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INTRODUCTION
Shortleaf (Pinus echinata Mill.) and loblolly pine (P. taeda L.),
both principal components of upland sites in the Piedmont region of
the Southeast, are afflicted with littleleaf—a disease associated with
soil erosion.
Originally, the deep, friable, rich soils of the Piedmont bore climax
forests of oak, hickory, and other hardwoods, with scattered pine.
Although many sites were underlain with heavy and poorly drained
subsoils, tree growth was good when deep and rich surface soils were
present. As these stands were removed and the soils cultivated and
planted to row crops, sheet erosion began and continued. Rather
generally, when row-crop fields are abandoned in the Piedmont, the
land seeds in naturally to shortleaf and loblolly pines. This has
happened on millions of acres of former cottonfields. On many such
fields the trees have later been harvested, and the area farmed and
abandoned again. Then the wind sows pine seed once more. Each
succeeding cycle has resulted in decreased production as topsoil washed
away to redden Piedmont rivers. Surface horizons originally 18
inches and more in depth now measure only a few inches, and often
bare subsoil is exposed. As the soil mantle shrinks, forcing root
growth of trees closer to and finally into the subsoil, growth declines.
The effect is less severe where the subsoil is friable, light, and adequately drained. On plastic, heavy, and poorly drained subsoils,
however, growth retardation is marked and continuing. It is on
such sites that littleleaf is found.
Several investigators (13^ 14j 25y have demonstrated that in
littleleaf, chlorosis, reduction in needle, shoot, and diameter growth,
and eventual death arise from a nitrogen deficiency in the tree resulting from the gradual killing of its fine absorbing roots. Recent
work by Campbell and Copeland {6) and Zak and Campbell {30)
indicates that Phytophthora cinnamomi Rands is largely responsible
for this root damage. The greatest incidence of littleleaf was found
on heavy, poorly drained soils; incidence was progressively less on
soils of coarser texture and better drainage. Poor soil aeration, low
fertility, and periodic moisture stress are suggested as contributing
to the development of the disease.
Although poor soil aeration is believed to be involved in the development of littleleaf, no study of its importance has been made.
Nothing is known of the relative tolerance of shortleaf and loblolly
pine to inadequate soil oxygen and excess carbon dioxide. Poor soil
aeration may hasten the onset of littleleaf by reducing root growth
and by interfering with the absorption of water and minerals. Poor
aeration may also favor the growth and development of Phytophthora
cinnamomi by decreasing competition and antagonism of other microorganisms, particularly other soil fungi and bacteria.
The present study was undertaken to explore the relation of soil
aeration to littleleaf, including (1) the effect of various degrees of
soil aeration on the growth and development of shortleaf and loblolly
1 Italic numbers in parentheses refer to Literature Cited, page 29.
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pine seedlings and the tolerance of these species to poor soil aeration,
(2) the relation of soil aeration to the pathogenicity of Phytophthora
cinnamomi and to the susceptibility of the host roots to attack by
this fungus, and (3) the effect of soil texture, soil moisture, and
related degrees of soil aeration on root injury produced by P.
cinnamomi.

PREVIOUS WORK
Several other diseases resulting primarily from root injury by
Phytophthora cinnamomi under conditions of poor soil drainage have
been reported. Zentmeyer and Klotz (31) in their work on avocado
decline have shown that this pathogen causes greatest losses in excessively irrigated orchards located on heavy soils. Curtis (10) in a
further investigation of this disease found that avocado roots were
extremely sensitive to low soil oxygen and concluded that extra precautions must be taken to prevent waterlogging of the soil. Studies
by Anderson (1 ) on pineapple root rot indicate that heavest infection
by P. cinnamomi occurs in wet and poorly drained soils. In a study
of root rot of guayule produced by a similar water mold, P. drechsleri,
Braun ^ found that injury was most prevalent on the heavy and poorly
drained soils. In light and well-drained soils, infection of guayule
roots could usually be traced to an unusually heavy rainfall or excessive irrigation. A controlled greenhouse study showed that waterlogging the soil favored infection by P. drechsleri. Aeration of the
waterlogged soil with compressed air retarded wilting, but appeared
to affect neither the pathogenicity of the fungus nor the susceptibility
of the host. Waterlogging in the absence of the fungus produced
wilting, but adequate aeration prevented this response.
A new disease of Pinus radiata in New Zealand has recently been
reported by Newhook.^ Root injury by Phytophthora cinnamomi
and P. cactorum and excessive rains during the growing season are
listed as principal causal factors. A close similarity of this malady
to littleleaf was noted by Newhook after a visit to Southeastern
United States.
Considerable work on soil aeration and on the effects of low soil
oxygen and high carbon dioxide has been done with crop plants.
Aeration studies with agricultural soils have shown that many of the
heavier soils are too poorly aerated for good plant growth. Leonard
{18) found less than 1 percent oxygen in the soil for extended periods
at 16-inch and occasionally at 8-inch depths in Houston clay in Mississippi. Boynton and Reuther (4) in a study of orchard soils found
anaerobic conditions at a depth of 2 feet in a silty clay from November
to April. A sandy loam had relatively high percentages of oxygen
throughout the year even at depths to 6 feet. Maximum carbon dioxide in the silty clay was 13 percent but only 3.4 percent in the sandy
loam. A carbon dioxide concentration of 33.6 percent was reported
by Heinicke and Boynton {12) in a very heavy soil during the growing
season.
2 Braun, A. J. Phytophthora root rot of guayule. 1947. (Unpublished thesis.
Copy on file at Oregon State College.)
3 Newhook, F. J. The association of Phytophthora spp. with mortality of
Pinus radiata and other conifers I. 1958. (Unpublished Report, Dept. Sei.
and Indus. Res., Auckland, New Zealand.)
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The tolerance of plant roots to a low oxygen and a high carbon
dioxide content in the soil atmosphere has been studied by many
investigators. Comprehensive reviews of this work are given by
Kramer (17) and Peterson (22). In general, root growth is retarded
and water and mineral absorption reduced by deficiencies of oxygen
in poorly aerated soils. The effect of excess carbon dioxide in many
heavy soils is not clear, but it appears to be of lesser importance than
low soil oxygen.
Poor soil aeration has been considered responsible for the unsatisfactory growth of forest trees on certain soils. Coile (8), studying
the relation of soil characteristics to site index in the Piedmont,
concluded that soil aeration is an important factor in determining the
quality of land for forests. Stoeckeler (26) found big-tooth aspen in
the Lake States more abundant on light than on heavy soils. Since
this species also occurs on knolls and on the drier sites, he suggested
that it requires well-aerated soils for good growth. A dying of red
pine on poorly drained sites in New York has recently been described
by Stone et al. (27). They were unable to find any pathogen associated with this condition and concluded that deficient soil aeration
was responsible for root injury and death. Campbell and Copeland *
have observed a similar dying of trees in loblolly pine plantations in
the Piedmont. They suggest that poor aeration resulting from
inadequate internal drainage of the heavy soils may be the major
factor in the deterioration of plantations on these sites.
Very few studies of aeration conditions in forest soils have been
made, however. Thomson and McComb (28) examined the soil
atmosphere in several forest communities in central Iowa. They
found that the soils with the greatest noncapillary pore space volume
had the highest oxygen and the lowest carbon dioxide contents
throughout the year. Aeration decreased with depth and with increasing soil moisture. The lowest oxygen and highest carbon dioxide
levels encountered were 1.6 and 15.8 percent, respectively. These
were found at the 3-foot depth in a soil under a cottonwood-willow
forest type. Duncan (11), however, in a study of three Piedmont
forest soils found adequate soil aeration in April and October even at
2-foot depths. In each case the soil oxygen content was above 20
percent. The highest carbon dioxide content was 1.6 percent.
Conclusions regarding the tolerance of forest tree species to poor
soil aeration have often been based upon assumption rather than
factual data. In a recent study, however, Leyton (19) found that root
growth of both Norway spruce and Scotch pine was reduced when the
oxygen supply was decreased. Total exclusion of oxygen caused
complete cessation of growth and, if continued beyond 24 hours,
death of the seedlings. A few studies have been made on the effects
of flooded soil. Parker (21) obtained a decrease in transpiration by
flooding the soil under several forest tree species including loblolly
pine. Hunt (15) in a similar study with shortleaf, loblolly, and pond
pine seedlings found only a slight reduction in height growth as the
result of flooding with standing water. Damage to roots, however,
was considerable.
4 Campbell, W. A., and Copeland, O. L., Jr. Spot dying in loblolly pine plantations. 1953. (Unpublished report, U.S. Forest Service, Southeastern Forest
Experiment Station.)
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PLAN OF STUDY
Two experiments, each a study of soil aeration by the use of different techniques, were performed in the greenhouse with potted
1-year-old seedlings of shortleaf and loblolly pine. In the first, soil
aeration was varied by forcing different mixtures of oxygen, carbon
dioxide, and nitrogen through a sandy soil. And in the second,
natural soils of different texture were employed, ranging from a sâ^nd
to a clay with two levels of watering. A study of the effects of
Phytophthora cinnamomi on root development was included in both
investigations. These experiments are referred to as: Experiment
1, Effects of soil aeration and Phytophthora cinnamomi on root
development and seedling growth; and Experiment 2, Effects of soil
texture, Phytophthora cinnamomi, and soil moisture on root development and seedling growth.

GENERAL TECHNIQUES
Several lots of soil were tested for the presence of Phytophthora
cinnamomi by Campbell's (6) apple technique. Only those which
gave negative tests for the fungus were retained and utilized in these
experiments.
. Nursery grown 1-year-old shortleaf and loblolly pine seedlings were
selected for uniformity of size and potted' in 2-gallon glazed crocks
during April. They were moved into the greenhouse shortly thereafter, where they remained for 2 years except for a 3-month period
during the first winter, when they were left outside.
Three isolations of Phytophthora cinnamomi were made from soil
from a littleleaf site near Athens, Ga. These isolates were transferred
to Tochinai ^ solution in 1-quart Mason jars after 5 days growth on
cornmeal agar. One month later the mycehal mats were removed,
rinsed, and chopped into a slurry with tapwater. Equal volumes of
this slurry were added to each crock of the inoculated series in both
experiments. The first inoculation was made 2 months after the
seedhngs were potted. At the time of inoculation, plain tapwater
was added to the soil of the control series. A second inoculation,
employing a water mixture of mycelium with cultured swarm spores,
was made 6 months later. Finally, a third and final inoculation was
made 4 months after the second. Cooked wheat grains inoculated 3
months previously with P. cinnamomi were chopped into fine pieces
and added to the soil at the rate of 1 heaping teaspoonful to each
crock in the inoculated series of both experiments. A like amount of
sterilized, cooked, and uninoculated chopped wheat was added to the
soil of the control series.
At the conclusion of the experiments, the following data for each
seedling were recorded and subjected to statistical analysis: (1) total
height in centinieters; (2) ovendry weight of top in grams; (3) ovendry
weight of roots in grams; (4) ovendry total weight in grams; (5) roottop ratio; and (6) relative abundance of mycorrhizae. Total height
as the distance from the soil surface to the tip of the terminal bud was
« 10.00 gm. peptone; 0.50 gm. monopotassium phosphate; 0.25 gm. magnesium
sulfate; 20.00 gm. maltose; 1000.00 cc. water.
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measured to the nearest tenth of a centimeter. Ovendry weights
were determined from finely cut material dried for 24 hours at 100° C.
Weight was recorded to the nearest one-hundredth of a gram. Limited
space prevents inclusion of all these data in the results sections; only
those which best express the outcome of these studies are shown.
The relative abundance of mycorrhizae for each seedling was determined by an arbitrary classification involving six classes of relative
abundance as follows :
Class Index:

Relative abundance of mycorrhizae

10
20
30
40
50
60

None.
Very few.
Few.
Moderately abundant.
Very abundant.
Extremely abundant.

The root systems were severed from their respective seedlings,
tagged, and placed together. Next, individual root systems were
randomly selected, carefully examined, and classified as to the relative abundance of mycorrhizae. This was done without knowledge
by the examiner of treatment or replication. The procedure was
repeated and a mean value of the two examinations computed for
each tree. Over 70 percent of the root systems were placed in the
same class in both examinations. For about 25 percent the discrepancy was only one class difference, and for about 5 percent the difference was as great as two or three classes.

EXPERIMENT 1
Effects of Soil Aeration and Phytophthora Cinnamomi on Root
Development and Seedling Growth
Poor soil aeration may imply not only a low oxygen but also a high
carbon dioxide content in the soil atmosphere. To separate the
effects of varying concentrations of oxygen and carbon dioxide on
plant growth, a common method is to grow seedlings in liquid medium
through which various gas mixtures are bubbled. A disadvantage
of this method is the use of an unnatural medium for the root system.
The results, therefore, must be interpreted with care. A better
method is to use soil as the root medium, forcing the gasses through
under slight pressure. This technique was used by Cannon and Free
(7) and others in studying the effects of soil aeration on plant growth.
A similar technique was employed in the present study to ascertain
the effects of good and poor soil aeration on the growth of shortleaf
and loblolly pine seedlings, and the development of the roots and
mycorrhizae.
A test of the pathogenicity of Phytophthora cinnamomi on roots of
shortleaf and loblolly pine under different conditions of soil aeration
was also included in the study. The fungus is commonly referred to
as a ^ Vater mold,'^ because it appears to attack most vigorously in
wet and poorly drained soils. It is generally believed that a high
soil water content promotes zoospore development and even facilitates
their movement in attacking roots. It is not known, however,
whether poor soil aeration alone has any influence, either directly or
indirectly, upon the pathogen.
593826 O—61
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Method of Study
Eighty shortleaf and 80 loblolly 1-year-old pine seedlings were
potted. The soil employed was Norfolk fine sand to which additional
coarse, washed sand was added in the ratio of 2 parts of soil to 1 part
of sand by volume. The organic content was increased by adding
partially decomposed litter from a mature shortleaf-lobloUy pine
stand, 1 part organic matter to 150 parts of the soil mixture by volume.
The final soil medium contained 93 percent sand, 4 percent silt, and 3
percent clay.
One shortleaf and one loblolly pine seedling were planted in each
crock, arranged as illustrated in figure 1. Melted paraffin was poured
over the soil surface, and the edges along the container wall were
sealed with roofing cement. Two holes for watering were cut through
the paraflin layer into the soil and rubber stoppers inserted. Gas
sampling tubes patterned after those used by Boynton and Reuther
(4) were embedded in the soil between the two seedlings.
Two of four aeration treatments consisted of forcing mixtures
of carbon dioxide, oxygen, and nitrogen through the "soil. These
preparations were obtained already compounded, but the contents of
each cylinder were analyzed with a Haldane portable gas analysis
apparatus to check the correctness of the mixture. A third treatment
employed compressed air, and the fourth was the control, as indicated
in table 1.

-Roofing cement

Gas sampling.
tube

Ur

/^ —2- gallon glazed
crock

Fine gravel -

-Gravel

Water drainage tube
To gas distribution tank
Pinch clamp

1.—Arrangement of components in typical crock of Experiment 1.
Seedlings (one shortleaf and one lobloll}^ pine) are not shown. In control
series (I) roofing cement was omitted, watering holes in paraffin layer left
uncovered, and water drainage and gas inlet tubes allow^ed to remain open.

FIGURE
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1.—6as treatments employed in Experiment 1
Composition of gas mixture

Treatment

I. Control—no forced aeration.
Surface of soil covered
with paraffin layer as in
other treatments, but roofing cement was omitted
and watering holes and
water drainage and gas inlet tubes left open.
II. Compressed air
III. Special mixture
IV. Special mixture.

As introduced into
soil

After passage through
soil '

0.0%CO2, 21.0 %02,
balance N2.
10.1%CO2, 1.5%02,
balance N2.
9.4%C02, 20.9%O2,
balance Nj.

1.2%C02, 20.4 %02,
balance N2.
10.0 %C02, 5.2 %02,
balance Nj.
9.3%C02, 20.3 %02,
balance Nj.

' Based upon 150 individual extractions from gas sampUng tubes.

The forced gas treatments II, III, and IV were applied through
distribution tanks consisting of 5-gallon metal drums fitted with 20
outlet tubes (fig. 2). A sensitive cahbrated flowmeter was used to
maintain the rate of flow to each tank at 0.15 liters per minute, or

r-489338

FIGURE

2.—Bench layout of Experiment 1, showing gas distribution tanks.
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approximately 0.45 liters per hour per crock. After the gas had
moved upward through the soil mass, it was allowed to escape through
the copper tube attached to the gas sampling tube. Although the
distribution tanks also served as water traps, additional traps were
installed in several individual lines leading to the crocks to maintain
a free flow of gas.
Gas samples were periodically extracted from randomly selected
crocks in each treatment series, except the control, and analyzed with
the Haldane apparatus and the Beckman oxygen analyzer. Data
from these samplings, as shown in table 1, closely reflect actual soil
atmosphere.
Seedlings were watered once every 2 or 3 days. However, excessive
application of water was avoided to prevent leaching. Commercial
Hyponex fertilizer dissolved in water was applied eight times to the
soil during the course of this experiment.
Phytophthora cinnamomi inoculum was added three times to the
soil of the inoculated series. The first two inoculations were made
with finely chopped mycelium from liquid cultures of the fungus and
the third from mycelium growing on sterilized wheat. All inoculations were made through the watering holes in the paraffin soil covering. The control series in the first two inoculation attempts received
tapwater and in the third inoculation chopped and sterilized wheat.

s
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3.—General comparison of shortleaf (S) and loblolly (L) pine in Experiment 1: A, Height in centimeters; B, top weight in grams; C, root weight in
grams; D, total weight in grams; E, root-top ratio; F, relative abundance
of mycorrhizae. Each value is the mean of 80 seedlings. Difference required
between two values for significance at 5 and 1 percent levels is indicated (SD).
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The 4 gas treatments were each rephcated 20 times in spHt-plot
(1 shortleaf and 1 loblolly pine seedling were planted in each pot)
randomized blocks. The soil in one-half of each gas series was inoculated with Phytophthora cinnamomi and the other half treated as
control.

Results and Discussion
Based on an average of all treatments, the total height of loblolly
was considerably greater than that of shortleaf (fig. 3). The two
species differed very little in top weight, but shortleaf produced a
significantly heavier and more fibrous root system than did loblolly.

B%^ CONTROL
iSiJia COMPRESSED
L^$>^ 10% CO2,
t=|

AIR

5% O2, BALANCE Ng

9% CO2, 20% O2, BALANCE Ng

4.—Comparison of root and top growth of shortleaf (S) and loblolly (L)
pine for the different gas treatments in Experiment 1: A, Top weight; B, root
weight; C, total weight; D, root-top ratio; E, relative abundance of mycorrhizae.
Each value is the mean of 20 seedlings. Difference required between two
values for significance at 5 and 1 percent levels is indicated (SD).

FIGURE
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5.—-Uninoculated shortleaf and loblolly pine seedlings after 2 years'
treatment in Experiment 1. A and B, Gas treatment I (see table 1); C and
D, gas treatment II; E and F, gas treatment III; G and H, gas treatment IV.
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The greater weight of the shortleaf root system is further evidenced
by the higher root-top ratio (transformed to arc sin VK7T~>OÖÖ for
statistical analysis) of this species. Loblolly appeared to have a higher
relative abundance of mycorrhizae. However, shortleaf, with its
larger root system probably had a greater mass of mycorrhizae than
loblolly.
Root and top growth of shortleaf and loblolly pine for the different
gas treatments are compared in figures 4 and 5. Poor aeration of
treatment III caused a decline in total height, and in the top, root,
and total ovendry weights of both species. A reduction in needle
length, with moderate chlorosis was also noted. The low oxygen
level (5 percent), rather than the high carbon dioxide level (10 percent)
is believed responsible for this drop in growth. This conclusion is
supported by the lack of injury in treatment IV, in which the soil
atmosphere was maintained at the same level of carbon dioxide but
with 20 percent oxygen.
The two species responded differently to poor aeration. Shortleaf
apparently fared more poorly with low soil oxygen than did loblolly
pine, as reflected principally by root data. Compared with the control
(treatment I) of each species, treatment III caused 54 percent reduction in root weight for shortleaf but only 22 percent for loblolly. This
may help to explain why shortleaf commonly occupies the drier and
loblolly the wetter sites in the Piedmont region of the Southeast.
The relative abundance of mycorrhizae in the four gas treatments
followed the same pattern in both species, although the overall
abundance was slightly higher in loblolly. Mycorrhizae developed
best under treatment IV, followed by treatments II, I, and III (fig.
4:,E). The marked increase in treatment IV suggests a beneficial
effect of high (9 percent) carbon dioxide concentration in the soil in the
presence of adequate oxygen.
The results indicate that shortleaf roots are more susceptible to
damage by Phytophthora cinnamomi than are those of loblolly pine. A
significant reduction in ovendry root weight and in root-top ratio of
shortleaf only was noted in the inoculated series (fig. 6). Total
height, top, and total ovendry weight and abundance of mycorrhizae
also were less in this series. In contrast, loblolly grew better in the
series with P. cinnamomi than in the noninoculated group. Although
statistical significance within any one measure of tree growth as
shown is lacking, this difference is consistent in all data of this experiment and in that of Experiment 2 and hence may be considered a
valid difference. The reduced capacity of injured shortleaf roots to
compete against loblolly in the same itrbculated pot for water and
nutrients resulted in improved growth of the latter species. This
response by loblolly indirectly reflects the injury to shortleaf roots.
No meaningful differences were noted in the comparison of gas
treatments, Phytophthora cinnamomi, and species; this data, therefore,
is not shown. It may be concluded that damage to the roots of
either shortleaf or loblolly pine by P. cinnamomi was not altered by
any of the gas treatments.
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W^ ^'TH PHYTOPHTHORA CINNAMOMI IN SOIL

[jjij WITHOUT PHYTOPHTHORA CINNAMOMI IN SOIL

6.—Comparison of shortleaf (S) and loblolly (L) pine development in
soil with and without Phytophthora cinnamomi in Experiment 1: A, Height;
B, top weight; C, root weight; D, total weight; E, root-top ratio; F, relative
abundance of mycorrhizae. Each value is the mean of 40 seedlings. Difference
required between two values for significance at 5 and 1 percent levels is indicated (SD).

FIGURE

EXPERIMENT 2
Effects of Soil Texture, Phytophthora Cinnamomi^ and Soil
Moisture on Root Development and Seedling Growth
In a further study of soil aeration and Phytophthora cinnamomi in
relation to the growth of shortleaf and loblolly pine, a number of
natural soils ranging in texture from sand to clay were employed to
effect varying degrees of soil aeration. This experiment also made
possible a sturdy of the pathogenicity of P. cinnamomi in soils of
different texture. In a study by Campbell and Copeland (6), actual
inoculation tests were made only with shortleaf pine in a moderately
heavy soil. It was deemed advisable to extend this study to include
both shortleaf and loblolly pine and to ascertain more fully the
influence of soil texture upon the pathogenicity of P. cinnamomi.
Two levels of watering were also included in this experiment to
investigate (1) the degree of soil wetness required for vigorous attack
by Phytophthora cinnamomi; (2) the influence of excess soil water and
related effects upon the growth of shortleaf and loblolly pine; (3) the
interaction of soil texture and watering; and (4) the interaction of
soil texture, P. cinnamomi, and watering upon the growth of both
species.
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Method of Study
One shortleaf and one loblolly 1-year-old seedling were potted in
each 2-gallon glazed crock. Eight diflferent soils were used as potting
media (table 2). Each of these eight soils was obtained in areas
bearing shortleaf or loblolly pine reproduction, or in areas adjacent
to healthy stands of these species. Three of the soils came from
South Carolina, and the remaining five from Georgia.
The soils used for potting were screened and fertilized with commercial 4-4-12. Partly decomposed litter from a mature shortleaf
pine stand was added at the rate of 2% parts of litter to 40 parts of
soil by volume. The two clays were air-dried and the clods crushed
to pass through a }^-inch wire screen. In potting, a 1-inch layer of
gravel was placed in the bottom of the crocks. A 1-inch hole in the
base provided drainage. A )^-inch layer of peat moss was used to
prevent drying and cracking of the surface of several of the heavier
soils.
TABLE

2.—Description of soils used in Experiment 2
Type

Soil
designation

Sand A
SandB
Loam A
Loam B
Silt A
Silt B
Clay A
Clay B

Norfolk fine sand
Loamy sand ^
Cecil sandy loam
do
Silt loam 1
do 1

Iredell clay
Mecklenburg clay

Horizon

A
A
A
A
A
A
2B
3B

Mechanical analysis
Sand

Silt

Clay

Percent
89. 7
84.9
62. 1
68.0
19.7
29.3
25.5
42.0

Percent
5.6
9.8
2L7
17. 9
59.0
52.0
31.5
20.3

Percent
4.7
5.4
16.3
14. 1
2L3
18.7
43.0
37. 7

Source

Gray, Ga.
Union, S.C.
Athens, Ga.
Do.
Amity, Ga.
Do.
Union, S.C.
Do.

1 Unidentified.
2 3 inches of topsoil present.
3 No surface soil present.

The two levels of watering, designated "moderately wet'' and "very
wet,'' were maintained by the frequency of water application. During
the first growing season the moderately wet series was watered once
every 2 days and the very wet series once each day. In the second
growing season the frequency was increased so that the moderately
wet series received one application and the very wet series two applications each day. Moisture conditions in Sand A, Loam A, Silt A,
and Clay A in both watering series toward the end of the second
growing season are depicted in figure 7. Commercial Hyponex fertilizer in liquid solution was applied eight times to the soil of all series
during the two growing seasons.
An equal amount of inoculum of Phytophthora cinnamomi was added
to the soil of each crock in half of each series. Three separate inoculations were made during the two growing seasons. The inoculation
was made in six holes each 3 inches deep around the two seedlings.
After the inoculum had been poured into the holes, the openings were
tamped shut. In the first and second inoculations the control group
593826 O^ei,
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7.—Percent moisture in soils of A series in Experiment 2 during typical
24-hour period near end of second growing season. Samples were taken at
depth of 2.5 inches in randomly selected crocks of the very wet and moderately
wet groups. The former was watered at 8 a.m. and 4 p.m. and the latter
only at 8 a.m. each day.
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received tapwater in place of inoculum, and in the third inoculation
chopped, sterilized wheat was added to the soil.
The study was set up in randomized blocks with spUt plots. The
treatments involved eight soils, two watering levels, and two inoculation levels spHt between shortleaf and loblolly pine. The 64 plots
or pots were rephcated 6 times. The bench location for each block
in the greenhouse was chosen at random, and the treatments were
randomized within one block. At the beginning of the second growing
season the complete layout was rerandomized to reduce position
effects.
Results and Discussion
A general comparison of growth characteristics of the two species,
based on an average of all treatments, is shown in figure 8. Total
height of loblolly was significantly greater than that of shortleaf, as in
Experiment 1. However, no difference was evident in the top weight
of the two species. The root weight of shortleaf was considerably
greater than that of loblolly. This superiority was reflected in the
larger total weight and also in the ratio of root to top (expressed as
arc sin VR/T X 100 for statistical analysis) of shortleaf. As in
Experiment 1, loblolly appeared to have a greater relative abundance
of mycorrhizae but, as suggested, shortleaf pine probably possessed
a larger mass of mycorrhizae owing to its heavier root system.
The best root growth for both species was made in Silt A, and poorest growth in Clay A (fig. 9). The data suggest a steady increase in
growth for loblolly, from the sands through the loams to the silts.
This response was less strong with shortleaf pine. The data also
suggest that shortleaf grew somewhat better in Clay A and Clay B
than did loblolly.
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8.—General comparison of shortleaf (S) and loblolly (L) pine in Experiment 2: A, Height; B, top weight; C, root weight; D, total weight; E, roottop ratio; F, relative abundance of mycorrhizae. Each value is the mean of
192 seedlings. Difference required between two values for significance at
5 and 1 percent levels is indicated (SD).

FIGURE

The excellent growth by both species in Silt A may be attributed
to several factors. Although the texture of this soil was rather fine,
aeration was satisfactory and leaching negUgible in pot cultures.
Available nutrients were fairly high (table 3), and the organic content
TABLE

3.—Results of a rapid chemical test of fertility at the end of the
second growing season on soils used in Experiment 2
[In pounds per acre]

Soil

Sand A
Sand B
Loam A
Loam B
Silt A
Silt B
Clay A__-_
Clay B.___

K2O

P2O5

NO3
Moderately
wet 1

Very
wet

Mean

30
30
40
40
40
35
5
5

23
20
25
15
30
10
5
5

27
25
33
28
35
23
5
5

Moder- Very
wet
ately
wet

Mean

68
126
17
42
14
-8
9
6

71
144
21
47
15
10
12
7

73
161
25
51
16
12
14
8

1 Each value is the mean of 2 sample crocks.

Moder- Very
wet
ately
wet
120
96
370
270
280
204
69
98

44
32
237
193
212
134
63
90

Mean

82
64
304
232
246
169
66
94
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9.—Comparison of shortleaf (S) and loblolly (L) pine root growth in four
soil types, Experiment 2. Each value is the mean of 24 seedlings. Difference
required between two values for significance at 5 and 1 percent levels is indicated (SD).
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was probably adequate for good mycorrhizal development. The very
poor growth in Clay A probably resulted from poor aeration, low
available nutrients, and inadequate organic matter.
A differential response between shortleaf and loblolly pine to soil
fertility and aeration is suggested by the root weights shown in figure
9. Shortleaf grew relatively better than loblolly pine in Clay A and
Clay B. This difference was also noted in top and total weight data
(not shown). Both soils were probably poorly aerated under the high
moisture levels maintained, especially Clay A, and both contained
very low amounts of available nutrients, particularly NO3. Therefore,
the poor growth response in these soils by both species may be attributed to a combination of these factors. Loblolly showed a somewhat
greater tolerance to poor soil aeration than shortleaf pine (Experiment
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1). Yet in these inadequately aerated clays it displayed relatively
poorer ^owth than shortleaf pine. This behavior suggests that shortleai IS able to grow better than loblolly in soils having low levels of
available nutrients.
In the sands, leaching probably accounted for the slower growth in
the very wet series. However, in the loams, sUts, and possibly in
Clay B a combination of leaching and soil aeration was involved
in the very heavy Clay A, excessive watering markedly reduced soil
aeration The root-weight data for Sand A and B in figure 10 indicate a difference between shortleaf and loblolly pine in their response

sp

MODERATELY WET

10.—Comparison of shortleaf (S) and loblolly (L) pine root growth in
four soil types and at two watering levels, Experiment 2. Each value is the
mean of 12 seedlings. Difference required between two values for significance
at 5 and 1 percent levels is indicated (SD).

FIGURE
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to high soil moisture. The relatively poorer growth of loblolly pine
in the very wet series of these two soils again suggests less tolerance
to low levels of available nutrients than shortleaf. Heavy watering
of Clay A caused a much greater relative reduction in the growth of
shortleaf, indicating, as in Experiment 1, that loblolly pine is more
tolerant of poor soil aeration. The lack of such response in Clay B
may be explained by its coarser texture (table 2), especially its sand
content, and consequently better aeration. In general, excessive
watering appeared to produce a greater reduction in the growth of
loblolly than in shortleaf pine in the Hghter soils or those of coarser
texture. In the heavier soils, with the exception of Clay B, excessive
watering produced a greater reduction in the growth of shortleaf.
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11.—Relative abundance of mycorrhizae of shortleaf (S) and loblolly (L)
pine seedlings grown in various soils of Experiment 2. Each value is the mean
of 24 trees. Difference required between two values for significance at 5 and
1 percent levels is indicated (SD).
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This same relationship was also expressed by height, top weight, and
total weight data which are not shown.
Best mycorrhizal development for both species occurred in the sand,
loam and silt soils and poorest in the clays (fig. 11). This indicates,
in part, the beneficial effects of adequate soil oxygen in the formation
of mycorrhizae, as was shown in Experiment 1.
The presence of Phytophthora cinnamomi in the soil caused a significant drop in root weight and root-top ratio of shortleaf pine (fig.
12). As in Experiment 1, loblolly pine grew somewhat better in the
inoculated than in the noninoculated sous. The weakened root system of shortleaf in the inoculated crock caused a reduction in competition by this species and probably allowed the loblolly seedling in the
same container to improve its growth. Evidently, loblolly pine roots
are much less susceptible to attack and injury by P. cinnamomi tdban
are those of shortleaf pine.
Root systèmes of the two species grown in the inoculated and control
series of the ^'A^^ group of soils (Sand A, Loam A, Silt A, and Clay A),
each at two levels of wetness, are depicted in figures 13 through 16.
Shortleaf roots exhibit considerable damage in soils infected with
Phytophthora cinnamomi, while those of loblolly appear uninjured.

WITH PHYTOPHTHORA CINNAMOMI IN SOIL

WITHOUT PHYTOPHTHORA CINNAMOMI IN SOIL

12.—Comparison of shortleaf (S) and loblolly (L) pine development in
soil with and without Phytophthora cinnamomi, Experiment 2: A, Height; B,
top weight; C, root weight; D, total weight; E, root-top ratio; F, relative
abundance of mycorrhizae. Each value is the mean of 96 seedlings. Difference required between two values for significance at 5 and 1 percent levels is
indicated (SD).

FIGURE
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Most damage occurred in the heavier soils, particularly Clays A (fig.
16) and B (not shown), and least in the coarse textured soils. Excessive watering caused further root injury so that a combination of this
factor, attack by P. cinnamomiy and heavy soil resulted in greatest
damage to shortleaf pine roots. The effects on the shortleaf pine root
system of soil texture, excessive moisture, and P. cinnamomi are
strikingly apparent when sand (fig. 13, C and D) is compared with
clay (fig. 16, C and D). Figures 13, 14, 15, and 16 graphically illustrate progressive deterioration in the inoculated wet soil series as soil
texture becomes heavier.
Other comparisons of species, soils, Phytophthora cinnamomi^ and
watering, based on fewer replications, are not shown because of lack
of meaning in data.

GENERAL DISCUSSION
The results of the growth comparisons of shortleaf and loblolly pine
in the two experiments were very similar. The total height growth of
loblolly exceeded that of shortleaf pine. Practically no difference was
evident in the ovendry weight of the tops. However, a consistent
difference was obtained in root weight and in root-top ratio, that of
shortleaf being greater in each case. Although loblolly appeared to
produce more mycorrhizae per unit weight of root, shortleaf undoubtedly possessed a greater mass of these structures owing to its larger
root system.
Shortleaf pine reaches its best development on medium to slightly
heavy-textured, well-drained soils in the Piedmont, while loblolly pine
does best on the wetter sites. Oosting {20) suggested that bottomland pine stands were more commonly dominated by loblolly than by
shortleaf pine. Whether or not this difference is based on the different
soil moisture requirements of the two species is not clear. Results of
the present study suggest that shortleaf pine, at least in its juvenile
stage, is better able to utilize meager amounts of available soil water.
Its larger root system, with presumably greater absorptive surface,
should afford this species an advantage over loblolly pine when soil
moisture is deficient. However, Copeland («9), in his field study of
root mortality, found a deeper distribution of the roots of 40-year-old
loblolly than those of comparable shortleaf pine. He also found the
roots of shortleaf larger in number and smaller in size than those of
loblolly pine.
The response of the two species under various degrees of soil aeration
is of interest. As demonstrated in Experiment 1, both shortleaf and
loblolly pine were injured when grown in a soil atmosphere containing
5 percent oxygen, 10 percent carbon dioxide, and 85 percent nitrogen,
but made normal growth in 20 percent oxygen, 9 percent carbon dioxide, and 71 percent nitrogen. A further indication of the effects of
poor soil aeration on the growth of shortleaf and loblolly pine is shown
in Experiment 2. The poor growth of both species in the heavy clay
soils of that study is attributed in part to poor aeration. In both experiments loblolly exhibited a greater tolerance to poor soil aeration
than did shortleaf pine.
The low level (5 percent) of oxygen used in Experiment 1 may represent an extreme condition rarely encountered in the field. Duncan
{11) y for example, in sampling the soil air in three Piedmont soils in
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13.—Shortleaf and loblolly pine seedling roots in Sand A in Experiment 2: A and C, Soil inoculated with Phytophthora cinnamomi;
B and D, soil uninoculated; A and B, soil moderately wet; C and D, soil very wet.
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14.—Shortleaf and loblolly pine seedling roots in Loam A in Experiment 2: A and C, Soil inoculated with Phytophthora cinnamomi;
B and D, soil uninoculated; A and B, soil moderately wet; C and Z), soil very wet.
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15.—^Shortleaf and loblolly pine seedling roots in Silt A in Experiment 2: A and C, Soil inoculated with Phytophthora cinnamomi;
B and D, soil uninoculated; A and B, soil moderately wet; C and D, soil very wet.

ce

^

n

Ti'n

d
Ö
M

o

■»I

>

n
w
B

^'^^,M : í\\Vl-\

1**^ Is A A.

t—r

i
H
^

o

SHORTLEAF
FIGURE

LOBLOLLY

16.—-Shortleaf and loblolly pine seedling roots in Clay A in Experiment 2: A and C, Soil inoculated with Phytophthora cinnamomi;
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April and October, found concentrations of oxygen no lower than 20
percent and of carbon dioxide no greater than 1.6 percent even at 2foot depths. Others studying agricultural and orchard soils have
found considerably lower oxygen and higher carbon dioxide values.
And, as pointed out by Baver (2) and Boynton and Compton {3), the
composition of the free air in a soil cannot be considered a final measure
of soil aeration. The extraction and analysis of a sample from the soil
atmosphere gives very little information on conditions existing in the
pore spaces near or adjacent to the active root surfaces. Some degree
of anaerobism may exist in even some coarse soils, particularly when
biological activity is high. The ultimate expression of soil aeration
lies possibly in the dissolved phase, particularly in the water film
covering active root surfaces, as influenced by the partial pressures of
oxygen and carbon dioxide, temperature, and biological activity. A
practical method approaching this goal has been described by Hutchins
(16) for use in determining the oxygen supplying power of a soil.
The data of Experiment 2 suggest that loblolly pine is less tolerant
to conditions of low soil fertility than shortleaf. Further indication
of this apparent difference between the two species is given in Oosting's
statement (W)—^^'that loblolly occurs most often on the best sites,
Virginia pine on the poorest, and shortleaf on intermediate ones.''
Although both shortleaf and loblolly pine are affected by littleleaf,
the latter species is much less susceptible. Roth et al. (25) found,
on the basis of a 5-year record of littleleaf on 31 plots, that 3 percent
of the loblolly and 10 percent of the shortleaf pine died of this disease.
In a related study reported by Campbell and Copel and (6), 3 percent
of the loblolly and 13 percent of the shortleaf pine were found to be
affected by littleleaf in stands where these species occurred together.
The data of both Experiments 1 and 2 show that the roots of shortleaf pine are more susceptible to attack by Phytophthora cinnamomi
than are those of loblolly, particularly in the heavy soils. The pathogen caused little, if any, damage to the roots of loblolly pine and moderate injury to those of shortleaf pine. These results are in accord
with those of other investigations. Inoculation and root isolation
studies by Campbell, as reported by Campbell and Copeland (ff),
demonstrate that shortleaf roots are quite susceptible to attack by
P. cinnamomi and that injury by the fungus is a major factor in the
littleleaf disease of this species. In a further study made by Zak and
Campbell {SO), shortleaf and loblolly seedlings were grown in a nutrient
solution until root development was adequate. They were then transplanted into a water-soil mixture inoculated with P. cinnamomi. Infection of root tips by the fungus was observed after 3 days. A
comprehensive sampling of root tips revealed a significant difference
between the two species in the percentage of roots infected by P.
cinnamomi. This showed that 58 percent of shortleaf root sections
and only 39 percent of loblolly root sections were infected. This
difference in susceptibility of shortleaf and loblolly roots to injury by
the pathogen and the apparently greater tolerance of the latter species
to poor soil aeration helps explain the much higher incidence of littleleaf in shortleaf pine.
Results of the present studies suggest that poor soil aeration is not
an important factor in determining the pathogenicity of Phytophthora
cinnamomi. The greater activity of the fungus in wet soils can probably be attributed to a stimulation by the water of mycelial growth
and swarm spore production. Abundant water facilitates movement
of the swimming spores in attacking the host roots.
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On the heavy and poorly drained soils commonly associated with
the httleleaf disease, root injury probably results from attack by the
fungus and from the effects of poor soil aeration, particularly low soil
oxygen as indicated in the present study. Other factors may be
involved but to a lesser degree. Damage to the roots by the pathogen
probably occurs in early spring and in late fall when soil temperature
and moisture are favorable. This infection period coincides with the
periods of maximum root development of the hosts. Reed {21^) found
that the roots of loblolly and shortleaf pine in the Piedmont made the
most growth in April and May. And in Arkansas, Turner {%9)
found the greatest root elongation in the spring and again m the early
autumn. It is beheved that very little, if any, infection takes place
during the summer months, when soil temperatures are rather high
and moisture low.
During the spring and fall, abundant soil moisture is encountered,
producing anaerobism in the heavier soils at a time when the tree's
demand for soil oxygen is greatest. Those roots that escape damage
by the fungus will inadequately serve the nutritional needs of the tree.
Recovery from attack by the fungus is impeded by the reduced vigor
of the host, intensified further by low soil fertiUty and also by drought
conditions during the summer months.
Copeland in his survey of Piedmont soils in South Carohna, reported
by Campbell and Copeland (6), found a progressive increase in the
incidence of httleleaf from the well-drained to the poorly drained soils.
He and Campbell were unable to show any correlation between httleleaf incidence and the abundance of Phytophthora cinnamomi m the
soil. Their results and those of the present study suggest that poor
soil aeration is a major factor in the onset of httleleaf. Root infection
and injury by the fungus probably occurs even in the well-dramed soils
when soil moisture is adequate for fungal activity. But httleleaf is
absent or of low incidence on such soils because the otherwise favorable
growing conditions permit quick recovery of the tree.
Vigor of the host is beheved to be a controlling factor m the development of Httleleaf in pine. The pathogen is responsible for rather
mild injury, provided the tree can quickly replace lost roots. This
recuperative power will depend upon the actual vigor of the tree as
determined by inherent vigor modified by age and environment.
Actually, any condition which reduces vigor of the tree predisposes it
to Httleleaf if the pathogen is active in the soil.
The beHef that physiological aging of the tree is accompanied by a
decline in vigor and hence in regenerative capacity of its root system
allows a plausible explanation for the occurrence of Httleleaf in trees
only after they reach 20 years of age. As the tree grows older, it is
unable to recuperate sufficiently from attacks by Phytophthora
cinnamomi and graduaUy declines at a rate that depends on severity
Also, part of the variation in susceptibility to Httleleaf between
individuals of shortleaf pine and between shortleaf and loblolly pmes
may be due to differences in inherent vigor or in an innate regenerative
capacity of the root system.
The results obtained on mycorrhizal development m shortleaí and
lobloUy pine were, on the whole, difficult to analyze. The soil aeration
study of Experiment 1 indicates that adequate oxygen is necessary for
the abundant development of mycorrhizae. Rayner and Neilson-
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Jones (23) suggest a similar conclusion. Further support is given by
the results of Experiment 2. The results of Experiment 1 showed a
beneficial effect upon mycorrhizal development of a high concentration
of carbon dioxide when oxygen was adequate. The reasons for this
are not apparent. Except in the case of the sands, heavy watering,
as applied in Experiment 2, caused a reduction in mvcorrhizae,
presumably because of reduced soil aeration. Phytophthora cinnamomi appeared to restrict mycorrhizal development in shortleaf pine,
probably by its damaging effect on the root system as a whole.

SUMMARY AND CONCLUSIONS
A study was made of the effect of several soil factors on the growth
and development of shortleaf and loblolly pine, particularly in their
relation to the littleleaf disease of pine. Different treatments were
appHed to 1-year-old seedlings of both species for two full growing
seasons in the greenhouse. The effects of soil aeration were studied
by forcing different mixtures of carbon dioxide, oxygen, and nitrogen
through a sandy soil. This study was supplemented by growing
seedlings in natural soils varying in texture from sand to clay, with
two levels of watering.
The relative susceptibihty of shortleaf and loblolly pine to injury
by the water mold Phytophthora cinnamomi was also investigated to
supplement and clarify the results of other workers. An effort was
also made to determine more fully the soil conditions necessary for
maximum damage to the roots by this pathogen.
Some useful information on the relative tolerance of the two pine
species to low soil fertility was obtained.
Shortleaf developed a considerably larger root system with probably
a greater mass of mycorrhizae than did loblolly pine. Although the
total height growth of loblolly exceeded that of shortleaf pine, the
ovendry weight of the above-ground parts was the same. Consequently, the total ovendry weight and root-top ratio of shortleaf
was greater than that of loblolly pine.
Both species showed reduced growth in a soil atmosphere containing 5 percent oxygen, 10 percent carbon dioxide, and 85 percent
nitrogen, but made normal growth in 20 percent oxygen, 9 percent
carbon dioxide, and 71 percent nitrogen. Low soil oxygen was
responsible for the growth reduction ; concentrations of carbon dioxide
in the soil air as high as 9 or 10 percent did not appear to be harmful.
Loblolly showed a greater tolerance to poor soil aeration than did
shortleaf pine.
The growth of shortleaf appeared to be less affected by low levels
of soil nutrients than did the growth of loblolly pine.
The greater abundance of shortleaf pine on the drier, better drained,
and lower nutrient soils in the Piedmont may be, therefore, attributed
in part to its larger root system, lower tolerance to poor soil aeration,
and lower demand for soil nutrients.
The inoculation tests with Phytophthora cinnamomi confirm the
results of others that shortleaf pine roots are more susceptible to
injury by this fungus than are those of loblolly pine.
Low soil oxygen supply alone did not affect the pathogenicity of
Phytophthora cinnamomi. The effect of abundant soil moisture in
producing heavy damage by the fungus is believed related to
mycehal growth and zoospore formation.
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The implications of these results to the littleleaf disease of pine
are discussed. Support is given to the conclusions of others that this
disease is the result of root injury by Phytophthora cinnamomi in
heavy and wet soils, aggravated by poor soil aeration and low soil
fertility. Lack of vigor or regenerative capacity, as determined by
inherent factors conditioned by the environment, following repeated
attacks by the pathogen, prevents recuperation of the root system
and littleleaf follows. The relatively low susceptibility of loblolly to
root injury by P. cinnamomi, its greater tolerance to poor soil aeration,
and its higher inherent vigor explain the much smaller incidence of
littleleaf in loblolly than in shortleaf pine.
These studies support the belief that high soil oxygen is necessary
for good mycorrhizal development in pine. High carbon dioxide
with adequate oxygen further stimulated mycorrhizae. In soils
of different textural grades, best development occurred in the loam-silt
soils and poorest in the heavy clays, with the sandy soils intermediate.
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