended species. 1
seeding (natural or artificial) was the method of
regeneration, then the rapid first-year root growth
of sugar pine might place it in a similar category
with ponderosa pine and incense-cedar in hypo-
thetical survival ability.

The relative drought resistance of these species
noted in the present study (and in studies by

‘Marshall (1931) and Stone ( 1957)) coupled with

what is known about the ecology of rooting (Stein
1963) may be used to draw conclusions as to the
way in which they are able to become established

and grow to maturity in a stand of mixed compo--

sition. With regard to establishment, ponderosa
pine and incense-cedar are well equipped as pio-
neers, being highly drought resistant, as well as
having deep root systems and aggressive rooting
habits. The poor drought resistance of sugar pine
may be more than adequately compensated for by
good initial root growth. Douglas-fir and grand
fir may have come gradually into the stand during
good seed years after the other three species were
well established and herbaceous and brushy com-
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peting vegetation was at a minimum.  The en-
croachment-of hoth Douglas-fir and grand fir (as
well as incense-cedar)). into pure ponderosa pine
plantations of ages 10.to 20 vears is presently
occurring in southwestern Oregon,  Once all spe-
cies are established, soil maistire in these rela-
tively deep clay soils is pre Dhably no longer impor-
tant in survival, but instead merely limits growth.
It is possible that the resultant mixture of conifer
species on southwestern Oregon clay soils may
represent a high degree of soil moisture utilization,
insuring that all zones of the soil are tapped for
moisture.
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