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The hypothesis is explored that lodgepole pine at the seedling

emergence period is more resistant to low temperatures than

ponderosa pine. Differential tolerance between species to low tem-

peratures is then related to the prevalence of lodgepole pine in

frost pocket areas in central Oregon to the exclusion of ponderosa

pine.

Tolerance thresholds to low temperatures for both species

were determined in. a controlled environment chamber. The cham-

hey, designed specifically for this study, had separate controls for

air and soil temperatures. With soil heated to 3 2° F., air temper-

ature could be lowered, with lights out, to a minimum of about 13 ° F.

Controlled environment chamber treatments consisted of

exposing groups of uniformly reared seedlings of each species to

nighttime low temperatures of 13 ° F. to 30 ° F. Seedling groups



varied in age by two-week intervals for comparisons of differences

between seedling development stages. These experiments showed

that differential tolerance to low temperatures occurred at 15°F.

to 18°F. About twice as manyponderosa seedlings were killed as

lodgepole, with ponderosa mortality occa$ionally approaching 100

percent. At warmer temperatures up to 23 0 F. ponderosa mortal-

ity continued to be substantially greater than that of lodgepole, but

number of seedling deaths was low. Treatments above 230 F. caused

little or no injury to either species. During emergence youngest

seedlings of each species survived low temperatures better than

older seedlings.

Fall treatment of seedlings reared in outside planting beds

ai1ed to show any signs of injury from 15° F. treatments. These

results strengthen the theory that the period of species differential

tolerance to low temperatures for first year seedlings occurs during

the emergence period in the spring.

The study of the occurrence of low temperatures in the field

was made along a transect starting in a lodgepole pine timbered flat

and continuing through a lodgepole-ponderosa transition zone up to

a ponderosa timbered slope. On a few occasions during the seedling

emergence period, night minimums near the surface were as low as

15°F. to 18°F. at the lodgepole flat compared to 20°F. to 22°F.

at the ponderosa timbered slope 80 feet above. This spread of five



or more degrees was of the same magnitude as the laboratory-

determined spread of first injury to ponderosa pine to almost total

kill.

The controlled environment experiments demonstrated differ -

ential tolerance between species, and that laboratory-determined

lethal temperatures approximated those recorded in field 'Tfrost

pocketstt. Although only a small segment of the natural environ-

ment complex could be studied, the evidence strongly supports the

original hypothesis that lodgepole pine during the seedling emergence

period is more resistant to low temperatures than ponderosa pine,

thus, explaining in part the "frost pocket" distribution pattern of

lodgepole pine in central Oregon.
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RELATIVE LOW TEMPERATURE TOLERANCE
OF LODGEPOLE AND PONDEROSA

PINE SEEDLINGS

INTRODUCTION

The silviculturist must know how the environment will affect

the growth and development of the trees he wishes to manage. The

total environment of the tree is a complex integration of numerous

physical and biological factors. These factors may be grouped into

three major categories: (1) climatic, such as rainfall and air tem-

perature; (2) edaphic, such as soil moisture and soil temperature;

(3) biotic, such as parasitism and herbivore (Daubenmire, 1947, p. 2).

Because of the complexity of the total environment and the diffi-

culty with which some factors are measured, complete and exact

quantification of the environment is practically impossible. This is

particularly true in the West where broken topography of many

mountain ranges results in discontinuities in climate and other envi-

ronmental factors. Thus, within broad provinces or regions the

interplay of local and general factors often determines which species

will be successful on specific sites. For example, south facing

slopes tend to be warmer and drier than north slopes and low spots

or openings in the forest may be frost pockets restricting the occur-

rence of certain species. Soil conditions, such as drainage or

depth, often are decisive in limiting the occurrence or growth of



2

trees in areas where climatic conditions are close to being critical

(Fowells, 1965).

The variety of timber types and species mixture in eastern

Oregon and eastern Washington attest to the influence of local and

geographic environmental conditions on forest development. Ponder -

osa pine (Pinus ponderosa Laws.) predominates on 11 million of the

20 million acres of the commercial forest land of this area. This

species usually occurs as extensive pure stands at the lower eleva-

tions characterized by summer rainfall deficiency. The colder moist

slopes of the uppe:1evels are occupied by varying mixtures of sub-

alpine fir (Abies lasiocarpa (Hook.) Nutt.), grand fir (Abies grandis

(Dougi.) Lindi.), Engeimann spruce (Picea engelmannil Parry),

Douglas-fir (Pseudotsuga rnenziesii (Mirb.) Franco), and western

larch (Larix occidentalis Nutt.). Combinations of these five species

occupy about six million acres of forest land. Lodgepole pine (Pinus

contota Dougi.) makes up the remaining two million acres and can

be found on almost any site, sometimes as pure stands on land

originally supporting other conifers.

A desirable objective of the study of environmental factors

affecting tree growth would be to develop ecological information

which will be useful in determining site preferences for all species.

The magnitude and complexity of such a project, however, necessi-

tates starting with the most familiar tree species on the least
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complex site. Lodgepole pine and ponderosa pine were the species

selected because of the wealth of growth data already accumulated.

The pumice soils of central Oregon was the area chosen because of

its relatively recent geologic origin and consequently relatively

uncomplicated ecology. The factor of low temperature was selected

for initial investigation because it appeared to be an important limit-

ing factor on a sizable acreage of commercial forest land.

The degrees of association of ponderosa and lodgepole pine

vary from equal mixtures in a given stand, to pure types separated

occasionally by less than a 50-foot wide transition zone. Lodgepole

pine is an aggressive pioneer species that grows well over a wide

range of habitats (Critchfield and Little, 1966), (Critchfield, 1957),

(LeBarron, 1952), (Tackle, 1959), (Sudworth, 1917), including good

ponderosa pine sites where competition was lacking during the period

of establishment. However, ecological data are not yet complete so

as to specify on what sites ponderosa and lodgepole pine, singly or in

mixtures, will grow best.

Frequently type lines between ponderosa and lodgepole pine

stands are coincident with perimeters of topographic depressions or

with edges of more extensive flat areas. Lodgepole pine, usually as

pure stands., occurs in such land forms, while ponderosa pine dom-

inates on the adjacent higher ground- -sometimes only a few feet

higher. These topographic depressions are often associated with
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high water table, sometimes encompassing seasonally-ponded sites.

High water table caused by poor drainage probably accounts for at

least part of the ponderosa-lodgepole distribution. But topographic

depressions and flat areas are also conducive of accumulation of

cold air. And, where lodgepole pine occurs in such land forms

lacking high water table, cold air accumulation is the prime environ-

mental factor suspected of separating the two timber species. Within

the central Oregon area it is estimated that lodgepole pine occupies

over 200, 000 acres in topographic situations that could be potential

frost-pocket sites.. It is possible that an additional 100, 000 or

200, 000 acres of similar lodgepole pine site conditions exists

throughout the lodgepole pine range of eastern Oregon and Washing-

ton.

The aim of this study was to determine the relative tolerance

to low temperatures of lodgepole and ponderosa pine seedlings in

environment chamber experiments, and to determine whether such

differences explain, in part, their natural distribution pattern in

central Oregon.



LITERATURE REVIEW

Sharp type lines between pure stands of ponderosa and lodgepole

pine have long been the object of observation and research to deter-

mine environmental factors involved. Most common causes men-

tioned are soil moisture, fire, and temperature. The literature pro-

vides supporting evidence for one or the other or combinations of

these factors as giving rise to patchwise distribution of these two

species,

Determinants of Site Occupancy

Earliest observations of the distribution of lodgepole and pon-

derosa pine in central Oregon were made by Munger (1908).

Munger's report summarizes 11 weeks of observations during the

months of September, October, and November of 1908. The pur-

pose of Munger's report was to explain the reasons for the encroach-

ment of lodgepole pine on western yellow pine (ponderosa pine) on the

east slopes of the Cascade Mountains in Oregon. Munger's account

of the "encroachment of lodgepole pine on ponderosa pine" is of

particular interest because it encompasses much of the potential

frost pocket forest land pertinent to the subject of the current study

of low temperature tolerance. It covered an area essentially from

Bend south to Kiamath Falls and from the upper altitudinal limit of

5
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ponderosa pine on the main range of the Cascade Mountains east to

the Fort Rock Desert.

Throughout the report, silvicultural explanations are given for

the frequent side by side occurrences of pure lodgepole and ponderosa

pine stands.. Curiously, however, the factor of low temperature is

never mentioned even though the topographical descriptions clearly

indicate that type lines frequently coincided with perimeters of frost

pockets or areas of cold air drainage. For examp1e Munger states,

I1 (lodgepole pine) also occupies draws, coves, and
pockets which, without visible signs of water, pre-
sumably received seepage from the encircling hills
and ridges and so may be much wetter a few feet
beneath the surface than the hills themselves.

Fire was the causative agent referred to most frequently by

Munger to explain the species distribution pattern. As an example,

he described the occurrence of lodgepole and ponderosa pine as found

in the Walker Basin within six miles of the now obscure towusite of

Roseland near Lapine. The Walker Basin consists of an almost level

bench on the east bank of the Deschutes River at an elevation of

4, 227 feet. This bench is about 20 feet above the river meadow.

It extends about three and one-half miles east of Roseland where it

meets a gently rising slope and west of the river about two miles.

The soil over the whole region, tifie flat and the slope, is coarse

textured derived from Mazamz pum ce. The water table on the bench

is within ten to 20 feet of the surface the year around.
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Munger inferred, from observations on adjacent land, that

yellow pine undoubtedly could make an excellent growth on this fiat,

and if nature were left to herself this flat would not be pure lodgepole

pine but would be a mixed forest of yellow and lodgepole pines. He

concluded that,

After frequently repeated fires, lodgepole pine has
encroached as far as it can. This accounts for normal
stable conditions on the present border zone and for the
act that the line between the two species follows so

closely a contour or, more correctly, a line of equal
soil moisture. The present border of this lodgepole pine
subtype must be the limit to which the lodgepole pine can
grow sufficiently thriftily to exclude, with the help of
successivefires, yellow pine.

The broad Walker Basin referred to by Munger is typical of the topo-

graphic features conducive to the collection of cold air and cons e-

quently frost.

Munger's many references to fire as the causative agent pro-

moting establishment of lodgepole probably stems from the classic

explanation for establishment of this species in the Rock Mountain

region. There, serotinous or closed cones make available a large

quantity of sound seed for release following fire (Tackle, 1959), In

central Oregon, however, lodgepole pine cones shed their seed as

cones mature annually(Mowat, 1960). Fire in central Oregon,

therefore, does not contribute to lodgepole pine regeneration by

causing heavy seed release. But, as noted by Munger, fire could

in arother way favor the establishment of lodgepole pine: successive
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fires could destroy established ponderosa pine regeneration to be

succeeded by lodgepole pine from frequent and abundant seed crops.

Leighty (1947), however, discounted fire as a factor affecting

species distribution except in transition zones. Leighty's state-

ment ", . no certain evidence was found that would indicate that

fires have had a principal influence on the distribution of these two

species't referred to much of the same Walker Basin area studied

by Munger.

Leighty placed major importance on slope or soils as factors

influencing distribution of ponderosa and lodgepole pine in the Pringle

Falls-Lapine area. He contends that in determining whether a site

is suitable for the production of ponderosa pine or for lodgepole pine,

drainage or the depth to the surface of a ground water table or other

condition of excess water seems to be of primary importance. He

states, "Within the limits of this region, other observable charac-

teristics of soil and site dd not appear to be significantly related to

the distribution of those two species in relation to each other.

Tarrant (1947), who also worked on the same project, con-

firmed Leighty's conclusions with the statement, "The survey re-

vealed that timber type in this area is apparently related to soil

drainage, throwing doubt on the theory that fire has been almost

entirely responsible for the present distribution of the two species

of pine." Leighty qualified his conclusion, however, by pointing out,
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"Poor air drainage, lower temperatures, more freezing, and perhaps

frost damage likely are associated with the poor water drainage; and

one or more of these factors may have a contributing or even a pre-

dominant influence on the distribution of these two species. '

Munger's 1908 unpublished report, referred to earlier, subs e-

quently became the main source of data for his USDA Bulletin No.

418 (1917). In contrast to the 1908 report, this later publication

made occasional reference to frost being a deterrent to ponderosa

pine regeneration, thus indicating a growing awareness to the sus-

ceptibility of ponderosa pine to cold temperature. He indicated that

freshly germinated ponderosa pine seedlings probably sustained

injury from freezing temperatures;as well as from frost heaving.

The comment was also made that year-old ponderosa pine seedlings

seemed to do best beneath partial shade of its mother tree, ". . . prob-

ably because of the protection they (seedlings) are afforded against

drying sun and wind, and perhaps against frost as well."

In subsequent years., many additional references on the effect

of low temperature to ponderosa pine were made. Pearson (1920)

stated that, "In the southwest, low temperature limits the upper

altitudinal range of the species but within its typical range this is

not directly a limiting factor. In a few instances, however, he

(Pearson, 1923) noted that early frosts have been known to injure

young seedlings. Howell (1931) found that ponderosa pine was
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seldom found in topographic depressions with high water table. He

considered the unusually low temperature associated with such depres-

sions only as anthindirect factor causing separation of the yellow pine

and lodgepole pine groups."

Baker (1931) remarked that, 'Ponderosa pine is sensitive to

temperature deficiencies as indicated by the observation that its

upper altitudinal limit occurred relatively low in the mountains.

By pointing out that ponderosa pine is notably resistant to sudden

extreme temperature changes, Baker reasoned that altitudinal lim-

its are caused by a year-round temperature deficiency rather than

by early or late frosts. Haller (1959), in studying factors affecting

the distribution of ponderosa and Jeffrey pine, agrees with Baker in

that low temperature is only a limiting factor for ponderosa pine at

high altitude. Bates (1924), however, qualified his almost identical

finding from the study of the effect of climate and soil on forest types

in the central Rocky Mountains, by pointing out that topographic dif-

ferences may create differences in local air temperatures equal to

1, 500 to 2, 000 foot differences in elevation.

If, in fact, upper elevational limits for lodgepole and ponderosa

pine are controlled directly by species tolerance to low temperature,

then lodgepole pine apparently is the most cold resistant species of

the two. Tackle (1959) notes the maximum elevational limit for

lodgepole pine at its southern range in Colorado at 11,500 feet. In
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contrast, Curtis and Lynch (1957) set ponderosa pine elevational

limit at about 9, 000 feet at the more southerly species range limits

in California and Arizona.

Within the central Oregon vicinity, Youngberg and Dyrness

(1959) and Dyrness (1960) reported on studies of understory vegeta-

tion associated with lodgepole pine. They found three soil moisture

situations that seemed to support lodgepole pine as the climax vege-

tation. These are the poorly drained Wickiup soils, the seasonally

ponded Lapine, and seasonally wet Lapine soils. These soils with

high water table were confined to level or depressional areas.

Youngberg and Dyrness defined lodgepole pine growing under these

conditions a a topoedaphic climax. They also state that climax

lodgepole pine stands may occur in areas of deep, well-drained

Lapine soil. Here. they propose that late spring frosts and cold

air drainage during the growing season seriously limit the growth of

ponderosa pine. In these situations, lodgepole pine is considered

a topographic climax species.

From the above citations there appears to have been a growing

awareness of low temperature limitations of species distribution as

influenced by local physiography. However, literature dealing with

field or laboratory experiments comparing the relative resistance to

low temperatures between two or more species is scarce. An excep-

tion was the work done by Parker (1955) to determine whether grand
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fir, which seemed to adapt better to high elevation in northern Idaho,

was in fact more resistant to low temperature injury than ponderosa

pine. Laboratory tests consisted mainly of exposing excised mature

leaves of the two species to low temperatures in a controlled deep-

freeze chamber. Results showed that both species exhibited the

same general hardiness trends throughout the year. During the

coldest part of the winter, leaves of both species could not be cooled

sufficiently to cause them injury by the method used. Minimum tem-

peratures ranged downto -55°C.

The study showed that one-year-old needles were more resis-

tant to low temperature than two-year-old needles and that in May

grand fir may have shown a slightly greater sensitivity to cold than

pine. Similar altitudinal limits for the two species in the region

studied (Foiles, 1959), (Tackle, 1957), may be indicative of the lack

of decisive differences between species in this study. In any event,

controlled field or laboratory tests to determine frost hardiness of

tree species continues to be a relatively unexplored avenue of re-

search.

Frost Pockets and Late Spring Low Temperatures

Accounts of late spring low temperature injury and of topo-

graphic situations contributing to occurrence of low temperature are

abundant. Low temperature damage may occur in any season, but
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divisions into spring, summer, fall, and winter may be artificial

since sometimes both autumn and spring damage occur, the one be-

ing additive to the other (Parker, 1963). In temperate climates,

spring frosts are probably the most serious (Zon, 1904).

Stoeckeler (1965) states, "Sites with frequent late spring frosts

offer a special problem because 'cold air lakes' i-nay form due to

temperature inversion. These "lakes" occur in flats, or slightly

depressed basins, or even at the base of slopes.

Geiger (1965) investigating the cause for severe frost damage

to growth of pines near Eversevalde, Germany found temperature

differences up to 4.4°C. in changes of elevation of only 1.6 meters.

Geiger said this effect of height was evident on single nights with

late frosts in May, June, and July 1939. The study area appeared

to be level, and surveying disclosed only a gentle slope. The lowest

observation point always had the lowest temperature at night and it

fell below the freezing point 17 nights during the growing season.

At the highest point (1.6 meters above the low point) frost occurred

only 12 nights.

Aibright and Stoker (1944) recorded temperature for 11 years

in a broad topographic depression near Beaverlodge, Alberta, Canada.

The average frost-free period in the depression was only 32 days

compared to 106 days on a nearby hilltop only 132 feet higher.

At the Petawawa Forest Experiment Station, Ontario, Canada,
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Duffy and Fraser (1963) reported that frost occurred on 23 occasions

during the growing season in the bottom of a land depression. During

the same period, freezing temperatures were recorded only five

times at the six-inch 1etel at the rim of the depression. Frosts also

occurred on a gentle slope which had a slight shelf across its face.

This shelf apparently was enough of an obstruction to slow draining

cold air on still nights to allow cooling to frost conditions.

In Haiti severe frost damage to West Indian pine (Pinus

occidentalis Sw.) occurred during the 1950-51 winter growing sea-

son (Pedersen, 1953). Most severely affected were seedlings and

saplings of a three-foot height, and heaviest damage occurred in the

open on flat terrain and on the savannahs. Frost pockets also

occurred as the result of clearcutting patches in an even-aged stand.

Likewise, in the Kaingaroa Forest in New Zealand it was found

that regeneration of Monterey pine (Pinus radiata D, Don) failed in

forest patches created by clearcutting in 30-year-old stands (tjre,

1949).

In Sweden, Odin (1964) found that temperatures up to 1.5

meters above ground varied significantly with topography. He also

found temperature was strongly affected by creating openings in the

forest--causing great risk of seedling damage due to high day tem-

peratures and night frosts.

Spurr (1957) concluded from study of local climate in the

Harvard Forest that concave areas are characterized by greater
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temperature extremes and shorter growing seasons in contrast to

convex areas. This variation in local climate tended to explain the

concentration of northerly species of red spruce, black spruce, and

tamarack in bogs characterized by extremes of cold and short grow-

ing seasons. Spurr cites Wolfe, Wareham, and Scofield (1943, 1949),

Aikman (1934), and Hough (1945), as all having found that low con-

cave surfaces tend to radiate heat rapidly on still, cold nights and

to accumulate cold air which flows in from surrounding higher land.

As a result, such sites will frequently have air temperatures near

the ground as much as 15° F. lower than the surrounding higher ter-

rain.

An interesting report on accidental, artificial creation of a

frost pocket in Scotland (Evans, 1955) gives unusual insight of some

physical factors involved in occurrence of frost. With reference to

a plantation on his Ffrwdgrech Estate near Brecon, Major Evans

relates,

On a very slight northern slope, I planted six acres with
Sitka spruce. A small spring-fed stream gently traversed
its length. Near the exit I planted Japanese larch on both
sides of the stream. Later I realized the larch consti-
tuted a barrier to normal flow of cold air. A few Sitka
spruce trees were killed as an effect of the resulting arti-
ficial frost pocket.

Major Evans suggests that, if foresters had a better under-

standing of the physical factors contributing to spring frost occur-

rence, costly errors in forest plantation could be avoided or at least
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drastically minimized.

Transects of topographic situations representing potential frost

pockets were made by Duffy and Fraser (1963). As shown in Figure

1, these situations ranged from obvious catchment basins, or troughs,

to insignificant barriers to surface airflows on flats or gentle slopes.

Sometimes the line of temperature variation between the layer of cold

air below and the warme air above may be so marked that blossoms

on the lower part of a tree may be frozen while those above develop

to form fruit (Weaver and Clements, 1938).

Geiger (1965) and Reifsnyder and Lull (1965) explain that condi-

tions favoring radiation frost usually start in the late afternoon on

clear, calm days. Outgoing radiation exceeds incoming radiation;

the ground surface cools, and, in turn, cools the layer of air next to

it. This airis cooler than the next air layer above and gradually a

temperature gradient forms with the coldest air next to the ground.

As the surface air cools, it becomes denser, and, where the topog-

raphy permits, flows downhill and fills low-lying areas and depres-

sions. As net loss of radiation continues, as it might until after

sunrise, temperatures in these low places may drop well below freez-

ing.

Nocturnal distribution of temperature is a function of both long-

wave length radiation and eddy-diffusion. If eddy-diffusion, or mix-

ing of air is particularly low, as is the case on a still night, the



Figure 1. Frost pockets on the Petawawa Forest
Experiment Station caused by topographic
or vegetative barriers to surface air flows
(Duffy and Fraser, 1963). * Sites where
cold air accumulates.
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influence of radiation from the soil predominates and the minimum

temperature is not at the soil-air interface, but about 10 cm. above

the ground (Geiger, 1965).

Intensity of radiation frost, however, is influenced by things

in addition to the lay of the land. For example, granite is a good

conductor of heat. It is warmer on the average than other surface

materials. Its surface layer has a maximum temperature about

10°C. lower and its minimum 5°C. higher than in the poorly con-

duting sandy soils. Geiger (1965) shows the importance of soil

type on nocturnal drop of surface temperature by the following calcu-

Other elements that might be considered in influencing intensity

of frost are type of vegetative ground cover and color of soil, each

having to do with absorption of heat by the soil during the day.

Re-radiation of heat from tree foliage during the night has

occasionally been suggested as a source of heat to moderate low

surface temperatures. Miller (1956) has shown that radiation

absorbed by a lodgepole pine canopy is converted to sensible heat

lated figures:

Type of Ground Drop in Temperature

Rock 5.1°C.

WetSand 8.9°C.

DrySand 22.5°C.

BogSoil 35.2°C.
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and that it is dissipated in several ways. A portion is used to heat

the air, which may explain high temperatures found in and around

timber stands in deep snow-pack areas of the Sierra Nevada. Dur-

ing the growing season a small amount of heat may be stored, warm-

ing the tree and soil. Miller pointed out, however, that thermal-

storage of heat in trees is not great and would have little effect on

the nocturnal fall of temperature.

Recent work particularly pertinent to frost situation in central

Oregon was that done by Cochran (1966) on heat transfer properties

of Lapine pumice soils. He found that Lapine pumice soils have

lower heat capacities and much lower heat conductivities at compar-

able moisture content than do more dense mineral soils. Cons e-

quently, these pumice soils lack the ability to conduct as much heat

downward into the profile. Low values of soil input and the resulting

low amounts of heat stored are particularly important from the stand-

point of frost occurrence. Low amounts of heat stored and low heat

conductivity of the material prohibits much heat exchange between

soil and air. When soils of these physical factors coincide with

topographic situations conducive to collection of cold air by inflow

drainage they combine to create most intense frost situations. Such

environments are suspects for selecting out' individual trees or

even species not equipped with the physiological resistance to low

temperatures that occur throughout all or part of the growing season.



Physiological Factors Affecting Low
Temperature Hardiness
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Why does cold kill plants? A review of the literature reveals

that this qu tion is still not totally solved even though it was posed

during the early stages of analytical approach to science, a century

or more ago. An interesting early theory, according to Shultz (1823,

cjted by Parker, 1963), proposed the idea that low temperature causes

the movement of the sap of a plant to stop and the plant dies because

of sap coagulation.

Parker (1963) cites three additional theories on cold resistance

of plants, as developed by earlier investigators as follows: (1)

G6ppert (1830) contended that the "power of life" is destroyed by

ice formations; other effects were considered merely post-mortal;

(2) Sachs (1860) believed that damage can come to the cells at the

moment of ice formation, but that once cells are frozen, entire or

local killing can come about during thawing. Although Sachs argued

in favor of the theory of damage by melting of ice crystals within the

cell, he believed that ice outside the cells (between cells) also con-

tributed to tissue injury; and (3) Miller-Thurgau (1880) concluded

that death from cold is due to dehydration of the cells brought about

by the formation of this extracellular ice.

Clements (1938) elaborated on Miller-Thurgau's theory by



21

advancing the possibility that as a result of extracellular crystal-

lization, water is withdrawn from the cell content to the outside;

then as warmer temperature develops the water rushes back into the

cell causing local disruptions which destroy the organization of the

cell content and result in death. Clements concludes that large

quantities of sugar, hydrophylic hemi-cellulose, and fatty materials

during winter conditions are definitely favorable to low-temperature

resistance.

Several observations indicate that protoplasmic volume in-

creases during hardening of plants. Levitt and Scarth (1936) found

this to be true of northern catalpa (Catalpa speciosa Warder) where

the protoplasm occupied about 50 percent of cell volume. Levitt

(1941), however, found it difficult to reconcile the decreased water

content of hardy plants with increased water volume in the proto-

plasm. Crafts, Currier, and Stocking (1949) attempt to explain this

by suggesting the protoplasm varies its hydrophily allowing reduc-

tion of water in vacuole and walls at the same time that its own water

content increases. Such a process might involve unfolding of pro-

tein chains or opening of ring structure to present more points for

hydration, the more active structure being maintained by metabolic

energy.

In an attempt to improve on empirical determinations of low

temperature resistance, Dexter, Tottingham, and Graber (1932),
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Wilner (1959), and Glerum (1962) devised means of measuring hardi-

ness by electrical conductivity of leached-out salts from tissue ex-

posed to freezing temperatures. Good correlation with survival of

plants was obtained. But Siminovitch et al. (1964) point out that when

using this method on woody plants the leachate by salts from the non-

living tissues like fiber or wood could be substantial enough to draw

erroneous conclusions. They proposed, instead, a method of meas-

uring the quantity of amino acids and their soluble amino compounds

from tissues exposed to freezing temperature. They found that the

greater the amount of amino acids released from destruction of living

cells by a freezing-thawing process, the less frost resistant the tis-

sue.

It has long been suspected that sugar accumulation during plant

hardening is a cause of increased cell sap concentration. At the

same time, it is known that starch decreases to a winter minimum

(Levitt, 1956). There is much evidence that this change is triggered

by temperatures (Goldsmith and Smith, 1926), (Sinnot, 1918),

. (Parker, 1957).

Parker, working with sumac (Rhus typhina L.), dogwood (Cornus

florida L.), and locust (Robinia pseudocacia L.) (1962) and later with

ponderosa pine (1963) found one sugar, raffinose, showed remarkable

seasonal changes. It appeared that this sugar did not start to de-

crease in spring until somewhat after the earliest hardiness changes,
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and,, therefore, seemed better related to changes occurring in

hardiness in late April and early May. Because of this recent work,

Parker believes that sugars and their close relatives should receive

greater emphasis in the continuing quest to understand physiological

changes causing hardiness..

Lars on and Smith (1964), using ten varieties of alfalfa ranked

from hardy to moderately hardy, made a test of reliability of s everal

plant constituents and freezing methods to measure winter-hardiness.

The tests included direct freezing, electrical conductance, carbo-

hydrate analyses, nitrogen analyses, and analyses for the elements

of K, P, Ca, Mg, and Na. Only slight differences between hardy

and the less hardy varieties could be determined by the various

freezing methods. All analyses of plant constituents were unreli-

able measures of differentiating hardiness among varieties.

Rinfret (1966) describes freezing of blood cells essentially

as a dehydra.tion process--the movement of water along the osmotic

gr3dient from the 'interior of the cell across the cell membrane to

the space outside where it contributes to the growing ice structure.

He contends that this process can irreversibly alter molecular rela-

tionships. For example, a rising concentration of NaCl in the cell

can interact with the liquid protein structure of the cell membrane

thereby irreversibly changing the characteristics of permeability.

Kuiper (1964a) explained that frost resistant cells show more
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rapid plasmolysis and hence have more permeable membranes.

Therefore, by using compounds available that will change perme-

ability, he was able to measure the effect upon resistance to freez-

ing. In experimenting with beans, he found that exposure of roots to

a solution of decenylsuccinic acid increased water uptake by 800 per-

cent (Kuiper, l964b). When decenylsuccinic acid was sprayed on

flowering fruit trees, most of the flowers were resistant to a frost

of -6°C.

A new technique to investigate cold acclimation in plants as

reported by Kenefick (1964) involves the study of mitochondria. Study

of these i,ntracellular particles is providing new insight to membrane

permeability and consequently to both ion and water transport func-

tions which are pertinent to plant hardiness. Kenefick suggests that

if any of the factors of cold in plants can be traced to functions inher-

ent to mitochondria, then the genetic incorporation of that factor into

new genotypes will depend on the proper selection of female parent.

In a relatively simplified way, Levitt (1956) has outlined the

major changes that take place during the hardening cycle as follows:

Before frost hardiness develops, growth stops and carbo-

hydrates accumulate,

Certain enzymes accumulate during late summer or fall.

These enzymes cause insoluble carbohydrates to change

to soluble sugars which accumulate in the vacuole and
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increase its osmotic potential.

Water moves into the vacuole from the protoplasm- -dehy-

dration of the protoplasm causes change in proteins result-

ing in increased binding of water (the actual changes that

take place in protein are practically unknown).

In perennials maximum hardiness may occur some weeks

after maximum sugar accumulation.

In late winter or spring a reverse change in enzyme activity

occurs and sugars are reconverted to starch.

The vacuole concentration drops and the protoplasm under-

goes anincrease in water content.

A gradual release of bound water from the proteins over a

period of a few days or weeks after the starch accumulations

culminates in loss of frost hardiness.



STUDY METHODS

Genera Scope

The principal approach to determining low temperature toler-

ance differences between lodgepole and ponderosa pine seedlings was

through low temperature treatments in the laboratory. Eleven sep.-

arate experiments were conducted 1sing controlled environment

chambers. These experiments wete carried out in the Forest Service

Silviculture Laboratory at Bend, Oregon. The need for such con-

trolled laboratory experimentation 'became obvious following prelim-

inary field reconnaissance and review of literature.

Field reconnaissance of typidal lodgepole-ponderosa pine tran-

sition zones led to the conclusion tiliat the change from one species to

the other coincided with topographic changes--lodgepole on the flat

and ponderosa on the adjacent higher ground. However, the particu-

lar environmental factors responsible for such sharp type lines were

often obscure. The "higher groundi frequently did not appear high

enough to be a barrier to flow of ccld air. High water table in one

topographical depression was abs eit in a seemingly identical land

form nearby. And, an occasional iinature ponderosa pine tree in the

midst of a typical "lodgepole pine fat' further added to the complex-

26
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A preliminary temperature transect across gently undulating

forest land also yielded inconclusive data, Thermographs, accurate

only to two or three degrees, failed to show consistent differences

between the ponderosa-timbered rises and the lodgepole-timbered

swales. It was recognized that the forest canopy probably tended to

mask temperature differences that might have been present in a

bare-ground area, but at the time it was not known that thermometer

errors of two to three degrees could cover so large a part of the

range of low temperature tolerance differences between the two

species.

It became obvious by reviewing the accounts of earlier investi-

gators that their empirical approaches to isolation of 'limiting fac-

tors" likewise would have been strengthened with quantitatively de-

signed laboratory study. Nevertheless, the field is where study

results must eventually be applied so field study was a part of this

overall investigation. Consequently, a temperature transect was

established to provide more precise data than the original transect.

The objective was to determine the magnitude of a temperature

gradient that might exist between the lodgepole flat at the base of a

300-foot high butte and the ponderosa pine site higher on the slope.

In broad terms the study approach was to determine, with the

use of controlled environment chambers, whether one species could

withstand colder temperatures than the other. Field study would
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attempt to identify situations where laboratory study results would

appear as a logical explanation for the species distribution pattern.

Further laboratory study to detect species differences in cold tem-

perature tolerance through comparative photosynthesis measure-

ments was conducted at the School of Forestry, Oregon State Univer-

sity in Corvallis.

The Use of Seedlings as Study Specimens

Seedlings one- to nine-weeks old were used as the principal

study specimens. Seedlings of this stage of ontogeny were chosen

because tissues are tender and aerial parts are easily and completely

enveloped by the harsh environment near the soil.air interface.

Furthermore, it was reasoned that partial tissue damage would be

more likely to cause subsequent death at this stage than at any later

stage of ontogeny where, for example, side branches or buds could

substitute for killed terminal tissues.

The use of seedlings also facilitated laboratory study. Seed-

lings can be germinated and reared to desired time scheduling of

treatments, and their small size permits observation of a relatively

large number of seedlings per treatment in the normally limited

space of controlled environment chambers.



Source of Seed and Seedlings

Most seed was obtained from the Forest Service Tree Nursery

near Bend, Oregon. Some seed were collected on the Pringle Falls

Experimental Forest about 25 miles southwest of Bend. Origin of

seed obtained from the seed nursery ranged from the Gilchrist vicin-

ity on the south to Elk and Lava Lakes on the north, all within the

lodgepole-ponderosa pine study area of central Oregon. Although

distances between seed origin for lodgepole and ponderosa pine for

a given experiment varied up to several miles, elevational differ-

ences for an experiment were no more than 200 to 500 feet. Total

range of elevational differences of seed source was from 4,300 feet

to 4, 800 feet above sea level.

Natural seedlings, one to several weeks old, were used occa-

sionally in environment chamber experiments in place of raising

study specimens from seed in the greenhouse or laboratory. Sup-

plies of natural seedlings were obtained by lifting single germin-

ants or by digging groups of seedlings originating from squirrel

caches. The period for obtaining seedlings in this way was limited

to two or three weeks in late spring, but this method had two advan-

tages- -seed origin was definitely fixed, and time to rear seedlings

to the stage of transplanting was eliminated.

More precise detail of seed and seedling origin will be given
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in study specifications for each of the controlled environment

chamber experiments as described later.

Raising of Seedlings in the Laboratory

Germination of seeds and potting of seedlings for each succes-

sive experiment followed essentially this procedure:

From a seed supply stored at near 0°F., enough seeds of

each species were taken to germinate four to five times

the number of seedlings needed for a given experiment.

Ponderosa pine seed was immediately immersed in warm

tap water and allowed to soak overnight to reduce initial

germination time to that of unsoaked lodgepole pine.

Soaked ponderosa and unsoaked lodgepole pine seeds were

then spread over the surface of a one-inch layer of moist

perlite in clear plastic trays. Seeds were spaced about

five per square inch for ponderosa pine and ten per square

inch for lodgepole pine. The trays were covered with clear

plastic lids and placed in a controlled environment chamber

for germination.

Environment chamber controls for seedling germination

were set for 15-hour photoperiod, with 70°F. day and

45 ° F. night temperature.

First germination usually occurred in three to four days
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but germination period was allowed to continue for about

ten days to assure a sufficient number of germinants for

selection of uniformly developed seedlings of each species

for a given experiment.

Selected seedlings were lifted from the perlite germination

median and transplanted to pots containing pumice soil

(Figure 2).

Pots with transplanted germinants were placed in environ-

meit chamber for rearing until seedlings attained desired

stage of development prior to low temperature treatment

as specified for each experiment. Rearing temperatures of

70°F. day and 45°F. night were occasionally changed to

test the effect of preconditioning prior to exposure to sub-

freezing temperatures.

Following low temperature treatments in the large environ-

ment chamber, potted seedlings were returned to 70°F. day

and 45°F. night temperatures of the "recovery" environ-

ment chamber. Observations for injury or mortality were

made periodically for about four weeks.

Age of selected seedlings at time of low temperature treatments

was established as the sum of five days for emergence, plus three

days for establishment in transplant pots, plus multiples of 14 days

from date of transplant. The five days reprsents an average



Figure 2. Transplanting five-day-old lodgepole and ponderosa pine
seedlings from germination tray to five-inch diameter,
plastic pots. Perlite was used as an insulation layer
over pumice soil in pots.
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emergence period that varied from about three to seven days. This

variation probably was caused by relative rate of water absorption

through, and difficulty in breaking out of, the seed coat. All trans-

plant ed seedlings appeared uniformly developed.

Controlled Environment Equipm ent

Three types of environmental control apparatus were used to

create prescribed low temperature environment--a 12-cubic foot

rearing-recovery environment chamber, a 25-cubic foot environment

chamber with capabilities of near 10°F. air temperature, and a root

zone temperature controller.

The rearing-recovery environment chamber was bench-mounted

with conventional controls (Figure 3). Lights and temperature could

be pre-set for automatic switching for day-night conditions. Light

intensity could be manually controlled by switching on singly, or in

combination, the three banks of fluorescent lights and the one bank

of incandescent lights. Minimum temperature capability with lights

out was approximately31°F. Three such environment chambers

were used as incubators for germinating seeds and as rearing cham-

bers for uniform environment to grow seedlings to a prescribed stage

of development prior to low temperature treatments. The trecoveryu

function of these chambers was to house study seedlings and observe

for injury following low temperature treatments.



Figure 3. Environment chamber used to rear seedlings prior to
low temperature treatments, and for observing seed-
lings following low temperature treatment.
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The 25-cubic foot environment chamber was engineered specif-

ically for this study to provide freezing air temperatures down to

10° F. (Figure 4). Day-night temperature cycles could be programed

and recorded for periods up to 24 hours. Clock controls provided

automatic on-off switching for each of three banks of lights. Refrig-

eration, described as a "dew po.int system" consisted of cycling a

current of air through the environment chamber following chilling as

it passed through a spray chamber of diluted antifreeze. This system

eliminated build-up of frost layers during low temperature treatments

and consequently eliminated condensation during the above freezing

"daylight" phases of the temperature cycle.

The root zone temperature controlled was also designed specif-

ically for this study. The objective of this apparatus was to keep the

soil temperature in the five-inch diameter pots from freezing during

periods of low air temperature, and to prevent overheating of soil

during periods of warm "lights-on" air temperatures. Control of

root zone temperature was maintained through cycling of chilled or

heated diluted antifreeze through coils of copper tubing in contact

with outside of the five-inch pots. The copper tubing coils which

formed a snug receptacle or each pot were insulated to minimize

heat transfer to the air of the environment chamber (Figure 5). Some

heat transfer undoubtedly occurred, but the refrigeration capacity of

the environment chamber compressor was usually sufficient



Figure 4. Twenty-five cubic foot environment
chamber unit showing hose attachment
to the root zone temperature controller.
A telethermometer and recorder (mounted
on top of root zone temperature controller)
were used to monitor chamber temperature
using thermister sensors. Air tempera-
tures could be lowered to a minimum of
13 ° F. while maintaining soil temperature
at about 32°F.





Figure 5. The root zone temperature was maintained by a flow of
heated or cooled liquid through copper coils shaped to
form snug fitting receptacles for the plastic pots con-
taining soil and seedlings.
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to compensate for such leakages.

The root zone temperature controller was not equipped with

recorder and programer as was the environment chamber. Instead,

the thermostat was set manually for day and night temperatures and

automatically switched from one to the other by a pre-set, day-night

clock. Trial and error calibrations were necessary to determine

settings to get an acceptable range of soil temperatures as they

fluctuated under the influence of programed air temperature of the

environment chamber.

Monitoring of soil and air temperature during calibration and

during actual experiment was done with the use of thermisters through

a telethermometer and a scanning recorder (Figure 4 and 6).

Approximation for Treatment Temperatures

First approximation of range of low temperatures upon which

to base treatments was obtained from climatological records kept at

Wickiup Dam. This Weather Bureau cooperator type station is more

or less centrally located in the lodgepole-ponderosa pine type of

central Oregon. Thermometers were mounted in a weather shelter

about four and one-half feet above the ground. An examination of

recorded temperature for the 1950 through 1959 decade showed sub-

freezing temperatures occurred every year during the germination

and emergence period of late April and May. Number of days when



Figure 6. Thermisters placed at the surface of the insulation layer
and at one and two inches above the surface sensed the
temperature of the air layer occupied by aerial parts of
seedlings.
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minimum temperatures were 20 ° F. or below averaged 3. 9 per year

for April and 0.3 for May (Table 1). Minimum temperatures of 15° F.

or below occurred seven times during the ten-year period for the

month of April and once for May. Lowest recorded minimum tem-

perature for April during this decade was 10°F. in 1951 and for May

14° F. in 1954 (Appendix Table 1).

These temperature minimums were used as guides in estab-

lishing specifications for preliminary environment chamber experi-

ments.

Table 1. Low temperature for April and May during the 1950
through 1959 decade at the Wickiup Dam weather station.

The Wake Butte Temperature Transect

Wake Butte, the site of the temperature transect, is located

near the center of Section 24, Range 9 East, Township 20 South in

central Oregon. It is about 21 airline miles southwest of Bend,

Oregon. This butte consists of a series of more or less attached

Year 1950 1951 1952 1953 1954 1955 1956 1957 1958 1959 Avg.

April
No. of days:

20°F.orbelow 8 5 5 5 4 5 2 0 2 3 3.9

15°F.orbelow 3 2 1 0 0 1 0 0 0 0 0,7

May
No. of days:

20F. or below 0 0 0 1 1 0 0 0 1 0 0. 3

15°F.orbelow 0 0 0 0 1 0 0 0 0 0 0.1
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hills arranged in a north-south alignment. This sharp ridged uplift

and several other buttes of more recent volcanic origin mark the

perimeter of a 20-square mile lodgepole pine flat (Figure 7). Wake

Butte is located at the low point of this gently sloping terrain.

The temperature transect starts at the base of Wake Butte in

a lodgepole pine stand. Five temperature recording stations were

spaced at somewhat regular intervals upsiope through an 87-foot

e]evational rise (Figure 8). The transect, 600 feet long in horizontal

distance, was oriented in a southwesterly direction from the first

station.

Temperature recording equipment consisted of seven-day

thermographs and minimum registering glass thermometers (Figure

9). The seven-day thermographs were used primarily to determine

date of lowest temperature during a measurement period. The more

accurate minmum registering glass thermometers were the type

used in official weather bureau stations. These thermometers were

mounted on wooden blocks fastened to a steel fence post at distances

above ground of two inches, six inches, and 48 inches. A fourth glass

thermometer was placed on the soil surface to complete the set-up to

measure the vertjcal temperature gradient at a given station. Glass

thermometers were protected from direct solar radiation by alumi-

num foil shields.



Figure 7. Aerial view overlooking Wake Butte and the ZO-square mile,
lodgepole timbered pumice flat. Ponderosa pine dominates
the timber stands on the higher foreground.
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Figure 8. Profile of the Wake Butte transect showing location of the five temperature
stations and the abrupt type chamge from lodgepole pine to ponderosa pine.
Elevation of Station No. 1 is about 4, 300 feet.



Figure 9. A typical arrangement of minimum
registering glass thermometers and
a seven-day thermograph at a station
in the lodgepole pine flat at the base
of Wake Butte.
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Cold-Injury Analysis Technique

At the outset it was not known whether any combination of fac-

tors involvthg freezing temperatures would cause a clearcut death

from treatment. Consequently, a scale to determine relative toler-

ance to freezing temperatures was devised for analysis purposes.

This scale consisted of injury values of one, two, three, and four,

based on the amount of dead foliage from one-fourth, one-half, three-

fourths, and four-fourths, respectively. Following the first few ex-

periments, it was obvious that, for the most part, seedlings were

either vigorous or dead within two days following treatment. Only

an insignificant number of seedlings showed intermediate degrees of

low temperature injury. Relative injury values, therefore, were

converted to dead or alive observations except for a few instances

where treatment effect was not so clearcut.

For possible obscure injury in surviving seedlings, a supple-

mental system of determining degree of injury was developed. This

system consisted of obtaining green weight, dry weight, and percent

of moisture in the surviving seedlings clipped at the top of the stem.

Comparisons were then made between treatments.

The basic statistical technique used to determine effect of

treatment was analysis of variance. Major categories of sources of

variation were as follows:
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Between temperature treatments (T)

Between seedling development stages (D)

T X D interaction

Species (S)

SXT

SXD

SXDXT

53



LOW TEMPERATURE ENVIRONMENT
CHAMBER EXPERIMENTS

Experiment No. 1: Approximate
Lethal Low Temperatures

Procedure

The first attempt to determine lethal temperatures of lodgepole

and ponderosa pine consisted of exposing seedlings to 30°F., 20° F.,

or 100 F. temperature treatments. A diagram of treatment specifi-

cations is shown in Appendix Figure 1. Other details of this explora-

tory experiment were as follows:

Minimum soil temperature--about 28°F. to 33 °F.

Seedling age at time of treatment--36, 22, and eight days.

Seed origin--Pringle Falls Experimental Forest, ponderosa

at 4, 800 feet and lodgepole at 4, 300 feet.

On September 19, 1965, one pot of five ponderosa pine seedlings

and one pot of five lodgepole pine seedlings were selected at random

from each of the three age groups and transferred to the environment

chamber. These six pots were randomly placed among the 20 recep-

tacles in the chamber. One of the three temperature programs was

selected at iandom for the 24-hour treatment period.

On September 20 and 21, respectively, sets of six pots of

seedlings were randomly selected and exposed to one or the other of
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the two remaining temperature programs. The remaining set of six

pots was kept as untreated controls.

After each 24-hour treatment period, seedlings were returned

to the recovery environment chamber for periodic observation of low

temperature injury or mortality.

For this experiment there was no continuous monitoring of soil

and air temperature at various locations within the chamber because

the necessary sensing and recording equipment was not available.

However, reasonable approximations of temperature at the seedling

level were made by calibrating periodic readings from glass ther-

mometers placed at seedling level with those of the built-in recorder

of the temperature programer. It was estimated that the 30 ° F. and

20° F. temperature treatments were achieved, plus or minus 1 ° F.

However, the night minimum for the intended 10°F. temperature was

probably more nearly 12 0 F. or 13 ° F., thus indicating the minimum

temperature limits of the equipment.

Results

Fourteen days after treatment seedling mortality was almost

complete for the 13°F. temperature treatment and absent in all other

treatments (Table 2). The results did not show any difference

between species or age of seedlings.

This experiment, however, did serve to establish at least
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broad temperature limits within which seedling mortality does occur

following relatively mild growing conditions during the rearing per-

iod. In Experiment No. 2, therefore, the temperature extremes

were narrowed and the sensitivity of the test was increased by doub-

lin the number of treated seedlings.

Table 2. Percent of seedlings killed by low temperatures as
observed 14 days after treatment.Li

No additional deaths occurred during remainder of 30-day observa-
tion period.

2/ .Observations are based on a total of five treated seedlings each.

Experiment No. 2: Relative Low
Temperature Tolerance

The objective of this experiment, which incorporated a few

refinements learned from the previous one, was to detect differences

between species in their tolerance of low temperature.

Temperature treatment

Ponderosa seedlings Lodgepole seedlings

Age (Days)
Total

Age (Days)
Total36 22 8 36 22 8

13°F. 1002' 100 80 93 80 100 100 93

20°F 0 0 0 0 0 0 0 0

30°F 0 0 0 0 0 0 0 0

Controls 0 0 0 0 0 0 0 0



Procedure

Except for making the study more sensitive by doubling the

number of seedlings and narrowing the range of temperature treat-

ment, the procedure was the same as for Experiment No. 1 (Appen-

dix Figure 2). Experimental conditions were:

Temperature treatments--15°F., 21°F,, and 25°F.

Minimum soil temperature- _290 F. to 33 ° F.

Seedling age at time of treatment--36 days, 22 days, and

eight days.

Seed origin- -Pringle Falls Experimental Forest, ponderosa

pine, 4, 800 feet, and lodgepole pine 4, 300 elevation.

Ocular observation was the primary method of determining

death or injury of seedlings. However, in an attempt to correlate

hardiness with water content, percent moisture determinations were

made of each surviving seedling after the 28-day ocular observation

period. Moisture content, computed from green and dry weights of

the aerial part of the seedling clipped at the top of the stem was

expressed as a percent of green weight.

Continuous temperature monitoring equipment showed that

actual temperatures held closely to programed temperatures.
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Results

Again, both species appeared to show comparable tolerance

thresholds to low temperature treatments (Table 3). For the 15° F.

temperature, 50 percent of the ponderosa and 57 percent of the

1od&eo1e.pine seedlings were killed. The seven percent difference

was too small to be meaningful. The occurrence of ten percent

mortality of the ponderosa pine exposed to the relatively mild 25 ° F.

treatment, and three percent mortality of the controls of each species

indicated that the overall kill might include mortality other than from

low temperatures and thus tend to mask differences between species.

The data, however, strongly suggests two conclusions:

Heavy mortality for both species can occur from a single

night's exposure to 15° F. temperature.

Heaviest mortality occurred among oldest seedlings.

Perc ent moisture determinations of surviving seedlings

showed small consistent differences between species. Average per-

cent moisture for ponderosa pine seedlings was within two percent

of that of lodgepole pine, with lodgepole almost always having the

greater amount. For example, for the three treatments of 21 ° F.,

25 ° F., and Controls, where calculations were not overly affected

by mortality, eight of the nine averages in Table 4 show lodgepole

pine with the higher values. This difference in moisture content
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Table 3. Percent of seedlings killed by low temperatures as
observed 28 days after treatment.

Observation is based on a total of ten treated seedlings.

Table 4. Average percent moisture content of seedlings 28 days
after low temperature treatment-il

Seedling Age

Each observation is based on the average of ten treated seedlings.
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Temperature treatment

Ponderosa Seedlings Lodgepole Seedlings
Age (Days)

Total
Age (Days)

Total36 22 8 36 22 8

15°F. 90' 40 20 50 80 80 10 57

21°F. 40 0 20 20 60 0 0 20

25°F. 0 0 30 10 0 0 0 0

Controls 0 0 10 3 10 0 0 3

Total 32 10 16 21 38 16 2 20

Temperature treatment
36-day 22-day

P. Pine L. Pine
8-day

P. Pine L. PineP. Pine L. Pine

21 ° F. 65 67 71 72 70 79

25 ° F. 64 70 74 78 72 73

Controls 66 67 70 72 73 71
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was in contrast to the lack of mortality differences between species.

On the other hand, the data for both species showed a tendency

for percent moisture to diminish with seedling age. This suggests

a possible correlation between percent moisture and low temperature

injury since seedling survival followed a similar trend with age.

New and interesting inferences were gained from this experi-

ment, but uneven distribution of mortality indicates questionable

significance of study results. For example, of the six lodgepole

deaths observed for 36-day-old seedlings exposed to the 21 °F. tem-

perature treatment, five out of five occurred in one pot and only one

out of five in the second pot. Other such occurrences of dispropor-

tionate distribution of low temperature injury raised the possibility

of unequal opportunity for both species to experience identical micro-

environment. The data, therefore, are useful primarily to gain

further insight on refinement of study techniques.

Experiment No. 3: Improved Experimental Technique

In this experiment microenvironment differences between spe-

cies were reduced and greater care was exercised in raising uniform

experimental seedlings.

Procedure

The design of this experiment provided for increasing the
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number of seedlings 50 percent, thus raising the total to 15 for each

species per temperature treatment per seedling age (Appendix Figure

3). Three seedlings of each species were grown in each pot in con-

trast to one species per pot as in the previous experiment. Minimum

temperatures were intended to duplicate those of Experiment No, 2,

but were monitored as being about 3 ° F. higher for each treatment.

Experimental c onditions were:

Low temperature treatments--28°F., 23°F., and 18°F.

Soil temperature- -minimum ranged from 33 ° F. to 29 F.

Seedling age at time of treatment--36, 22, and eight days.

Seed origin- -Pond erosa pine, Pringle Falls Experimental

Forest, 4, 800 feet, and lodgepole pine, at 4, 400 feet.

Ocular observations were made of treated seedlings in the

recovery environment chamber for a period of 30 days, Green and

dry weights were then determined for surviving seedlings and per-

cent moisture content computed.

Results

Complete data tabulation and analyses are shown in the Appen-

dix Tables 2 to 5.

Seedling mortality. As experienced previously, seedlings

were, for the most part, either dead or vigorous a few days after

treatment. No deaths occurred in the control or for the 28° F
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treatment.

Ponderosa pine had by far the greater mortality. For the 18 0 F.

treatment, ponderosa pine mortality was 73 percent compared to 33

percent for lodgepole pine out of a total of 45 seedlings of each spe-

cies (Table 5). Fewer total seedlings were killed in the 23 F. treat

ment but the proportion of ponderosa deaths was even greater- -27

percent for ponderosa and seven percent for lodgepole. These differ-

ences between species were highly significant.

The data again show that the oldest seedlings were more sus-

ceptible to low temperature than the younger seedlings. This trend,

occurring in both species, is significant, but some interaction

occurred between seedling age and temperature treatments. Cause

of this interaction is uncertain.

Percent moisture content. The absence of mortality in the

Control and 28° F. treatments permitted analysis of data without

substitution of missing observations. This analysis was of interest

to confirm the previous correlation between seedling survival and

percent moisture content.

The data showed remarkable consistency within species, seed-

ling age, and treatment. Though differences were slight, statistically

significant results were obtained. Percent moisture content was

higher in lodgepole than in ponderosa; highest in the youngest seed-

lings of both species, and higher in the 28 F. treatment than



Table 5. Percent of seedlings killed by low temperatures as observed 30 days after treatment.."

Treatment1
36-day seedlings 22-day seedlings

P. Pine L. Pine

'Ninety-s even percent of all deaths occurred within four days after treatment.

deaths occurred in the Control or 28°F. treatments.

Table 6. Average percent moisture content of seedlings 30 days after low temperature treatment.

Treatment
36-day seedlings

P. Pine L. Pine

P. Pine L. Pine
8-day seedlings All ages
P. Pine L. Pine P. Pine L. Pine

22-day seedlings 8-day seedlings
P. Pine L. Pine P. Pine L. Pine

18°F. 100 67 53 20 67 13 73 33

23°F. 40 0 40 20 0 0 27 7

28° F. 62 62 64 66 69 73

Controls 63 64 63 65 66 68
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in Controls (Table 6). These results again support the relationship

that the species and age class that survived low temperature best had

the higher percent moisture content.

These moisture content relationships, based on data obtained

as a byproduct of seedling dry weight calculations 30 days after

treatment, raised the question as to whether the same relationships

occurred at the time of treatment. An examination of moisture con-

tent data of the youngest control seedlings (eight days plus the 30-day

period following date of treatment), serving as the approximate equiv-

alent of 36-day-old seedlings at time of treatment, showed that mois-

ture content differences between species did hold for this age group.

From Appendix Table 3, average moisture content for 38-day-old

control seedlings was 65. 8 percent for ponderosa pine, and 67. 6 per-

cent for lodgepole pine.

A separate determination for eight-day-old seedlings further

confirmed the slight but consistently higher moisture content for

lodgepole pine seedlings (Appendix Table 4). Average moisture con-

tent was 62.6 percent for ponderosa pine and 77.0 percent for lodge-

pole pine.

Coincident with establishing moisture content differences

between species at a time of treatment for eight- and 38-day-old

seedlings, the relationship of highest moisture content in the younger

seedlings was confirmed for lodgepole but not for ponderosa. Lodge-

pole seedlings averaged 77. 0 and 67. 6 percent moisture content for
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the eight- and 38-day-old seedlings respectively, and ponderosa

seedlings averaged 62.6 and 65.8 percent in the same order.

From these observations, it is assumed that moisture content

differences between species obtained 30 days after low temperature

treatments are representative of the relative seedling moisture

conditions at time of treatment.

Dry weight. The purpose of analyzing dry weight of surviving

seedlings was to determine whether low temperatures caused changes

in physiological processes affecting growth. A preliminary analysis

combining both species indicated unequal variance among observations

due to differences between species. Consequently, separate analysis

was made for each species (Appendix Table 5).

Temperature treatments analyzed were Controls, 280 F. , and

23°F. The 18° F. treatment was omitted because of insufficient

number of survivors from which to obtain representative average

weights. The observed variable analyzed was the mean of three or

less seedlings per pot.

The analysis showed a significant difference in dry weights due

to temperature treatment for each species. For ponderosa pine the

average Control seedling had a dry weight of 0. 0805 grams com-

pared to 0. 0657 and 0. 0684 grams for the 28°F. and 23°F. treat-

ments, respectively. For lodgepole pine the Controls averaged



0.0190 grams compared to 0.0161 and 0.0168 grams for the 28°F.

and 23 ° F. treatments, respectively (Table 7).

Table 7. Average dry weight of tops of surviving seedlings 30 days
after low temperature treatment.-'

Observations are averages of 15 pots having one to three surviving
seedlings in each. Seedlings of all three ages are combined.

Differences between temperature treatments were significant

at the five percent level for ponderosa pine and at the one percent

level for lodgepole pine. It seems obvious, however, that signifi-

cance occurred in both species primarily because of the big differ-

ence between Controls and other treated seedlings. Freezing tem-

peratures of either level appeared to be equally effective in reducing

a seedling's dry weight.

There seemed to be no differential temperature effect on dry

weight of seedlings of different ages.

Experiment No. 4: Effect of Saturated Soil

Indications in previous experiments showed that moisture con-

tent of seedlings was correlated with seedling survival. This
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23 0 F. 0. 0684 0.0168
280 F. 0.0657 0. 0161

Controls 0. 0805 0.0190

Treatment Ponderosa Lodgepol e

Gr a ins Grams



experiment was designed to create two soil moisture regimes for

rearing seedlings up to the time of treatment to low temperatures.

Procedure

67

During the seedling rearing period, soil moisture for one group

of potted seedlings was maintained at field capacity and a second

group at saturated conditions. Approximate field capacity mois-

ture content was 41 percent by weight. For the saturated soil, mois-

ture content was 72 percent by weight. Moisture contents were main-

tained by adding sufficient water every two days (about 50 ml.) to

bring field capacity weight up to 1, 150 grams per pot and saturated

soil up to 1, 400 grams per pot. The saturated soil pots were drain-

age proof, while the field capacity pots were not.

Seedling age and range of temperature treatments varied some-

what from the previous experiment (Appendix Figure 4).

Moisture content of surviving seedlings was determined at the

end of the 30-day obs ervation. period.

Experimental conditions were:

Low temperature treatments--22°F. and 16° F.

Soil temperature--minimums ranged from 31 ° F. to 29 ° F.

Seedling age at time of treatment--40, 26, and 12 days.

Seed origin- -ponderosa pine, Elk-Lava Lake Area, 4, 700

feet, and lodgepole pine, Gilchrist Area, 4, 500 feet.
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Ocular observations were made of the treated seedlings in the

recovery environment chamber for a period of 28 days. Green and

dry weights were then determined for surviving seedlings and percent

moisture content computed.

Results

Complete data and analyses are shown in Appendix Tables 6

to 8.

Seedling mortality. There was no apparent effect of soil mois-

ture in this experiment. For the 1 60 F. treatment, the total kill of

54 seedlings was equally divided between saturated and normal soil.

The total kill by species was also evenly distributed--ponderosa pine

had 100 and 94 percent mortality; lodgepole pine had 50 and 56 percent

mortality for saturated and field capacity soil, respectively (Table 8),

Severity of the 16°F. treatment may have masked any effect of satur-

ated soil since all but one of the ponderosa pine seedlings died. But,

for lodgepole pine, where ample numbers of survivors remained, no

soil moisture effect was evident.

For the 22° F. treatment, all six kills (five of which were

ponderosa pine) occurred in the saturated soil pots. These five

ponderosa pine deaths were well distributed among four pots, indi-

cating the possibility that saturated soil might lower the threshold

of injury in otherwise less than critical low temperatures. This



Table 8. Percent of seedlings killed by low temperature under saturated and field capacity soil
moisture conditions as observed 14 days after treatment.-'

_iJ . .No mortality occurred after 14 days. No deaths occurred m the Controls. Observations are based
on six seedlings for each combination of age and soil moisture condition.

Treatment

40-day seedlings 26-day seedlings 12-day seedlings All ages

BothP. Pine L. Pine P. Pine L. Pine P. Pine L. Pine P. Pine L. Pine

16° F.

Saturated 100 67 100 0 100 83 100 50 75

Field Capacity 100 83 100 50 83 33 94 56 75

Both 100 75 100 25 92 58 97 53 75

22° F.

Saturated 50 0 33 17 0 0 18 6 17

Field Capacity 0 0 0 0 0 0 0 0 0

Both 25 0 17 8 0 0 14 3 8
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possibility is purely speculative, however, because of the small

number of deaths that occurred.

The over-all comparison between species, seedling age, and

temperature treatments follow in general the trends established by

previous experiments. Mortality was heavy in the 1 6 ° F. treatment

and very light in the 22 ° F. treatment. Of the total of 60 deaths,

two-thirds were ponderosa pine. Also, heaviest mortality for both

species again occurred in the oldest seedlings.

Percent moisture content. Percent moisture was calculated for

surviving seedlings of the 22°F. and Control treatments. The ob-

served variable was the average of three or less seedlings per pot.

No attempt was made to analyze the effect of saturated versus normal

soil moisture because no consistent differences appeared in averages

as shown in Table 8. It is assumed that any differences that might

have occurred immediately after low temperature treatment would

likely have disappeared by the end of the 30-day observation period

during which all seedlings were watered at the same rate.

The over-all analysis of moisture cQntent, however, supports

results of previous experiments in that lodgepole pine seedlings had

a higher percent moisture content than ponderosa pine, and that

younger seedlings of both species had a higher percent moisture con-

tent than the older seedlings (Table 9). Differences in percent mois-

ture between Controls and 22° F. treatments were not significant.



40-day seedlings 28-day seedlings 12-day seedlings

Treatment Ponderosa Lodgepole Ponderosa Lodgepole Ponderosa Lodgepole

Moisture content is expressed as a percent of green weight. Observations are averages of one to
three survivors in each of four pots of seedlings.

Dry weight. The analysis of dry weights was limited to surviv-

ing seedlings of the 22°F. and Control treatments because of heavy

mortality in the 1 60 F. treatment.

Although dry weight of seedlings for both species was higher

for those reared in saturated soil than in normal soil moisture, the

differences were not great enough to be significant (Table 10). Pon-

derosa pine seedlings averaged 0. 075 and 0. 069 grams with satur-

ated and normal soil, respectively; lodgepole pine seedlings aver-

aged 0.015 and 0.012 grams, respectively.

The effect of temperature on dry weight followed the same

pattern as in Experiment No. 3. Seedlings of the Control treatment

of both species had higher dry weight than seedlings exposed to the

22 ° F. treatment. This trend was not as strong as in the previous

experiment, and, in fact, the difference was not quite significant

for ponderosa pine. Nevertheless, the repetition of this trend in

two successive experiments provides sufficient evidence to indicate

that the low temperature treatments of this study did effect
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Table 9. Average percent moisture conteit of seedlings 30 days after low temperature treatment."

22°F. 61 66 66 69 71 76

Controls 62 65 65 71 68 74
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physiological processes of surviving seedlings so as to reduce seed-

ling top growth.

Table 10. Average dry weight of tops of surviving seedlings 30 days
after low temperature treatment.

Grams Grams
Soil moisture:

Saturated 0.075 0. 015

Field capacity 0.069 0. 012

Temperature:
220 F. 0.066 0.012

Controls 0.077 0.015

Observations are averages of one to three seedlings in each of
12 pots.

2/Differences between saturated and field capacity were not signifi-
cant for either species.

Differences between 22 F. and Controls were significant for
lodgepole but not for ponderosa (See Appendix Table 8).

Experiment No. 5: Effect of Two Exposures

The intent of this experiment was to duplicate Experiment No. 3

except for exposing the seedlings twice to low temperature treatments

instead of once.

Treatment Ponderosa Lodgepole



Procedure
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Procedure followed that of Experiment No. 3.

Experimental conditions were:

First exposure--lS°F., 22°F., and 27°F.

Second exposure--140F., 20°F., and 26°F.

Soil temperature--minimums ranged from 31 0F. to 36°F.

Seed origin- .-ponderosa pine, Elk-Lava Lake Area, 4, 700

feet, and lodgepole pine, Gilchrist Area, 4, 500 feet.

First and second exposure was spaced three days apart. During

the interval between exposures, potted seedlings were transferred to

the recovery environment chamber. Tally of kills was made just

prior to the second exposure and again three days after the second

exposure, followed by a final observation 28 days after first exposure.

Results

Other than the fact that all mortality occurred in the 150 F.

temperature, results of this experiment were similar to those of

Experiment No. 3. The general trend of lodgepole pine surviving

better than ponderosa pine and the oldest seedlings being most sus-

ceptible to low temperatures was repeated again in this experiment.

The effect of second exposure to the 14° F. treatment was to increase

lodgepole pine mortality from 27 percent to 53 percent and ponderosa

pine from 76 percent to 84 percent (Table 11).

The similarity of results with those of Experiment No. 3 can be

seen by combining mortality of all ages as follows:



36-day seedlings 22-day seedlings 8-day seedlings All ages

Treatment P.Pine L.Pine P.Pine L.Pine P.Pine L.Pine P.Pine L.Pine

mortality occurred in the higher temperature treatments. Observations are based on 15

seedlings for each combination of temperature and seedling age.

First exposure (1S°F.) 93 67 40 7 93 7 76 27

Second exposure(l4°F.) 100 80 53 40 100 40 84 53
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Ponderosa Lodgepole

Experiment No. 3 73% 33%

Experiment No. 5 (First Exposure) 76% 27%

This mortality accumulated within four days after treatment for

Experiment No. 3 and within three days after treatment for Experi-

mentNo. S.

The comparison of results of Experiments No. 3 and 5 must be

qualified on one point. Minimum temperature for Experiment No. 3

was 18° F. compared to 15°F. for the first exposure Experiment No.

5. This 3°F. spread possibly affected total mortality counts some-

what. The repeated pattern of mortality, however, appears strong

enough to lend confidence to the over-all experimental technique.

From the results of this experiment, therefore, it appears defen-

sible to conclude that a second exposure of the 15°F. treatment,

three days after the first, noticeably increases mortality in both

species, but a second exposure of 20°F., or above, causes little or

no additional mortality.

Table 11. Percent of seedlings killed by two successive low temperature treatments as observed

at three and 28 days after first exposure.'



Experiment No. 6: Tolerance of
Two-Month-Old Seedlings
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The purpose of this experiment was to explore further the

trend shown in previous experiments where low temperature mortal-

ity incieased with seedling age.

Proc edure

Lodgepole and ponderosa pine seedlings were grown in the

greenhouse for two months following germination. An artificial light

enclosure provided a 15-hour photoperiod.

Injury values were used along with a mortality count to appraise

the unusually wide range of injury to seedlings in this experiment.

Experimental conditions were:

Low temperature treatments--l5°F., and 22°F.

Soil temperature- -minimum temperatures ranged from

29°F. to 33°F.

Seedling age at time of treatment- -two months.

Seed origin- -ponderosa pine, Elk-Wave Lake Area, 4, 700

feet, and lodgepole pine, Gilchrist Area, 4, 500 feet.

Results

Two-month-old seedlings incurred greater partial injury as well



No mortality occurred subsequent to 14 days after treatment.
Observations are based on 15 seedlings each.

All surviving seedlings of the 22°F. treatment sustained some

foliage damage (Table 13). These results were in sharp contrast to

those of previous experiments using younger seedlings where surviv-

ors usually were uninjured and vigorous. Although several seedlings

had more than 50 percent foliage killed, no additional deaths occurred

after the initial two-week observation period.

Results of this experiment indicate that differential tolerance

between species to low temperature disappears as seedlings attain

ánage of two months. However, while mortality was practically
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as total mortality compared to the seedlings up to 40 days old used

in previous experiments. Two weeks after treatment, only one out

of 30 seedlings survived the 15°F. low temperature--mortality was

100 percent for lodgepole pine and 93 percent for ponderosa pine

(Table 12). Mortality in the 22° F. temperature, however, was only

20 percent for lodgepole pine and 13 percent for ponderosa pine seed-

lings.

Table 12. Percent of two-month old seedlings killed by low tempera-
tures as observed 14 days after treatment.

Treatment Ponderosa Lodgepole

15 ° F. 93 100

22°F. 13 20



complete for the 15°F. treatment, it was relatively light for the

22°F. treatment. It appears, therefore, that both species retain

considerable tolerance for 22° F. temperature through most of the

growing season.

Table 13. Percent of seedlings injured by class of foliage injury
sustained from low temperature treatment.i!

22° F.

Injury Class

Each observation was based on a total of 15 seedlings for each
species.

seedlings sustaining the most severe injury, Class 4, died.

Experiment No. 7: Use of Seed Cache Germinants
to Determine Effect of Ecotypic Variation

The occurrence of squirrel cache clusters of lodgepole and

pondeosa pi.ne seedlings in close proximity to one another provided

an opportunity to observe low temperature effect unencumbered by

seed source differences.

Procedure

Clusters of squirrel cache seedlings (Figure 10 and 11) were
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Ponderosa 47 20 20 13

Lodgepole 33 33 14 20

Treatment 1 2 3



Figure 10. A typical seed cache cluster of ponderosa pine germinants
such as used to determine effect of ecotypic variation on
relative tolerance of low temperatures.





Figure 11. A typical seed cache cluster of lodgepole pine
germinants about four days old.
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found near Wake Butte, about 21 miles southwest of Bend, Oregon.

Age of seedlings collected May 10, 1966 was fixed at about four days,

based on negative results of an earlier search for seedlings at the

same site May 6.

Following digging, three uniformly developed seedlings of each

species were transplanted to each of 15 pots and placed in the green-

house for eight days.

Experimental conditions were:

Low temperature treatments --14 0 F., and 200 F.

Seed origin.- -Wake Butte, 4,300 feet.

Seedling age at time of treatment- -12 days.

Results

Total mortality was lighter than expected, particularly for the

15°F. treatment, but the ratio of ponderosa to lodgepole losses fol-

lowed the trend of previous experiments. Distribution of mortality

was as follows:

Ponderosa Pine Lodgepole Pine
Percent Percent

82

140 F. 47 27

20 ° F. 27 0

Each observation is based on a total of 15 seedlings. No mortality

occurred in Controls.

Notwithstanding the relativ ely light mortality, the distribution
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of deaths among species was similar enough to that of previous

experiments to assume that differences in seed source was not a

confounding factor in this study.

Light mortality in this experiment might have been related to

a low temperature preconditioning effect resulting from germination

and early development of seedlings in their natural habitat. Mini-

mum surface temperatures, as recorded at Station No. 1, 100 feet

away, were 32, 18, 25, and 24° F. for the four nights preceding the

lifting of seedlings on May 10.

Experiment No. 8: Effect of Preconditioning

Procedure

Three seedlings each of lodgepole and ponderosa pine were

transplanted to each of 20 pots. Ten pots were left in the greenhouse

as un-preconditioned seedlings where temperature ranged from 40° F.

to 800 F. The remaining ten pots were transferred to an environ-

ment chamber to be reared for two weeks at a daily high of 70° F.

and a low of 34° F., followed by one week of a low of 32° F. and one

week at a low of 30° F.

Experimental conditions were:

Low temperature treatments--lS °F., and 22° F.

(Malfunctions of environment chamber occurred after

only one hour exposure to 15°F.)



Seedling age at time of treatment--36 days.

Origin of seed--ponderosa pine, Elk-Lava Lake Area,

4, 700 feet, and lodgepole pine, Gilchrist Area, 4, 500

feet.

No untreated Control seedlings were used.

Results

Mortality was light arid limited to seedlings in the 15 ° F. treat-

ment. Only one death occurred out of 15 seedlings each of the ponder-

osa and lodgepole pine low temperature preconditioned group com-

pared to four ponderosa and two lodgepole of the TnormalT! tempera-

ture preconditioned group (Table 14). The relatively light mortality

probably resulted from the short period of exposure to the 15° F.

treatment due to equipment failure. The difference between low tem-

perature preconditioned and 'normal" temperature preconditioned

seedling mortality, however, indicated that a response to low temper-

ature preconditioning had taken place.

Table 14. Effect of preconditioning on percent of seedlings killed by
low temperature as observed eight days after treatment.

15°F
IJow temperature
preconditioned 7

"Normal" temperature
preconditioned 27 13

i/Observations are based on 15 seedlings each. No mortality
occurred after the eight-day observation period.

Ill
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Treatment Ponderosa Lodgepole



Experiment No. 9: Effect of Preconditioning
and Length of Exposure

Proc edure
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Except for the one-hour increments in length of exposure to

low temperatures, experimental procedure was essentially as in

previous experiments.

Experimental conditions were:

Low temperature preconditioned seedlings - - seedlings

were reared for 1 7 days at a day-night temperature

range of 60°F. to 32°F.

"Normal" temperature preconditioned seedlings--seed-

lings were reared for 17 days at a day-night tempera-

ture range of 70 ° F. to 40 ° F.

Low temperature treatment- -16 'F.

Length of exposure- -five-pot units of low temperature

preconditioned and "normal" temperature preconditioned

seedlings were subjected to a three-, four-, five-, or

six-hour exposure period to the 16°F. low temperature

treatment.

Seedling age at time of treatment--22 days.

Seed origin- -ponderosa pine, Elk-Lava Lake Area, 4, 700

feet, and lodgepole pine, Gilchrist Area, 4, 500 feet.



Results

Generally light mortality in both groups of seedlings was trace-

able, in part, to the failure of the environment chamber to hold a

constant temperature once it reached its minimum. Each time the

door was opened to remove five pots of seedlings at one-hour inter-

vals, the temperature advanced to successive levels of diminishing

severity. The intended contrast between length of exposure for each

five-pot group of seedlings was lost. In effect, all four exposure

periods embraced about the same time interval of lethal tempera-

tures. What little mortality occurred was evenly distributed among

the four exposure periods (Table 15).

Table 15. Effect of preconditioning and length of exposure on percent
of seedlings killed by low temperature as observed 24 days
after treatment.-1

Hours of exposure

16° F.
Low temp. precOnditioned:

Ponderosa 0 7 0 0 2

Lodgepole 0 0 0 0 0

Normal temp. preconditioned:
Ponderosa 27 27 27 33 28
Lodgepole 0 0 0 0 0

Observations are based on 15 seedlings each.
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Treatment 3 4 5 6 Total



Procedure
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Low temperature preconditioning, on the other hand, seemed

to be effective in almost eliminating mortality in contrast to 28 per-

cent mortality in the t!normal! temperature preconditioned seedlings.

The data suggests that mortality, particularly in ponderosa pine, may

be sharply reduced by preconditioning.

In regard to species tolerance, the results paralleled previous

experiments in that heaviest mortality occurred to ponderosa pine

seedlings. No mortality occurred to lodgepole pine seedlings, either

treated or Control.

Experiment No. 10: Effect of Fall Weather

Previous experiments have shown that 15 °F. temperatures

cause severe mortality among freshly germinated ponderosa pine

seedlings, and moderate mortality among lodgepole pine seedlings.

The question arises whether such low temperatures are harmful at

other stages of seedling development. Wickiup Dam weather records

indicate that 15 ° F. minimums could be expected almost any time

during late September and October (Appendix Table 1). Mid-October

was selected as a reasonable time to test tolerance of first-year

seedlings to fall low temperatures.

Ten pots of outplanted seedlings and ten pots of greenhouse-reared
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seedlings were selected for treatments. Outplanted potted seedlings

were grown in a planting bed in which space around pots was back-

filled with a pumice soil. Each pot contained three lodgepole and

three ponderosa pine seedlings, as in previous experiments. Seed-

lings, totaling 60 of each species, were germinated in late spring

and allowed to develop normally throughout the growing season in

their respective environments. For example, outplanted seedlings

experienced frequent exposure to below freezing temperatures, down

to approximately 20° F. In contrast, greenhouse-reared seedlings

were exposed to minimums of only 400 F. All seedlings were grown

in natural daylength conditions.

The low temperature treatment consisted of placing all 20 pots

in the environment chamber at the same time for a 24-hour day-night

cycle, including four hours of 15 ° F. temperature. Soil temperatures

were maintained at about 30° F. Photo-period was 12 hours.

The initial environment chamber treatment occurred October 12,

1966, foUowing which, seedlings were transferred to the greenhouse

for observation. After observing only negligible injury by October 18,

seedlings were returned to the environment chamber for a repeat

treatment.

Results

Seedlings grown in pots in the outdoor planting beds survived



the two 150 F. treatments without noticeable injury. Those reared

in pots in the greenhouse showed at least traces of injury on about

50 percent of the seedlings (Table 16).

Table 16. Percent of seedlings injured by class of foliage injury
as observed three weeks after two low temperature
treatments during the fall.'
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llDistribution of injury is based on 30 seedlings of each species for
outplanted and greenhouse-reared groups. Examination of seedling
injury was made 15 days after first exposure and six days after the
second exposure.

Seedlings with foliage injury of three-fourths or more were

expected to die. Mortality, therefore, was estimated to be only

seven percent for ponderosa and ten percent for lodgepole of the

greenhouse-reared seedlings and none for the outplanted seedlings.

These results indicate that a considerable degree of hardiness

takes place by mid-October regardless of whether seedlings had the

benefit of preconditioning low temperatures or not. The study also

showed that the apparent springtime differences between species

Class of foliage damage
Treatment 0 1/4 1/2 3/4 4/4

15°F.
Outplanted:

Ponderosa 100 0 0 0 0

Lodgepole 100 0 0 0 0

Greenhouse:
Ponderosa 53 37 3 7 0

Lodgepole 37 40 13 7 3
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tolerance to low temperature dissipates by fall.

The most significant result of this experiment was the lack of

any injury to seedlings of either species grown in the outside plant-

thg beds. These study seedlings, having been preconditioned to

freezing temperatures down to 20°F., were exposed to 15°F. treat-

ments within a week or two of the earliest chance occurrences of

equivalent natural low temperatures. Therefore, the inferences of

this experiment are, that during the fall, first-year seedlings of

both lodgepole and ponderosa pine are more resistant to low temper-

attres than during spring, and that tolerance differences between

species are not evident at 15°F. minimum temperatures.

Experiment No. 11: Photosynthesis Determinations
for Detection of Latent Injury

Visible injury to both lodgepole and ponderosa pine seedlings

was usually negligible in 23 ° F., or above, treatments of previous

environment chamber experiments. However, the possibility of

latent injury causing vigor decline or even delayed seedling mortal-

ity pointed out the need for determining treatment effect in greater

depth.

Procedure

An infra-red gas analyzer was used to determine rates of
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photosynthesis of treated and untreated seedlings. After cold treat-.

ment in the chamber at Bend, these seedlings along with Control

(untreated) were transported to Corvallis where they were placed in

a greenhouse until rate determinations were undertaken. For these

experiments, the seedlings were placed in the apparatus and equi-

librated at 200G. for 30 minutes at approximately 3,000 foot candles

before duplicate runs were made. The details of the apparatus are

given by Krueger and Ferrell (1965). After the determination, the

seedling or seedlings were removed, and the fresh and dry weights

of the tops were obtained. Photosynthetic rates were expressed as

milligrams of CO2 absorbed per gram foliage per hour.

Three separate runs were made following essentially the same

experimental conditions for each as follows:

Run No. 1:

Seed origin--ponderosa pine, Elk-Lava Lake Area, 4, 700

feet, and lodgepole pine, Gilchrist Area, 4, 500 feet.

Seedling ge at time of treatment--22 days.

Date of low temperature treatment--March 30, 1966.

Low temperature treatment- -28 F.

Date of CO2 analysis--April, at 13, 15, 22, and 28 days

after low temperature treatment.

Run No. 2:

Seed origin- -ponderosa pine, Elk-Lava Lake Area, 4, 700



feet, and lodgepole pine, Gilchrist Area, 4, 500 feet.

Seedling age at time of treatment- -22 days.

Date of low temperature treatment--June 14, 1966.

Low temperature treatment--26° F.

Date of CO2 analysis--June and July, at 11, 16, 27, and

28 days after low temperature treatment.

Run No. 3:

Seed origin- -ponderosa pine, Elk-Lava Lake Area, 4, 700

feet, and lodgepole pine, Gilchrist Area, 4, 500 feet.

Seedling age at time of treatment- -22 days.

Date of low temperature treatment--August 26, 1966.

Low temperature treatment--28°F.

Date of CO2 analysis--September, at five, seven, and

ten days after low temperature treatment.

Results
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Photosynthesis determinations of treated and untreated seed-

lings showed no evidence that seedlings of either species were injured

by the 26° to 28° F. treatments. The rates converted to percent of

Control rates are given in Table 1 7, while the original data are given

in Appendix Table 9.

On the average, treated seedlings had higher photosynthesis

rates than untreated. For example, nine of 11 groups of ponderosa



_lf . .Photosynthesis observations are expressed as milligrams of CO2 absorbed per grain foliage per
hour.
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pine observations showed greater photosynthesis rates for the

treated seedlings. Similarly for lodgepole pine, seven of the ten

groups had greater photosynthesis rates for the treated seedlings

(Table 17). Variability among seedlings was so great, however,

that statistical significance was lacking (Appendix Table 9).

The inference derived from this Experiment, therefore, was

that 22-day old lodgepole and ponderosa pine seedlings could with-

stand spring temperatures of 26° F. to 28°F. or above with little or

no injury to the photosynthetic system. The possibility exists that

chilling night temperatures of 26° F. to 28° F. might have stimulated

photos ynthes is slightly.

Table 17. Photosynthesis determinations of treated seedlings expressed as a percent of control
seedlings.-

Run No,
Days since
treatment

Green weight Dsy weight

Ponderosa Lodgepole Ponderosa Lodgepole

1. April 13-14 140 132 111 117

15-16 110 240 93 196

(28°F. treatment) 22-23 129 147 121 150

28 90 84 103 102

2. June andJuly 8 --. 104 -- 117

10-11 102 167 95

(26°F. treatment) 16 117 -- 122 --
23-24 -- 107 -- 99

27 97 108

28 129 126

3. September 4-5 146 112 137 106

6-7 130 84 121 87

(28°F. treatment) 9-10 113 93 108 70



FIELD OBSERVATIONS

Temperatures of the Wake Butte Transect

The temperature transect established at Wake Butte traversed

a lodgepole timbered flat area and an adjacent ponderosa timbered

slope. The purpose of this study was to measure the effect of topog-

raphy on air temperature near the ground, and to determine if such

temperatures were reasonably approximated in laboratory experi-

ments.

Wake Butte, an abruptly rising 300 foot high ridge, is located

at the lower edge of a gently sloping, 20 square mile lodgepole flat.

The transect, 600 feet long, begins in the lodgepole timber near the

base of the Butte and ends in the ponderosa timbered slope, 80 feet

above (Figure 12). Mid-point of the transect was at the transition

zone where lodgepole and ponderosa pine grow in mixture (Figure 13).

Five temperature measuring stations were spaced at more or less

regular intervals along the transect.

Mazama pumice mantled the surface of the lodgepole flat and

that part of the Wake Butte slope traversed by the transect. The soil

was classified as Longbell loamy coarse sand (Appendix II). Tree

root penetration was good--through the 45-inch depth--and no evi-

dence of a perched water table or impeded drainage was found through

94



Figure 12. A segment of the 20-square mile
lodgepole flat as viewed from the
ponderosa timbered slope on
Wake Butte.





Figure 13. Temperature Station No. 3 in
the transition zone on the Wake
Butte transect where lodgepole
and ponderosa pine grow in
mixture.
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the five-foot depth.

Procedure
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Temperatures were observed from April 23 to July 6, 1966.

Continuous monitoring of temperatures was accomplished with seven-

day thermographs--one located on the ground at each measuring sta-

tion. The sensing elements were 2-1/2 inches above the ground

surface.

Periodic minimum temperatures were determined at each sta-

tion with minimum registering glass thermometers. These thermom-

eters, placed at ground level and at two, six, and 48 inches above

ground at each station permitted study of vertical as well as upslope

temperature gradients. Thermometers were read and set at approx-

imately weekly intervals in conjunction with servicing the seven-day

thermographs.

The minimum registering thermometers were calibrated after

field use and found to be accurate within 0.5° F. at the 15°F. tem-

perature and within about 1 ° F. at various other temperatures up to

70° F. The seven-day thermographs, however, were found to be

somewhat erratic. Observation errors of two to three degrees were

common, due largely to difficulty in interpolation of the scribe mark

on the scale where 1/16-inch graduations represented a ten degree

range in temperature. In addition, larger errors occurred
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occasionally when the seven-day charts were not perfectly centered

or when the stylus was not carefully positioned at the beginning of a

given measurement period.

Data from the seven-day thermographs were primarily useful

to establish the date on which minimum temperature occurred for

each period. However, after adjusting temperature readings which

were obviously erroneous, rough approximations on frequency of low

temperatures and upslope temperature gradients were possible.

These observations, therefore, supplemented data obtained from the

more accurate minimum registering thermometers.

Results

Daily and periodic minimum temperatures are tabulated in

Appendix Tables 10 and 11.

Vertical gradients in the surface- to 48-inch profile. Coldest

temperatures consistently occurred several inches above the surface

throughout the 75-day observation period. At Station 1, in the lodge-

pole flat, average decrease in temperature with height above ground

was 6.4, 9.7, and 8.6°F. for height of two inches, six inches, and

48 inches, respectively (Table 18). Temperature decreases with

height were somewhat less in the ponderosa pine stand (Station 4),

upslope from Station 1. On given days, temperatures within the

48-inch profile were ten to 12 degrees colder than at the surface.



Stations
1 2 3 4

Height above surface (L. Pine flat) (L. Pine flat) (Pond-Lodge slope) (P. Pine slope)

Inches

2 6.4 5.1 4.9 3.8

6 9.7 6.2 7.2 6.1

48 8.6 4.5 7.1 5.1

Averages are based on minimum temperature in each of 13 observation periods. Original data
are shown in Appendix Table 12.

Coldest temperatures were recorded at the six-inch height,

but most of the difference between the surface and six-inch height

temperatures occurred within the two-inch air layer next to the

surface.

The difference between the surface and two-inch height might

have been greater if the minimum registering thermometers had

not been mounted under an inverted aluminum foil tray. The tray,

serving as a solar radiation shield, was suspected of trapping out-

going radiation from the soil at night. Minimum temperatures at the

six-inch height were assumed to be more representative of true

minimums of the air layer enveloping tree seedlings.

An analysis of variance of °F. decrease with height above

surface showed:

1. The spread (combined average for all heights and Stations)

101

Table 18. Average decrease in °F. with height above surface on the Wake Butte transect, April 23
to July 6, 1966.i/
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of the vertical gradient diminished with onset of warmer

seasonal weather:

Observation period: 4/27-6/30

Gradient spread : 9.3-5.3

2. Decrease ip °F. (combined average for all Stations and

dates) varied among heights above the surface:

Height in inches: 2 6 48

Decrease in °F.: 5. 0 7. 3 6. 3

The above observations were highly significant (Appendix Table 12).

No statistical analysis was made of differences between Stations

because of lack of replication of the transect. However, by inference,

the following assumption is made:

The spread (combined average for all dates and heights) of the

vertical gradient diminished upslope:

Stations in upsiope order: 1 2 3 4

Gradient spread : 8. 2 5. 2 6. 4 4. 9

Vertical temperature gradients above the soil surface as

observed at Wake Butte were similar to those associated with lab-

oratory experiments. For example, an examination of temperatures

at pot surface and at one and two inches above the surface (see Figure

6 for arrangement of thermisters) during Experiment No. 5 showed

the following:
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Surface--24°F.

l-inch--17°F.

2-inch--16°F.

The average decrease of 7. 5 degrees from surface temperatures

was close to those shown in Table 18 for the Wake Butte Transect.

These results are reasonable because, according to Geiger (1965),

if eddy-diffusion is particularly low, the minimum temperature is

not at the soil-surface interface but about ten centimeters above the

soil surface.

Continuous monitoring of temperatures at the 1/2-inch and two-

inch heights above pot surface in each laboratory experiment con-

sistently showed only one- to two-degree differences between these

two levels--the colder temperature at the higher level. This observa-

tion indicates that most of the temperature gradient takes place below

the 1/2-inch profile. Geiger (1965, p. 95) cites various field studies

giving similar results.

Ups lope gradients of minimum temperatures. Temperatures

at the six-inch height as recorded by minimum registering thermom-

eters were used to establish minimum temperature gradients along

the Five-Station Transect. Five of the 13 periodic measurements

demonstrated that distinct upslope gradients do occur, and that such

gradients include laboratory determined lethal low temperatures that

would tend to discriminate against the establishment of ponderosa



Recorded by seven-day thermographs.

Although upslope gradients of rising temperatures were mostly

below freezing during the first 30 days of the observation period,

over-all they occurred about as frequently in above freezing tem-

peratures as below (Appendix Table 10).
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pine at the lower elevational levels of the transect (Figure 12 and

Appendix Table 13).

A further appreciation of topographic effect on upsiope temper-

ature gradients was obtained through recordings of the seven-day

thermographs. Twenty-five days of the 75-day period had gradients

within which minimum temperatures at Station 1 were five or more

degrees colder than at Station 5 (Table 19). Six of these occurred

when Station 1 had minimums of 22° F. or less, four occurrences of

18°F. or less, and three occurrences of 16°F. or less. Reverse

gradients, where temperature decreased with increasing elevation,

were not evident.

Table 19. Number of days per 15-day period when minimum temperatures at Station 1 (Lodgepole
Flat) were five or more degrees lower than at Station 5 (Ponderosa Slope) on the Wake
Butte Transect.'

15-day periods
Total4/23-5/7 5/8-22 5/23-6/6 6/7-21 6/22-7/6

Total Occurrences 6 7 5 4 3 25

22°F. or less at Station 1 3 2 1 0 0 6

18°F. or less at Station 1 3 1 0 0 0 4

16°F. or less at Station 1 2 1 0 0 0 3
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Frequency of low temperatures. Laboratory experiments

have shown that repeat treatments of low temperatures increases

seedling mortality. Frequency of low temperatures in the field,

therefore, may likewise influence rate of seedling mortality. From

Appendix Table 11, frequency of low temperatures as determined

by the seven-day therrnographs on the Wake Butte Transect were as

follows:

Stations
1 2 3 45

22° F. or less 18 12 10 12 3

18° F. or less 5 3 2 2 1

This tabulation again shows that the lower elevation Stations

experienced the more critical temperature condition. Most temper-

atures of 2°F. or less occurred during late April and throughout

May, coinciding with the period of natural seedling emergence.

Three such temperatures, however, occurred during the last week of

June, two at Station 1 and one at Station 4.

A comparison of Wake Butte and Wickiup Dam minimum tem-

peratures. Minimum temperatures at Wickiup Dam, located 11 miles

southwest of Wake Butte, were obtained from official weather bureau

climatological records for those dates corresponding to Wake Butte

minimum temperature recordings. Observations at both locations

were obtained with similar minimum registering thermometers

mounted approximately four feet above the ground. This comparison
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showed that the Wake Butte minimums were consistently lower than

those of Wickiup Dam--about seven degrees lower at Station 1 and

three degrees lower at Station 5 (Table 20). This indicates that

frequency of low temperatures in the Wake Butte area and particu-

larly in a lodgepole flat represented by Station 1 is considerably

greater than that implied in the ten-year tabulation based on Wickiup

Dam data in Appendix Table 1.

Table 20. A comparison Qf minimum temperatures at Wake Butte Stations 1 and 5 with Wickiup
Dam during the period April 27 to June 30, 1966.

Date
Minimum temperatures Differences

Wickiup Dam Station 1 Station S Station 1 Station 5

April 27 20 13 15 -7 -5

29 24 13 18 -11 -6

May 3 36 28 31 -8 -5

7 31 22 28 -9 -3

11 27 19 22 -8 -5

17 24 18 22 -6 -2

23 26 19 24 -7 -2

June 1 28 20 24 -8 -4

3 30 22 30 -8 0

12 30 24 29 -6

22 31 25 30 -6 -1

25 30 24 26 -6 -4

30 32 27 28 -5

Average -7.3 -3.2



Phenological Observations on Emergence of Lodgepole
and Ponderosa Pine Seedlings at Wake Butte

Observations on emergence of seedlings were of an exploratory

nature. The primary purpose was to establish date of emergence and

location of seedling concentrations as related to topographic situations.

Phenological information, recorded as notes, is summarized in Table

21.

First observations of seedling emergence occurred May 2, 1966

on top of Wake Butte. Ponderosa pine seedlings were scattered on

mineral soil singly or in clusters. The seed coat was still perched

atop the unfurled cotyledons, indicating the seedling age of one week

or less. Lodgepole trees of seedbearing age were widely scattered

on top Wtke Butte, which probably accounted for the absence of, or

difficulty in finding, freshly germinated seedlings there.

An examination on May 6 at the base of Wake Butte in the lodge-

pole pine flat revealed no seedlings of either ponderosa or lodgepole

pine. However, four days later many squirrel cache clusters of

ponderosa pine seedlings were found in the same area near Stations

1 and 2.

Freshly germinated lodgepole seedlings remained conspicuously

absent until May 18 when a few cache clusters were found near Sta-

tions 1 and 2, along with many additional clusters of ponderosa pine.
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Table 21. Summary of phenological observations on seedling emergence at Wake Butte, Spring 1966.

Date Location Timber type

May 2 Top of Butte Ponderosa with few
lodgepole trees

May 6 Top of Butte Ponderosa with few
lodgepole trees

May 6 Station 1 Pure lodgepole

May 10 Station 1 and 2 Pure lodgepole

May 18 Station 1 and 2 Pure lodgepole

May 25 Station 1 and 2 Pure lodgepole

June 1 Station 1 and 2 Pure lodgepole

June 1 Station 3 Ponderosa-lodgepole

Ponderosa Lodgepole

Many singles and none
few cache clusters

several additional none
singles and clusters

none none

many cache clusters none

many additional few cache clusters
clusters

few singles many singles

few new clusters abundant new singles
(seed was buried (over 2000 per acre)
deep)

none few singles
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By May 25 many individual lodgepole seedlings were found near Sta-

tions 1 and 2 but relatively few individual ponderosa pine seedlings.

The greatest number of lodgepole seedlings were observed June 1.

The a.pparent late date for first observance of lodgepole seed-

lings may be due, in part, to the difficulty in seeing these small

inconspicuous seedlings among the surface litter. However, in most

instances, seedlings still retained their seed coat at time of observa-

tion and, therefore, indicate seedling age to be one week or less.

The phenological observations are incomplete, but some gen-

eralizations for the Wake Butte Area appear justified. For example:

Ponderosa seedlings emerged from late April to early June,

varying with site and whether seeds were planted by squir-

rels or naturally disseminated.

Lodgepole seedlings emerged one or two weeks later than

ponderosa with heaviest germination occurring in late May.



DISCUSSION

Treatment of seedlings to low temperatures was performed

exclusively in controlled environment chambers. Even though gener-

alizations must be thus qualified, these laboratory studies have dis-

tinct advantages over the complexity of field studies where seedlings

react to the multi-dimensional relationships of integrated factors

infiuencing survival and growth. Major benefits derived from use of

controlled environment chambers for this study were: acceleration

of exploratory trials to determine range of lethal low temperatures;

rearing of uniformly developed seedlings to minimize response dif-

ferences between seedlings; emphasis of treatment effect by holding

other environmental factors constant; and reproduceability of combin-

ations of temperature and light.

Gates (1962) points out many shortcomings of growth chambers

when attempting to simulate natural conditions. He cautions against

the application of growth chamber results for practical use. Glerum

(1966), on the other hand, referring to an experiment with some

environmental control, concluded, IDifferenc es between species

probably existed, but they were not demonstrated by this experi-

ment, More carefully controlled conditions are required. Went

(1957), sums up the advantages of controlled environment studies

with the statement, "A Phytotron (The Earhart Plant Research

ill
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Laboratory) may reduce the complexity of response sufficiently to

approach problems which formerly were submerged in a morass of

statistics

In this investigation, through the use of controlled environ-

ment, it was possible to establish approximate levels of lethal. low

temperature and to determine differential tolerance to low tempera-

tures between species. Exploratory environment chamber trials

showed that lodgepole and ponderosa seedlings were almost totally

killed at 10° F. treatments and were relatively undamaged at the

20°F. treatments. The midpoint, 15°F., then became the point

around which thresholds of low temperature susceptibility were

expected. As subsequent experiments showed, 15°F. treatments

causes major losses of ponderosa pine and only moderate to light

losses of lodgepole pine seedlings. Mortality was considerably

reduced during treatments a few degrees higher, but mortality was

still consistently greater for ponderosa pine than for lodgepole pine.

Having established that species differences did exist, it became

important to relate this finding to the natural environment. Condi-

tions essential for selection of a field area for comparison with

environment chamber experimental results included (1) a place

where a sharp type line existed between stands of lodgepole and

ponderosa pine, (2) topographic features producing a frost pocket

adjacent to upward sloping terrain and, (3) temperature data for
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this area.

The site at the Wake Butte Transect (Figures 12 and 13) was

one of many apparently similar sites in Central Oregon that met

study requirements. Some of the alternative sites, however, were

associated with high water table, a factor that could confound tem-

perature effect. Test pits and soil analysis of the Wake Butte Tran-

sect showed no signs of impeded drainage or perched water table

within the upper five foot profile.

A record of natural temperatures coincident with the seedling

emergence period of growth was needed to compare with controlled

environment conditions. Climatological data from the weather sta-

tion at Wickiup Dam, 11 miles southwest of Wake Butte, had shown

that monthly minimums for April and May reached 15 ° F. or less

almost every year. Examinations of daily minimums for these

months over a ten-year period showed numerous night temperatures

below 20°F., occasionally on two or more successive nights. The

five-Station Temperature Transect at Wake Butte starting from a

lodgepole timbered flat and continuing through a lodgepole.-ponderosa

transition zone up to the ponderosa timbered slope above, likewise

revealed occurrences of below 20°F. temperature (down to 12°F.)

during late April and through May into June. Concurrent phenologi

cal observations confirmed that the period of lodgepole and ponderosa

seedlings emergence fell within the April to June period. Thus far,
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gross features of field conditions appear to correlate reasonably

well with laboratory temperatures and results on frost resistance.

The next step was to relate the upsiope temperature gradient

found to exist at the Wake Butte Transect with the apparent spread

between respective thresholds of lethal temperatures for lodgepole

and ponderosa pine seedlings as determined in the laboratory. For

ponderosa pine, the spread in temperature between first damage and

almost total killing was about eight degrees (from 23°F. to 15°F.).

Some selected dai.ly gradients contained temperatures capable of

causing heavy ponderosa pine mortality in the pure stands of lodge-

pole pine at the base of the transect; temperatures capable of moder-

ate ponderosa pine mortality in the lodgepole-ponderosa transition

zone; and temperatures capable of causing only light or no ponderosa

pine mortality at the upper end of the transect where ponderosa pine

constituted the major stand component. For example, on May 11

minimum temperature at Station No. 1 in the lodgepole flat was 16° F.

compared to a minimum of 220 F. at Station No. 5 in the ponderosa

pine stand.

On the other hand, temperatures on the Wake Butte Transect

rarely, if ever, exceeded the minimums which environment chamber

experiments indicated would cause more than moderate lodgepole

pine seedling mortality.

The measured temperatures at Wake Butte may be only a sample



1Unpublished data in files of the Forest Service Silviculture
Laboratory, Bend, Oregon.
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of the range of minimum temperatures expected over a period of

years. However, the character and consistency of the temperature

gradients coupled with the laboratory-determined thresholds to

lethal low temperatures strongly suggests the occurrence of envi-

ronmental selection against establishment of ponderosa pine in the

low lying, lodepole flat.

Two factors that could compensate for seedling frost kill are:

(1) the quantity of seed available for germination, and (2) the date of

seedling emergence. With large enough quantities of seed, even one

percent survival might be adequate for full stocking. However, the

quantity-of seed factor is probably an added disadvantage for ponder-

osa pine. Production of ponderosa pine seed is apparently less and

crop failures more frequent than for lodgepole pine (Bates, 1930).

In support of this, a ten-year record of seed production near the

Wake Butte Area revealed an average of 36, 000 sound ponderosa

seeds per acre per year in a fully stocked mature ponderosa pine

stand compared to 246, 000 sound lodgepole pine seeds per acre per

year in a fully stocked mature lodgepole pine stand. Furthermore

germination percent of the seed produced seems to be lower for

ponderosa pine than for lodgepole pine. Germination of seed for

this investigation consistently resulted in higher germination percent
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for lodgepole pine. And finally, the choice of seed by rodents and

other seed eating animals might logically be expected to be the

larger ponderosa pine seeds, further reducing the number of seeds

available for germination. It seems, therefore, that if both species

had the same threshold to low temperatures, lodgepole by sheer

weight of its larger numbers of sound seed would have the advan-

tage for stocking frost-pocket situations--at least those frost pockets

that did not have minimums lower than the lodgepole pine threshold.

The second factor that could effect seedling survival, date of

seedling emergence, was, in part, incorporated in the environment

chamber study. The use of seedlings of three stages of development

permitted comparing mortality rates of the oldest seedlings with the

youngest seedlings within and between species. For example, per-

cent mortality at the 18° F. treatment of Experiment No. 3 provides

the following:

36-day old seedlings 8-day old seedlings

Ponderosa 100 67

Lodg epol e 67 13

If both species emerged at the same time, the number of ponderosa

pine seedlings would be reduced more drastically than those of lodge-

pole pine. However, if the improbable situation occurred where

ponderosa pine emerged 28 days, later than lodgepole pine then the
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established trend for younger seedlings to survive better than older

seedling would put ponderosa pine on even terms with lodgepole--each

species having mortality rates of 67 percent. However, field obser-

vation at the Wake Butte area provided no evidence that date of emer-

gence acted as a survival mechanism for ponderosa pine. In fact,

although observations are inconclusive, they indicated that lodgepole

emerged later and over a shorter period of time than ponderosa.

Observations of physiological factors associated with the seed-

ling survival experiments provided additional insight on relative tol-

erance to low temperatures. It was observed that seedlings of both

species and all stages of development sustained practically no visible

injury at the 27° to 28°F. treatments. These ocular observations

left unanswered the possibility of latent injury, or even the stimula-

tion of growth as occasionally occurs in other forms of plant life

following exposure to chilling temperatures (Went, 1957).

Two methods used to determine the effect of low temperatures

on growth of seedlings yielded inconclusive results. CO2 analysis to

determine rate of photosynthesis showed higher rates for seedlings

of both species exposed to 26° to 28° F. treatments than the Control

seedliigs which were exposed only to 40 ° F. minimums. However,

differences were not sigrificant at the five percent level.

Conversely, the dry weight analysis of Controls and survivors

of the 23° to 28° F. treatments of Experiment No. 3 showed
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significantly lower dry weight of tops for treated seedlings. An

analysis of survivors of the 22°F. treatment and Controls of Experi-

ment No. 4 showed a similar trend- -the results being statistically

significant for lodgepole pine but not quite so for ponderosa pine.

Although the data for photosynthesis and top dry weight accumulation

do not agree, neither show a large effect of the low temperature

treatment.

Analysis of moisture content of surviving seedlings of Experi-

ments Nos. 3 and 4 showed a correlation with seedling survival.

Lodgepole pine seedlings had better survival and higher percent

moisture content than ponderosa pine. The younger seedlings of both

species had better surviva.l and higher moisture content than the older

seedlings. The physiological relationships of moisture content with

hardiness are obscure but such relationships have been encountered

by other investigators. For example, as recorded earlier, Kuiper

(l964b) found that an application of decenylsuccinic acid to roots of

bean plants increased permeability of cell membranes sufficiently

to increase water uptake 800 percent. He later showed foliage appli-

cations of decenylsuccinic acid on fruit trees to increase frost resis-

tance. It is likely that frost resistance is related more closely to

the rapid transport of water across cell membranes than to water

content, but since increased membrane permeability seems to greatly

increase water uptake, water content may be an indirect measure of
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frost hardiness.

The relationship of water content with survival was further

explored in pursuit of a possible explanation for the occurrence of

lodgepole pine and the exclusion of ponderosa pine in areas of high

water table. Results of Experiments No. 4, however, showed no

difference in tolerance of low temperatures between seedlings reared

in saturated and in field capacity soil moisture conditions.

The over-all physiological change that takes place in seedlings

with the onset of the growing season seems to have a direct effect on

tolerance of low temperatures. The series of environment chamber

experiments incorporating the three stages of seedling development

showed declining tolerance to low temperatures with age up to two

months. This trend is in agreement with frost hardiness conclusions

by Levitt (1956) who related the spring and early summer decline of

hardiness to the enzyme activity that causes sugar to reconvert to

starches. The reverse of this physiological process in the fall, how-

ever, does not seem to differentially protect species to the same set

of lethal temperatures as in the spring. As shown in Experiment No.

10, both species survived the equivalent of the first fall 15°F. tem-

perature without injury. The obvious reason for this result is that

hardiness of both species begins earlier than natural occurrences of

15°F. temperature and, therefore, environmental selection involving

the 15°F. low temperature in mid-October did not occur. This is in
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agreement with Parker's (1955) determination that first-year

ponderosa pine needles are resistant to about 12°F. as early as

mid -August.

It has been demonstrated that differential tolerance to low

temperature exists between lodgepole and ponderosa pine seedlings,

but the laboratory conditions under which experiments were conducted

simulated only a small segment of the total environment of field con-

dittons. For the most part laboratory experiments were designed

for single exposure of seedlings to low temperatures. In the field

natural seedlings are subject to more than one exposure of a range

of severe to moderate low temperatures. The question arises,

therefore, "Do these repeat exposures have an accumulative effect

contributing to mortality?" This question led to a study that gave

at least a partial answer. For example, Experiment No. 5 exposed

seedlings twice, three days apart, to low temperatures. The double

exposure to 150 F. substantially increased mortality for both species,

while the double exposure of 20° F. and 27° F. treatments caused no

mortality. Temperature records from the Wake Butte Transect

showed that lethal low temperatures do occur on successive days.

In no case, however, did they include successive severe low tern-

peratures of the 15° F. level. It is likely, therefore, that the two

successive treatments of 15° F. as occurred in Experiment No. 5

represents about as severe an exposure to lethal temperature as
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normally could be expected in the field. Nevertheless, lodgepole

pine with 53 percent mortality compared to 84 percent for ponderosa

pine retained a sizeable survival advantage even without the added

benefits of larger numbers of seeds under natural conditions.

This study of seedling behavior to more than one exposure of

low temperature also raised the question, tiDoes one exposure pre-

condition the seedling to subsequent exposures? Laboratory Experi-

ments Nos. 8 and 9 showed that seedlings do respond favorably to

preconditioning low temperatures. But having sampled only a frac-

tion of low temperature combinations that might occur in the field it

is not realistic to make quantitative estimates of the preconditioning

effect of a given sequence of below-freezing temperatures. The fine

line that separates ne sequence of low temperatures that acts as a

survival mechanism in terms of preconditioning, and another sequence

that results in the cumulative injury leading to increased mortality

points up the complexity of interacting environmental factors as found

in the field.

The controlled environment chamber experiments made possible

the study of single factor responses and thus increased our under-

standing of the relative tolerance of lodgepole and ponderosa pine

seedlings to low temperature. The combination of field and labora-

tory study has shown that lodgepole pine seedlings can withstand

colder temperatures than ponderosa pine seedlings and that lethal
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temperatures produced in the laboratory fell within the range of

natural temperatures in frost pocket situations in central Oregon.

The application of this information in forest management is obvious

when regerneration objectives involve natural or artificial seeding.

How ever, tolerance of planting stock more than one year old to low

temperature requires further investigation.

Along with the limitations of seedling age, study results must

also be qualified to locality. In all experiments in this investigation,

origin of lodgepole and ponderosa pine seed was central Oregon.

Application of results to other parts of the species range should be

done with caution. It is possible major differences in response to

low temperature between species occur as climatic and other envi-

ronmental conditions vary from one site to another.



SUMMARY AND CONCLUSIONS

This study focused on two hypotheses: (1) that differential tol-

erance tp low temperatures between the two species occured during

the seedling emergence period in the spring, and (2) that lodgepole

pine occupied flats or topographic depressions that appeared to be

frost pockets because this species was more resistant to low tem-

peratures than its common associate ponderosa pine.

The initial environment chamber treattnents showed that almost

all seedlings of both species died following 12°F. to 13°F. treat-

ments, and only a few seedlings died from above 200 F. treatments.

An evplution of study technique subsequently revealed differences

between species and stages of seedling development within a nar-

rowed range of temperature treatments. Major conclusions are as

follows:

The critical temperature where differential tolerance to

low temperature between species occurs is 15° F. to 18° F.

About twice as many ponderosa pine seedlings were killed

as lodgepole pine, with ponderosa mortality occasionally

approaching 100 percent.

At 20°F. to 23°F. temperatures, the proportion of ponder-

osa mortality is more than twice that of lodgepole, but

number of seedlings killed is relatively small. It is likely,

1 23
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therefore, that low spring temperatures of 20° F. or above

will not, as a single factor, prevent establishment of

ponderosa seedlings.

Temperatures above 23°F. cause negligible injury to

seedlings of either lodgepole or ponderosa pine during

seedling emergence period. Few seedlings were killed

at above 23°F. treatments, and all survivors appeared

vigorous.

The youngest seedlings of both species survive low temper-

atures better than the older seedlings up to two months of

age. Difference between species in date of emergence

could protect the later emerging seedlings from severest

spring temperatures. Field observations showed some

tendency for lodgepole pine seedlings to emerge later than

ponderosa pine and thus, if anything, strengthened its rel-

atively greater tolerance of low temperature compared to

ponderosa pine.

Field temperatures and upslope temperature gradients

which include the spread of lethal temperatures as deter-

mined in the laboratory do occur during the period of seed-

ling emergence. The laboratory pattern of severe ponder-

osa mortality at 15 ° F. to 18 ° F., light mortality at 20 F.

to 23°F., and no mortality at 28 ° or above matched
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reasonably well the field temperature pattern as recorded

on cold temperature inversion nights--temperatures of

about 15°F. in the lodgepole flat were five to six degrees

lower than at the ponderosa timbered slope 80 feet above.

Repeat exposures to extreme low temperatures have an

accumulative effect on seedling mortality. In the labora-

tory, repeat treatments of 15 ° F. substantially increased

mortality, while pretreatment exposures to temperatures

between 20° F. and 34° F. apparently had a low tempera-

ture preconditioning effect.

The susceptible period of first year seedlings to natural

occurrences of 15°F. temperatures is limited to the seed-

ling emergence period in the spring. A fall exposure of

first year out-planted seedlings to 15° F. showed no sign

of injury to either lodgepole or ponderosa pine.

It is recognized that many factors, such as high water table,

fire history, site quality, and periodicity and yield of seed crops

have significant influence in shaping the distribution pattern of

lodgepole and ponderosa pine. The factor of low temperature tol-

erance may frequently be only one of several that combine for specific

site requirements. However, the data presented here suggests that

differential tolerance to low temperatures between species may also

act as a single factor in limiting establishment of ponderosa pine in

frost pockets in central Oregon.
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APPENDIX I. TABLES AND FIGURES

Appendix Table 1. Minimum monthly temperature at the Wickiup Dam weather station for the
decade 1950 through 1959.

Year

132

Month 1950 1951 1952 1953 1954 1955 1956 1957 1958 1959

Jan. -40 -20 -15 9 -6 -4 -8 -27 8 -6

Feb. -33 1 -3 3 14 0 -15 2 14 0

March 0 -4 0 12 4 -11 6 17 12 17

April 11 10 15 16 17 14 19 23 19 15

May 23 24 21 20 14 23 26 26 18 23

June 26 26 30 26 26 29 29 32 35 27

July 30 38 31 34 30 27 34 31 40 32

Aug. 32 -- 28 35 32 30 33 32 39 33

Sept. 18 25 24 25 17 20 27 27 22 24

Oct. 12 19 18 21 12 20 18 23 19 20

Nov. 9 8 -7 23 0 -11 9 10 2 12

Dec. 12 -8 -1 6 -15 7 -1 11 16 4



Appendix Table 2. Number of seedlings killed by low temperatures as observed 30 days after treatment in Experiment No.
31'

deaths occurred in Control and 28°F. treatments.
Ninety-seven percent of deaths of 180 and 23°F. treatments occurred within four days.
Observations are based on a total of three seedlings each.

36-day seedlings 22-day seedlings 8-day seedlings All ages
Treatment Pot No. PP LP PP & LP PP LP PP & 12 PP LP PP & LP PP 12 PP & 12

18°F. 1 3 2 5 2 1 3 3 1 4 8 4 12

2 3 0 3 3 1 4 2 0 2 8 1 9

3 3 3 6 0 0 0 3 0 3 6 3 9

4 3 3 6 2 1 3 1 1 2 6 5 11

5 3 2 5 1 0 1 1 0 1 5 2 7

Total 15 10 25 8 3 11 10 2 12 33 15 48

23°F. 1 1 0 1 2 0 2 0 0 0 3 0 3

2 0 0 0 1 0 1 0 0 0 1 0 1

3 2 0 2 1 0 1 0 0 0 3 0 3

4 2 0 2 0 0 0 0 0 0 2 0 2

5 1 0 1 2 3 5 0 0 0 3 3 6

Total 6 0 6 6 3 9 0 0 0 12 3 15

Total. 2 treatments 21 10 31 14 6 20 10 2 12 45 18 63



*SignifiLant at the five percent level.

**Significant at the one percent level.

Appendix Table 2. (Continued)

Source

ANALYSIS OF VARIANCE

d.f. Sum of Sources Variance F

Total 59 80. 85

Pots Sub. total (29) (54. 35)

Temperature(T) 1 18.15 18,15 22.0**

Develop. Stage(D) 2 9.10 4.55 5.52*

D x T 2 7. 30 3. 65 4. 42*

Pots trt. alike (Error A) 24 19. 80 0. 82

Split Plot

Species(S) 1 12.15 12.15 27.51**

S x T 1 1.35 1.35 3. O6NS

S x D 2 0. 30 0, 15 0. 34NS

SxDxT 2 2.10 1.05 2.38NS

SxDxTxPots(ErrorB) 24 10.60 0.4416



Appendix Table 3. Percent moisture content of seedlings 30 days after low temperature treatment in Experiment No.3.

11servations are averages of three seedlings each.

Tre atment
Pot
No.

36-day seedlings 22-day seedlings 8-day seedlings
P.Pine L.Pine P. Pine L.Pine P. Pine L.Pine

28°F. 1 61.31 62.27 63.44 65.17 68.52 72.80

2 63.00 62.22 65.23 65.84 69.37 75.68

3 61.72 61.64 62.77 67.25 67.43 71.53

4 61.05 62.24 63.40 67.86 70.00 71.19

5 61.45 63.34 63.21 6620 68.18 71.77

Average 61.71 62.34 63.61 66.46 68.70 72.59

Controls 1 62.15 63.29 61.30 64.32 66.59 68.08

2 60.88 63.25 62.97 65.20 66.77 66.73

3 62.72 62.54 62.30 64,87 65.76 67.25

4 63.78 65.42 63.93 64.13 65.57 69.37

5 63. 74 65. 39 62. 86 65.49 64. 19 66. 68

Average 62.65 63.98 62.67 64.80 65.78 67.62



Appendix Table 3. (Continued)

**Significant at the one percent level.

ANALYSIS OF VARIANCE

Source d.f. Sum of Squares Variance F

Total 59 617.47

Pots Sub total (29) (510.90)

Temperature (T) 1 27.08 27.08 19.22**

Development stage (D) 2 382. 36 191. 18 183. 67**

D x T 2 67.65 33. 825 24. 01**

Pots trt. alike (Error A) 24 33.81 1.4087

Species(S) 1 67.04 67.04 73.00**

SxT 1 1.81 1.81 1.97NS

SxD 2 10.00 5.00 5,44*

SxDxT 2 5.68 2.84 3.O9NS

SxDxTxPots(ErrorB) 24 22.04 0.9183

*Significant at the five percent level.



Appendix Table 4. Percent moisture content of 8-day old seedlings at time of low temperature
tre atment.l"

Seedling age consists of an average of five days to germinate and emerge, and three
days in transplant pots filled with pumice soil at approximate field capacity moisture
content.

137

Pot

Ponderosa Lodgepole

seedling
Avg.

seedling
Avg.A B C D

1 40.1 69.7 54.9 80.0 76,1 78.0

2 77.8 49.7 63.8 74.6 80.1 77.4

3 65.7 71. 7 68. 7 75.5 78. 1 76. 8

4 63.9 52.3 58.1 78.6 73.8 76.2

5 72.6 62.1 67.4 80.0 73.3 76.7

Average 62.6 77,0



Appendix Table S. Average dry weight in grams of three or less seedlings per pot 30 days after
low temperature treatment in Experiment No. 3.

Tre atment

Controls

18°F. 1

2

3

4

5

No survivors.

Pot 36-day seedlings
No. P. Pine L.Pine

1 .087 .018 .095 .019 .063 .017

2 .099 .019 .108 .018 .067 .016

3 .061 .020 .091 .022 .076 .017

4 .075 .022 .086 .021 .051 .013

5 .089 .023 .079 .018 .068 .018

1/

22-day seed1in 8-day seedlings
P. Pine L.Pine P. Pine L.Pine

.015 .061 .016 .014

.014 .016 .048 .014

.077 .018 .012

.071 .019 .064 .012

.014 .070 .023 .063 .012
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28°F. 1 .085 .024 .078 .016 .055 .011

2 .063 020 .077 .019 .041 .012

3 .056 .017 .072 .016 057 .012

4 .075 .024 .098 .016 .043 .009

5 .098 .022 .065 .016 .042 .011

23°F. 1 .079 .018 .050 .021 .054 .012

2 .051 .015 .082 .018 .044 .013

3 .076 .022 .087 .018 061 .012

4 .081 .023 .074 .016 .045 .015

5 .085 .017 .067 .076 .014



Appendix Table 5. (Continued)

ANALYSIS OF VARIANCE

*Significant at five percent level.

**Significant at one percent level.
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Source d. f. Sum of Squares Variance Means F

Lodgepole

Temperature (T) 2 0. 000056 0. 000028 7. 00+*
Controls 0.019000
28°F. 0.016083
23°F. 0.016750

Age(A) 2 0.000291 0.000146 36.50**
36 Days 0. 020500
22 Days 0.017750

8 Days 0. 013583

TxA 4 0.000049 0.000012 3.00*

Pooled Error 27 0.000119 0. 000004

Total 35 0. 000515

Ponderosa

Temperature (T) 2 0.001494 0. 000747 4. 27*
Controls 0. 08P500
28°F. 0. 065667
23°F. 0. 068417

Age(A) 2 0.003192 0.001596 9.12**
36 Days 0. 074667
22 Days 0. 081167

8 Days 0.058750

TxA 4 0.000285 0.000071 NS

Pooled Error 27 0.004733 0.000175

Total 35 0. 009705



Appendix Table 6. Number of seedlings killed by low temperatures under saturated and field capacity soil moisture conditions as observed 14 days
after treatment in Experiment No. 4.

No deaths occurred in Controls.
No deaths occurred after 14 days.
Observations are based on a total of three seedlings each.

Soil
moisture

Treatment condition
Pot
No.

40-day seedlings 26-day seedlings 12-day seedlings
PP LP PP & LI' PP

All ages
LP PP & LI'PP LI' PP & LI' PP LP PP & LI'

16°F. Saturated 1 3 1 4 3 0 3 3 3 6 9 4 13

2 3 3 6 3 0 3 3 2 5 9 5 14

Tot. 6 4 10 6 0 6 6 5 11 18 9 27

Field cap. 3 3 3 6 3 1 4 3 1 4 9 5 14

4 3 2 5 3 2 5 2 ! 3 . !.
Tot. 6 5 11 6 3 9 5 2 7 17 10 27

Total for 16°F. 12 9 21 12 3 15 11 7 18 35 19 54

22°F. Saturated 1 1 0 1 1 1 2 0 0 0 2 1 3

2 2 0 2 1 0 1 0 0 0 3 0 3

Tot. 3 0 3 2 1 3 0 0 0 5 1 6

Field cap. 3 0 0 0 0 0 0 0 0 0 0 0 0

4 0 0 0 0 0 0 0 0 0 0 0 0

Tot. 0 0 0 0 0 0 0 0 0 0 0 0

Total for 22°F. 3 0 3 2 1 3 0 0 0 5 1 6

Total, 2 treatments 15 9 24 14 4 15 11 7 18 40 20 60



Appendix Table 7. Percent moisture content of seedlings 30 days after low temperature treatments under saturated and field capacity soil
moisture conditions in Experiment No. 4.

Treatment

Soil
moisture
condition

Pot
No.

40-day seedlings 28-day seedlings 12-day seedlings AU ages
P. Pine L. Pine P. Pine L. Pine P. Pine L. Pine P. Pine L. Pine

Controls Saturated 1 63.03 65.76 65.43 69.21 68.80 73.31 197.26 208.28

2 60.64 64.77 65.24 69.57 67.57 72.53 193.45 206.87

Fieldcap. 3 62.82 66.38 66.39 72.85 67.00 73.39 196.21 212.62

4 62.64 62.24 64.52 71.51 66.77 76.04 193.93 209,79

Total for Controls 249.13 259.15 261.58 283.14 270.14 295.27 780.85 837.56

22°F. Saturated 1 60.26 64.29 66.20 68.89 69.17 73.50 195.63 206.68

2 62.39 66.87 66.69 67.33 73.75 77.45 202.83 211.65

Field cap. 3 62.41 66.14 64.76 68.82 71.04 75.01 198.21 209.97

4 60.18 63.98 65.30 71.12 71.54 74.79 197.02 209.89

Total for 22°F. 245.24 261.28 262.95 276. 16 285.50 300.75 793.69 838. 19



Appendix Table 7. (Continued)

ANALYSIS OF VARIANCE

*Significant at the five percent level.

**Significant at the one percent level.

N)

Source d.f. Sum of Squares Variance F

Total 47 919.2

Pots Sub. total (23) (661.7)

Temperature(T) 1 3.7 3.7 1.37NS

Age(A) 2 583.6 291.3 107.65**

AxT 2 25.7 12.8 473*

Pots trt. alike (Error A) 18 48. 7 2.706

Species 1 214.2 214.2 157.96**

SxT 1 3.2 3.2 2.36NS

SxA 2 6.4 3.2 2.36NS

SxAxT 2 9.3 4.6 3.39NS

S x A x T x Pots (Error B) 18 24.4 1.356



Appendix Table 8. Average dry weight in grams of tops of three or less surviving seedlings per
pot 30 days after low temperature treatment in Experiment No, 4.
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Pot
No.

40-day seedlings 26-day seedlings 12-day secdli.rgs
P. Pine L. Pine P. Pine L Pine P. Pine L. Pine

1 .071 .021 .082 .014 .072 .012

2 .090 .024 .091 .015 .066 .013

3 .086 .013 .069 .010 .058 .014

4 .104 .020 .057 .010 .064 .012

1 .114 .012 .082 .011 .063 .015

2 .051 .020 .075 .012 .039 .008

3 .077 .016 .062 .011 .055 .010

4 .055 .012 .064 .011 .056 .009

1 .020 .013

2 .015 -.- .011

3 .007 .009

4 -- .015 .010 .026 .008

Soil
moisture

Treatment condition

Controls Saturated

Fieldcap.

22°F. Saturated

Fieldcap.

16°F. Saturated

Field cap.



Lodgepole

Soil Moisture (M) 1 0. 000033 0. 000033 3. 67NS
Saturated 0. 014750
Field capacity 0.012417

Temperature (T) 1 0.000043 0. 000043 4. 7*
22°F. 0.012250
Controls 0.014917

Age(A) 2 0.000173 0.000086 9. 55*i'
40 Day 0.017375
26 Day 0. 01 1750

12 Day 0. 0 1625

M x T 1 0.000004 0. 000004 NS

M x A 2 0.000009 0. 000005 NS

T x A 2 0. 000QIS 0. 000007 NS

M x T x A 2 0.000013 0. 000007 NS

Error 12 0.000105 0. 000009

Total 23 0. 000394

Ponderosa

*Significant at five percent level.
**Significant at one percent level.

Soil Moisture (M) 1 0. 000210 0.000210 0. 85NS

Saturated 0. 074667
Field capacity 0. 068750

Temperature (T) 1 0. 000759 0.000759 3. O6NS

22°F. 0. 066083
Controls 0. 077333

Age(A) 2 0.002044 0.001022 4.12*
40 Pays 0,081000
26 Pays 0. 075000
12 Days 0. 059125

MxT 1 0.000063 0.000063 NS

M x A 2 0.000248 0. 000124 NS

TxA 2 0.000026 0.000013 NS

M x T x A 2 0.000496 0.000248 NS

Error 12 0. 002979 0. 000248
Total 23 0. 006825

Source d. f. Sum of Squares Variance Means F

Appendix Table 8. (Continued)
'44

ANALYSIS OF VARIANCE



Appendix Table 9. Photosynthesis determinations of treated and control seedlings after low temperature treatments in Experiment No. 11.

Milligrams CO2 absorbed per gram foliage per hour.

No. days after
treatment

Temp.
treatment

Seedling
No.

Photosynthesis rate
Ponderosa Lodgepole

Fresh wt. Dry wt. Fresh wt. Dry wt.

Run No. 1 13-14 28°F. 1 8.6 19.3 7.4 21. 3

Control 1 6.2 174 5.6 18.2

15-16 28°F. 1 5.8 15.8 8.6 29.0

Control 1 5.3 16.9 3.6 14.8

22-23 28°F. 1 6. 8 16. 1 8. 7 20. 3

2 6.2 15,3

Control 1 5.0 13,1 5.9 13.5

28 28°F. 1 3.7 11.3 3.4 12.6

2 5.0 10,8 4.8 12.4

3 5.7 11.6 --

4 3.6 10.8 --

Control 1 5,0 10,8 4.9 12.2



Appendix Table 9. (Continued)

No. days after
treatment

Temp.
tre at.

Seedling
No.

Photosynthesis rate
Ponderosa Lodgepole

Fresh wt. Dry wt. Fresh wt. Dry wt.

Run No. 2 8-li 26°F. 1 5.3 13.6 6.2 16.2

2 4.4 11.1 5.4

3 4.6 12.4 7.3

4 8.0

Control 1 4.7 12.9 5.6 13.8

2 4.6

16 26°F. 1 3.7 11.2

Control 1 3.2 8.9

2 3.0 9.6

23-27 26°F. 1 4. 6 13.9 4. 1 10. 8

2 4.3 11.8 3.5 10.9

3 4.0 12.6 3.7 12,4

4 -- - 4.8 13,3

5 3.2 13,0

Control 1 4.5 12,3 3.2 11,4

2 4.5 11.4 4.0 13.1



Appendix Table 9. (Continued)

No. days alter
treatment

Temp.
treat.

Seedling
No.

Photosynthesis rate
Ponderosa Lodgepole

Fresh wt. Dry wt. Feshwt. Dry wt.

Run No. 3 4-5 28°F. 1 5.0 18.7 6.6 30.4

2 5.1 21.4 13.0 59.3

Control 1 5.2 22.6 7.2 34.2

2 3.8 14.9 6.1 31.0

6-7 28°F. 1 5.4 21.6 16.1 75.5

2 4.8 21.4 9.2 43.1

3 6.2 29.0 10.2 49.9

Control 1 6.4 26.0 8.7 40.6

2 6.7 27.1 11.4 60.3

3 6.4 29.4 8.3 39.3

9-10 28°F. 1 7.1 29. 7.6 36.8

2 6.0 28.6 8,0 35.2

3 10.2 48.2

Control 1 7.1 30.9 6,9 35.2

2 8,3 39.0
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Appendix Table 10. Daily minimum temperatures (degrees F. ) on the WaI<e Butte Transect, April
23 toJuly 6, 1966.-b

'Recorded by 7-Day Thermographs.

April May

Station 23 24 25 26 27 28 29 30 1 2 3 4 5 6 7

1 19 21 23 20 12 20 14 28 23 24 27 35 39 32 18

2 20 22 26 22 13 17 12 29 22 23 27 36 39 32 25

3 22 23 27 21 15 20 16 28 22 26 28 34 37 32 24

4 22 24 27 21 16 20 16 30 24 26 29 40 39 33 24

5 23 25 30 23 19 24 19 32 28 28 30 40 41 34 28

Ma
8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

1 25 34 26 16 27 27 21 22 29 18 23 21 29 40 24

2 32 41 32 18 27 26 21 24 29 19 24 28 29 43 26

3 32 40 30 19 30 27 24 24 30 19 24 25 28 40 25

4 36 42 30 19 31 27 24 24 30 19 26 26 27 40 22

5 39 45 32 23 32 27 24 26 30 21 30 30 32 39 24

May June

23 24 25 26 27 28 29 30 31 1 2 3 4 5 6

1 20 26 32 34 37 34 36 41 22 21 30 23 22 25 44

2 20 28 33 36 38 36 38 44 24 21 30 27 26 24 45

3 20 28 33 37 37 35 37 40 23 21 29 27 28 26 44

4 20 27 32 36 37 36 38 42 21 20 30 25 26 25 46

5 23 30 37 40 39 38 40 45 24 24 31 26 28 30 50

June

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

1 42 33 41 39 33 23 31 38 37 42 32 35 46 28 34

2 40 32 43 39 33 24 32 39 38 43 34 36 47 29 34

3 40 33 41 38 33 27 34 41 38 44 34 27 45 31 32

4 40 33 42 40 33 24 34 40 39 44 35 38 46 30 34

5 44 36 43 40 34 25 35 41 42 48 37 40 46 31 36

June July
22 23 24 25 26 27 28 29 30 1 2 3 4 5 6

1 24 34 26 21 27 37 40 26 20 40 30 37 26 30 38

2 26 36 29 23 37 39 42 27 23 45 34 40 28 34 41

3 27 36 28 25 32 41 45 29 25 45 33 39 30 35 41

4 27 37 25 21 30 39 42 26 23 45 32 40 30 34 41

5 30 37 25 24 34 40 41 29 24 44 31 39 30 36 41



Recorded by minimum registering glass thermometers.

Appendix Table 11. Periodic minimum temperatures (degrees F.) at the surface and at 2, 6, and 48 inches above the surface on the Wake Butte
Transect, April 23 to July 6,

Station Height
(inches)

Minimum temperatures by period
4/22-
27

4/28-
5/2

5/3-
6

5/7-
10

5/11-
14

5/15-
18

5/19-
25

5/26-
6/1

6/2-
8

6/9-
15

6/16-
22

6/23-
29

6/30-
7/6

0 23 23 35 32 28 28 28 29 33 32 33 32 32

2 16 16 31 27 22 22 22 24 28 26 26 24 23

6 12 14 25 20 16 18 20 22 22 24 25 22 21

48 13 13 28 22 19 18 19 20 22 24 25 24 27

2 0 24 26 32 28 26 24 25 26 28 28 30 27 27

2 14 16 28 24 20 19 20 23 26 26 26 24 26

6 14 14 28 24 18 18 18 20 23 23 23 22 24

48 14 15 30 24 19 18 20 22 26 26 26 27 24

3 0 24 26 35 31 28 26 28 29 32 31 32 31 32

2 18 18 30 27 22 22 22 24 27 28 29 27 27

6 14 15 28 24 20 19 20 22 26 26 26 24 24

48 14 16 30 26 19 18 20 22 26 26 26 25 25

4 0 26 26 34 30 26 24 25 28 28 30 33 29 29

2 19 18 33 27 23 20 22 24 24 28 28 26 28

6 16 16 30 25 20 18 20 21 22 24 24 22 25

48 14 16 31 26 21 20 22 23 25 30 28 22 24

5 0 -- -- -- -- -- -- -- -- --
2 -- 18 26 22 22 22 24 26 26 30 26 26

6 16 18 26 22 21 21 23 27 26 29 26 26

48 15 18 28 22 22 24 24 30 29 30 26 28



Table 12. Number of degrees F. difference from surface minimums to colder temperatures at heights 2-, 6-, and 48-inches above the surface on
the Walce Butte Transect, April 23 to July 6, 1966.

Observation dates
April May June Average Station

Station Height 27 29 3 7 11 17 23 1 3-5 12 22 25 30 height average

2 7 9 4 5 6 6 6 5 5 6 7 8 9 6.4
6 10 9 10 12 12 10 8 7 11 8 8 10 11 9.7

48 10 10 7 10 9 10 9 9 11 8 8 6 5 8.6

2 2 10 10 5 4 6 5 5 3 4 4 4 3 3 5.1
6 10 12 4 4 8 6 7 6 5 5 7 3 3 6.2

48 10 11 2 4 7 4 5 4 2 2 4 0 3 4.5
5. 2

3 2 6 8 5 4 6 4 6 5 5 3 3 4 S 4;9
6 10 11 7 7 8 7 8 7 6 5 6 4 8 7.2

48 10 10 5 5 9 8 8 7 6 5 6 6 7 7.1

4 2 7 8 l 3 3 4 3 4 4 2 5 3 1 3.8
6 10 10 4 5 6 6 5 7 2 6 7 7 4 6.1

48 12 10 3 4 5 3 3 0 5 7 5 5.1
4.9

Average 9.3 9.8 4.8 5.6 7.1 6.2 6.1 5.8 5.3 4.5 5.8 5.1 5,3

8.2

6.4



Stations were treated as replications, and combinations of dates and heights as individual treatments.

*Significant at five percent level.
**Significaht at one percent level.

Appendix Table 12. (Continued>

ANALYSIS OF VARIANCE

Source d.f. Sum of Squares Variance F

Total 155 1137.436

Dates (A) 12 387.269 32. 272 11. 14**

Heights (B) 2 134.705 67.353 23.25**

AxB 24 24.962 1.040 NS

Stations (C) 3 260. 256 86. 752

Error 114 330.244 2.897



Appendix Table 13. Periodic minimum temperatures (degrees F.) at the six-inch height on the
Wake Butte Transect, April 23 to July 6, 1966
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Date
Stations

1 2 3 4 5

April27 12 14 14 16 16

29 14 14 15 16 18

May 3 25 28 28 30 --

7 20 24 25 25 26

11 16 18 20 20 22

17 18 18 19 18 21

23 20 18 20 20 21

June 1 22 20 22 21 23

4 22 23 26 22 27

12 24 23 26 24 26

22 25 23 26 24 29

25 22 22 24 22 26

30 21 24 24 25 26
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Appendix Figure 1. Treatments and seedling arrangement in five-inch diameter pots for Experiment No. 1, to determine approximate
lethal low temperatures. * = ponderosa pine seedlings, o = lodgepole pine seedlings.

Treatment Species, Age, and Number of Seedlings

Max. Mm. 8-da Seedlin: 22-da Seedli':s 36-day Seedlings
Day Night Ponderosa Lodgepole Ponderosa Lodgepole Ponderosa Lodgepole

450F 13°F.
00

(:) C) C) C)000000
45°F.30°F. 000CC) 0

:rol 70°F. 40°F. () (,) CIII) El:) (I)



Treatment

Ponderosa Lodgepole

00
00
00

8-day Seedlings

00
00
00

Species, Age, and Number of Seedlings

22-da Seedlin:s
Ponderosa Lodgepole

0000
0000
0000
0000

Ponderosa
36-day Seedlings

00
00
00

00
Appendix Figure 2. Treatments and seedling arrangement in five-inch diameter pots for Experiment No. 2, to determine relative

low temperature tolerance. * = ponderosa pine seedlings, o = lodgepole pine scedliug.

Lodge pole

00
00
00

00

Max.
Day

Mm.
Night

1. 45°F. 15°F.

2. 45°F. 21°F.

3. 45°F. 25°F.

Control 70°F. 40°F.



Treatment
Max. Mm.
Day Night

00000
00000

00000

A e and Number of Lod: e ole and Ponderosa Pine Seedlin

0000000000
0000000000
0000000000

0000000000
Appendix Figure 3. Treatments and seedling arrangement in five-inch diameter pots for Experiment No. 3, to determine relative

low temperature tolerance by improved study design. Both species were grown in each pot, and total number
of seedlings were increased 50 percent. * = ponderosa pine seedling, o lodgepole pine seedling.

1. 45°F. 18°F.

2. 45°F. 23°F.

3. 45°F. 280F.

Control 70°F.



Treatment

Max. Mm.
Day Night

Soil Moisture, and Age and Number of Lodgepole and Ponderosa Seedlings

0000
0000

0000
0000
0000

40-day Seedlings
Saturated Field Cap.

00
00
00

00
00
00

Appendix Figure 4. Treatments and seedling arrangement in five-inch diameter pots for Experiment No. 4, to determine the effect
of saturated soil on relative low temperature tolerance. * = ponderosa pine seedlings, o = lodgepole pine seedlings.

1. 45°F. 16°F.

2. 45°F. 22°F.

Control 70°F. 40°F.



Station l--Longbell loamy coarse sand

Pine litter.
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APPENDIX II, SOIL DESCRIPTIONS FOR THE WAKE BUTTE TEMPERATURE TRANSECT
1/

Very dark gray brown (1OYR3/2 moist) loamy coarse sand; weak fine granu-
lar structure. Loose when dry, very friable when moist, non-sticky and non--
plastic when wet; abrupt smooth boundary; pH 5. 3.

Dark yellowish brown (1OYR4/4 moist) loamy coarse sand; weak fine granu-
lar structure; loose when dry, very fri able when moist, non-sticky and non-
plastic when wet; clear smooth boundary; pH 5.5.

Light yellowish brown (1OYR5/6 moist) and brownish yellow (1OYB6/6 moist)
gravelly coarse sand; single grained; loose when dry, very friable when moiSt,
non-sticky and non-plastic when wet; clear smooth boundary; pH 5,5.

Dark brown (7.5YR3/4 moist) sandy loam; massive; friable when moist, very
slightly sticky and non-plastic when wet; clear smooth boundary; pH 5. 5.

Dark brown (7. SYR4/4 moist) gravelly loam; massive; friable when moist,
very slightly sticky and very slightly plastic when wet; gradual smooth bound-
ary; pH 5.5.
Dark yellowish brown (1OYR4/4 moist) sandy loam; massive; friable when
moist, slightly sticky and non-plastic when wet; gradual smooth boundary;
pH 5.8.

Dark brown (1OYR4/3 moist) coarse sand; massive; friable when moist; non-
sticky and non-plastic when wet; abrupt smooth boundary; pH 6.0.

Dark yellowish brown (1OYR4/4 moist) gritty clay loam; massive; firm when
moist; sticky and plastic when wet; pH 6.5.

There are numerous lapilli and basalt fragments in the IIAIb through IlC2b horizons. Roots are

abuudant down through the IIC b
horizon, decre asing below.

'Tentative series designation--similar to LaPine but lacking a coarse gravelly horizon.

C 11"-21"

IlAib 21"-25"

IIBt1, 25" -39"

IlCib 39"-45"

IIC2b 45tL.57'

IIIC3 57" +

Horizon Depth

01 3/4" -0"

Al 0"-2"

AC 2" -1 1"



Station 3- -Longbell loamy coarse sand

Pine litter.

Very dark gray brown (1OYP.3/2 moist) loamy coarse sand; weak fine
granular structure. Loose when dry, very friable when moist, nonsticky
and non-plastic when wet; abrupt smooth boundary; pH 5.5.

Dark yellowish brown (1OYR4/4 moist) loamy coarse sand; weak fine granu-
Jar structure; loose when dry, very friable when wet; clear smooth boundary
pH 6.3.

Light yellowish brown (1OYR5/6 moist) and brownish yellow (1OYR6/6 moist)
gravelly coarse sand; single grained; loose when dry, very friable when moiSt,
non-sticky and non-plastic when wet; abrupt wavy boundary; pH 6, 0.

Dark brown (7. 5YR4/4 moist) gravelly sandy loam; massive; very friable
when moist; non-sticky and non-plastic when wet; 30% by volume of lapilli
and gravel; clear smooth boundary; pH 6.0.

Dark yellowish brown (9YR4/4 moist) gravelly loam; massive; friable when
moist; very slightly sticky and very slightly plastic when wet; 30%-40% by
volume of apilli and gravel; clear wavy boundary; pH 6.5.

Yellowish brown (1OYR5/6 moist) gravelly sand; massive; very friable when
moist; non-sticky and non-plastic when wet; 50% by volume of lapilli and
gravel; pH 6.3.

1S8

Roots are abundant down through LIBt.b, few in IIcb.

IIAlb 22" -35"

HBtb 35" -44"

IIICb 44" +

Horizon Depth

01 3/4" -0"

Al O"-2"

AC 2"-lO"

C l0"-22"




