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Mycorrhizal and nonmycorrhizal Douglas-fir seedlings were harvested

weekly over a 120 day growing period and analyzed for growth and

nutrient content. Mycorrhizal seedlings grew larger than nonmycorrhizal

seedlings with increased needle and decreased root growth. Plant-fungus

associations accumulated 17 % more P and 18 % more K than nonmycorrhizal

plants.

Douglas-fir seedlings were grown in a greenhouse in soils collected

from an Oregon Coast Range clearcut which had areas subjected to a hard,

moderate, or no burn, respectively. Seedlings were harvested at 28 weeks

and analyzed for growth, mycorrhizal colonization, and nutrient content.

Seedlings growing in the hard burn soil were primarily P limited, and

weight, needle proportional weight (needle weight/total weight), and

nutrient content increased with increasing percent colonization of short

roots. Seedlings in the moderate and unburned soil showed no growth

response and decreasing shoot:root ratios with increasing mycorrhizal



colonization.

Douglas-fir seedlings were grown in a greenhouse in a mineral soil

and in peat-vermiculite, each amended with different levels of

concentrated superphosphate (CSP) or a minigranulated North Carolina

phosphate rock (RP). At 65 and 105 days shoot net CO2 uptake, growth,

and nutrient contents were measured. At the first harvest seedling P

content was proportional to soluble P added by the fertilizers, with

much greater uptake in peat-vermiculite than in mineral soil. At the

second harvest P content of seedlings growing in peat-vermiculite

fertilized with CSP was lower than those fertilized with RP, due to P

leaching from the organic medium. Growth and CO2 uptake increased with P

uptake at both harvests, but showed a decreased internal efficiency with

respect to P from phosphate rock. Photosynthesis rates at both harvests

increased with increasing leaf P concentrations but were lower at a

given tissue P level for RP than for CSP. Needle proportional weight and

growth increased with increasing fertilizer soluble P.

Mycorrhizal and nonmycorrhizal Douglas-fir and western hemlock

seedlings were planted on two routine regeneration sites in the Oregon

Coast Range and heights and diameters were measured after one and two

growing seasons. Seedlings maintained a positive growth response due to

mycorrhizal fungus colonization after one, but not two growing seasons.
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TEE EFFECTS OF MYCORRHIZAL COLONIZATION AND PHOSPHORUS NUTRITION ON DOUGLAS-

FIR GROWTH, MORPHOLOGY, AND PHOTOSYNTHESIS

INTRODUCTION

Mycorrhizae and coniferous seedling nutrition

Mycorrhizal colonization of coniferous seedling root systems

often leads to increases in plant mineral nutrient uptake, in

shoot:root ratios, and in growth (Harley 1959, Hatch 1937, Marks

and Kozlowski 1973). Mycorrhizal effects on mineral nutrition were

originally thought to be associated with more effective uptake of

nitrogen (N) compounds (Frank 1894), an idea that was then extended

to more efficient uptake of any limiting mineral nutrient (Hatch

1937). Uptake of one nutrient frequently depends on plant tissue

levels of other nutrients: for example, improved nitrogen status

may lead to increased phosphorus (P) uptake (Cole and others 1963,

Thien and McFee 1972, White 1972) and vice versa (Hills and others

1970, Williams 1948). Thus enhanced uptake of one mineral nutrient

effected by mycorrhizal colonization may result partially from

improved nutrient status with respect to another nutrient, rather

than to enhanced uptake of that nutrient per se. Harley and Smith

(1984) emphasize that although the fungus mediates uptake of all

mineral nutrients in ectomycorrhizal associations, P absorption

appears to be more stimulated than that of N or other mineral

nutrients (McComb 1938, McComb and Griffith 1946, Stone 1950). In
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a detailed study of N and P fertilization rates and seedling

growth, Rousseau and Reid (1985) found that the response of Pinus

contorta seedlings to mycorrhizal colonization more closely

resembled a P response than either an N response or an N-P

interaction.

Although mycorrhizae generally lead to positive growth

responses of conifer seedlings under moderately limiting nutrient

conditions, investigators have observed that under severely

limiting nutrient conditions they can lead to seedling growth

reductions (Bledsoe and others 1984, Hatch 1937, Trappe 1977), and

that alleviation of severe nutrient deficiency conditions by

fertilization can lead to both increased percent mycorrhizal

colonization and increased seedling growth (Heilman and Ekuan

1980). These growth decreases are presumably due to photosynthate

being diverted to the fungus for structural and respiratory

functions plus sequestering of minerals in fungal tissue. Reid and

others (1983) found that mycorrhizal roots of Pinus contorta

seedlings respired up to 5 times more 14CO2 than did nonmycorrhizal

roots. Data for seedlings is generally lacking, but estimates for

mineral nutrients sequestered in mycorrhizae of a 36-year-old

Douglas-fir stand studied by Fogel and Hunt (1983) are 23 % and 36

% for N and P, respectively, of that contained in the entire

tree-mycorrhiza component. Comprehensive models for N, P, and

carbon flow have been constructed for vesicular-arbuscular

mycorrhiza-plant host systems (Pang and Paul 1983, Paul and Kucey
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1984), but all the components of a similar model have not been

measured for conifer seedlings. Altered growth rates can arise from

factors such as differential carbon allocation patterns (Ledig

1969, Potter and Jones 1977) or changes in rates of CO2 uptake

associated with changes in plant nutrient status (Natr 1972).

Conifer seedling nutrition, photosynthesis, and growth

The growth of tree seedlings as a function of soil or solution

nutrient levels, especially with respect to N and P, has been

examined for a number of conifers, generally in conjunction with

optimizing growth for forestation purposes (see review by Tinus and

McDonald 1979). Growth responses to levels and forms of N have

received the most attention in these studies, although some studies

have included different P levels as an experimental factor (Fowells

and Krauss 1959, McComb and Griffith 1946, Woodwell 1958). These

studies have generally found that seedlings grow well over a range

of soil P levels and tissue P concentrations. These results

parallel the findings of Krueger (1967a) that both wild-growing and

nursery Douglas-fir seedlings show good growth over a wide range of

leaf P concentrations.

The relationship of photosynthesis rate (P N) to foliar

nutrient concentrations has been examined for a number of plant

species (Natr 1972). Generally leaf N concentrations, chlorophyll

levels, and PN are positively correlated. Some investigations have

found that PN increased with leaf P levels over the deficient to
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adequate range (Longstreath and Nobel 1980, Terry and Ulrich 1973),

but others have found little relation, even at levels where growth

begins to decrease (Reid and Bieleski 1970). In large, these

studies have been conducted on herbaceous crops which were

developed from ruderal species occurring on nutrient-rich disturbed

sites, and plants adapted to more limiting nutrient conditions can

be expected to show special adaptations to these conditions,

including high nutrient use efficiency and maintenance of positive

carbon balance at low levels of foliar nutrients (Chapin 1980).

Investigators have developed the relationships between PN and

the environmental variables of light (Brix 1967, 1968, Doehlert and

Walker 1981), temperature (Brix 1967, Krueger and Ferrell 1965,

Sorensen and Ferrell 1973), CO2 concentration (Brix 1967), and to a

limited extent N status (Brix and Ebel 1969) for Douglas-fir. Reid

and others (1983) found increasing foliar P, percent mycorrhizal

colonization, and P
N with time for Pinus contorta, but did not

investigate PN versus leaf P at a single specific time. Concurrent

variation in leaf nutrient levels and percent mycorrhizal infection

in their study preclude determination of whether increased P
N in

their seedlings was the result of enhanced nutrition, increased

rates due to increased metabolic sinks for photosynthate, or

factors such as hormone production. Hom and Oechel (1984) found

declining leaf P levels and lowered PN with increased needle age

for Picea mariana needles growing on single shoots. Johnson (1985)

found that vesicular-arbuscular mycorrhizal colonization of Citrus
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aurantium seedlings increased nutrient use efficiency (CO2 fixed

versus leaf P concentration) over uncolonized controls, but

obscured the positive relationship between PN and leaf P

concentration that held in the uninfected seedlings. The precise

relationship between leaf P levels and PN has not been closely

examined for Douglasfir. The effects of mycorrhizal colonization

on the growth and physiology of this species and on other conifer

seedlings cannot be acertained without knowing the precise

relationship between P status, physiology, and growth of seedlings

growing without mycorrhizal fungus associations. These studies

were undertaken 1) to examine how mycorrhizae can affect such basic

growth processes as nutrient uptake, distribution, and carbon

allocation patterns; 2) to determine the relationships between

seedling P status, photosynthesis, growth, and morphology

independent of mycorrhizal colonization; and 3) to test the effects

of a particular mycorrhizal fungus on growth and survival of

outplanted seedlings.
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CHAPTER I

THE EFFECTS OF MYCORRHIZAL COLONIZATION ON CARBON AND MINERAL NUTRIENT

DISTRIBUTION IN DOUGLAS-FIR SEEDLINGS

Charles H. Black

ABSTRACT

Nonmycorrhizal Douglas-fir, Pseudotsuga menziesii, seedlings

and seedlings colonized by the mycorrhizal fungus Laccaria laccata

were harvested at seven to ten day intervals over a 120 day growing

period, separated into component organs, dried, and weighed. Tissue

from the final harvest was analyzed for seven mineral nutrients.

Growth rates of mycorrhizal seedlings were greater than those of

nonmycorrhizal seedlings, due to higher growth rates of needles and

short roots. Mycorrhizal seedlings had proportionally more leaf

tissue and less root tissue than nonmycorrhizal seedlings. Nutrient

concentrations and nutrient contents of plant tissues were shifted

towards roots of mycorrhizal plants more than nonmycorrhizal plants.

Total amounts of nutrients in whole seedlings were similar for the

two treatments. If tissue of mycorrhizal fungus sporocarps fruiting

in seedling containers is combined with plant tissue,

mycorrhizal-plant asociations contained 17 and 18% more phosphorus

and potassium respectively than nonmycorrhizal plants.



7

INTRODUCTION

The comparatively recent recognition of the importance of

mycorrhizae to plants is perhaps responsible for the lack of studies

showing exactly how mycorrhizae influence basic growth processes.

Mycorrhizae can affect plant growth by enhancing mineral nutrient

uptake, especially of phosphorus and less mobile micronutrients

(e.g. Harley 1969, Marks and Kozlowski 1973), by providing

phytohormones (Kampert and Strzelczyk 1978), and by affecting

plant-water relations (Parke and others 1983, Sands and Theodorou

1978, Sieverding 1979). Through these mechanisms mycorrhizae affect

plant carbon partitioning patterns, resulting in increased or

decreased top:root ratios depending on plant host and fungal

symbiont (Trappe 1977), fungus species isolate (Molina 1979), and

soil nutrient status (Black 1985). These altered carbon partitioning

patterns are the net result of changes in plant organ photosynthetic

and respiration rates as well as diversion of photosynthate to

fungal tissue (Pang and Paul 1980, Paul and Kucey 1981).

The role of vesicular-arbuscular mycorrhizae in influencing

carbon and mineral nutrient distribution within the plant host has

been the subject of recent studies. Pang and Paul (1980) found

mycorrhizal colonization caused increases in root respiration rates

and carbon flow to root systems, while N distribution was not

significantly affected. Paul and Kucey (1981) found that mycorrhizal

colonization caused increases in shoot:root ratios of faba beans

with or without colonization by rhizobial symbionts. Mycorrhizal
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plants showed increases in nitrogen fixation rates compared to

nonmycorrhizal controls.

Cost of ectomycorrhizal colonization has been examined in terms

of photosynthate utilized by fungi for structural purposes (Fogel

and Hunt 1979, Newman 1978, Vogt and others 1982) and for

respiration (Barnard and Jorgenson 1977), but costs of mycorrhizae

in terms of mineral nutrients sequestered in fungal rather than in

plant tissue remains largely unexamined. This study was undertaken

to investigate the effect of mycorrhizal colonization on carbon and

mineral nutrient distribution patterns in young Douglas-fir,

Pseudotsuga menziesii, seedlings.
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MATERIALS AND METHODS

Douglas-fir seedlings were grown in a 1:1 by volume

peat:vermiculite medium p in 65 cc capacity LeachR cells.

Stratified Douglas-fir seeds from a coastal seed source were planted

in the tubes and thinned to one per cavity after germination. The

seedlings were grown in a growth chamber at an 18 hour photoperiod

with light at a level of 300 E m-2 s
-1 from a mixture of florescent

and incandescent bulbs. Temperature was maintained at 20/17° C

day/night. Seedlings were watered daily to maintain the medium at

near field capacity. Beginning four weeks after planting, seedlings

were watered weekly with a nutrient solution containing 120 ppm° N

(20 ppm N as NO3 and 100 ppm N as NH4), 60 ppm P, and 114 ppm K.

Sulphur was added with NH
4
SO

4
and seedlings were drenched with an

EDTA iron solution weekly. No other nutrients were added.

Half of the seedlings were grown in medium in which a 1:5 by

volume portion of mycorrhizal fungus inoculum was incorporated, and

the other half were grown in medium which had received an autoclaved

portion of this inoculum. The inoculum was prepared as per Molina

(1979): the mycorrhizal fungus Laccaria laccata (Isolate S238,

Forestry Sciences Laboratory, U.S Forest Service, Corvallis, Oregon)

was grown in two liter flasks on autoclaved peat-vermiculite

saturated with modified Melin-Norkrans solution (Marx 1969) with

glucose substituted for sucrose. After two months this inoculum was

leached with several volumes of tap water to remove excess nutrients
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and either incorporated into the planting medium or autoclaved and

added to the medium, according to treatment.

Ten seedlings from each treatment were harvested at seven to

ten day intervals throughout the 120 day growth period. Seedlings

were separated into needle, stem, and root portions, dried for 48

hours at 70° C, and weighed to the nearest 0.1 mg. Beginning with

the Day 57 harvest, short roots were separated from root systems,

dried, and weighed. When fungal sporocarps were present in a tube

at harvest they were dried and weighed.

Plant and fungal tissue from the final harvest was analyzed for

mineral nutrient concentrations at the Oregon State University

Department of Soil Science Plant Analysis Laboratory. Data were

analyzed with least squares regression and analysis of variance

models at the Oregon State University Computer Center.
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RESULTS AND DISCUSSION

Mean dry weights of seedlings and seedling components are

presented in Figure I-1. Regression models were developed for total

and component weights for the linear portion of growth (Day 57 to

Day 113) and tested for significant differences (Table I-1). The

significantly higher rate of growth of mycorrhizal seedlings

resulted from higher rates of growth of needles and short roots:

growth rates of mycorrhizal and nonmycorrhizal seedling roots and

stems did not differ significantly. The consequence of these

differences or similarities in component growth rates produced a

different pattern of dry matter distribution: mycorrhizal plants had

a significantly higher proportion of their dry matter in leaf tissue

and a significantly smaller proportion in root tissue than

nonmycorrhizal plants (Table 1-2). Cline and Reid (1982) also found

that high colonization rates of several species of fungi caused

increased allocation of photosynthate to Pinus contorta and Pinus

ponderosa seedling shoots, and Black (1985) reports similar effects

of mycorrhizae on carbon partitioning patterns in young Douglas-fir

seedlings growing in natural soils in which nutrients had been

mineralized by slash burning. Plant growth rate is proportional to

photosynthate invested in leaf area expansion for a number of plant

species (Potter and Jones 1977).

Laccaria sporocarps first appeared on the Day 93 harvest, and

by Day 107 all mycorrhizal seedlings harvested had sporocarps
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Table I-1. Regression equations and f tests for differences in
slopes of equations for mycorrhizal and control seedlings and
seedling organs from day 55 to day 107.

Character Treatment Intercept

(mg)

Slope
(mg/day)

I

f

Total fycorrhlzal -628.5 13.9 .978
weight 6.905 '.05

Control -409.0 10.6 .992

Laai Mycorrhizal -370.1 8.0
weight.

.939
7.353 4..05

Control -204.3 5.5 .997

Seem Mycorritizal -59.5 1.3
weight

.981

0.637 .).05

Control -53.2 1.2 .976

Root lycorririzal -161.6 4.0 .992
weight 0.335 Y.05

Control -129.2 3.6 .965

Short root Mycorstizel -41.6 0.6 .382
weight. 10.500 4.01

Control -33.1 0.4 .535

1fr

f for testing differences in slopes assuming a common intercept
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Table 1-2. Mean ratio of plant organ weights/total weight for
mycorrhizal and nonmycorrhizal seedlings on day 120.

Organ Treatment Dry weight/Total dry weight

**
Leaves Zdycorrhiaal 0.6146

0.5602

- 0.0096
a

- 0.0168lonmycorrhical

Stains ma Mycorrhizal 0.1113 -
+

0.0036

tionsycorrhical 0.1134
4.

- 0.0048

Soots Mycorrhirel 0.2689 -
+

0.0083

3onsynosrhimal 0.3178
+
- 0.0111

Short loots as Mycorrhical 0.0045 -
+

0.0004

3annycorrhimal 0.0038 -
+

0.0004

Differences barmen treatments significant at the .01 lavel

de
Differences between treatments not significant at the .05 level

a
aim . one standard error
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present (Figure 1-2). Although variation in sporocarp weight was

partly due of stage of development, there was a significant positive

relationship (r2 = 0.39, p <.02) between sporocarp dry weight and

host plant dry weight. Sporocarps represented a substantial drain

on seedling photosynthate, and in the extreme case a fruiting body

weighed 14.4% of the dry weight of its plant host. Nevertheless, on

the final harvest average weights of the 12 mycorrhizal seedlings

with fruiting bodies did not differ significantly from that of the

eight mycorrhizal seedlings without sporocarps. Sporocarps in this

experiment averaged 6 % of the dry weight of their plant hosts. This

figure is comparable to the 3% for a young Pacific silver fir stand

reported by Vogt and others (1982) and the 10% reported by Harley

(1971), and falls within the range estimated by Newman (1978) for

temperate forests.

Tissue nutrient concentrations for seven mineral nutrients

tested are presented in Tablel -3. For the nonmycorrhizal plants N is

somewhat low and other nutrients are in the moderate to high range

compared to published values for forest and nursery grown seedlings

(Krueger 1967). Mycorrhizal colonization produced marked changes in

foliar and other tissue nutrient concentrations compared with

nonmycorrhizal plants. Levels of N, P, and K were reduced 46, 44,

and 46% respectively. Levels of calcium (Ca), magnesium (Mg), and

zinc (Zn) were also reduced in the foliage of mycorrhizal plants.

Only copper (Cu) showed an increase compared to nonmycorrhizal

seedlings. Foliar nutrient levels were highly correlated with
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17

Table 1-3. Nutrient concentrations, amounts, and percent
distributions in mycorrhizal and nonmycorrhizal seedlings.

Component Tisous concentration 1
rIssue content

2
Percent total cont

Ztyc Con t7e Cam MIrc Con

Needles N 0.36
P 0.29
X 0.87
Cs 0.09
Mg 0.02
7.11 32
Cu II

Stems 0.80

3.16
0.65
0.07

0.07
40
9

Roots N 0.98
0.48
1.38
0.19
0.13

Zn. 36
27

Short N Z.54
Roots 7 1.14

2.26
Ca 0.25
Mg 0.31
Za 200
Cu 62

Soorocarp N 2.34
P 1.36

. 3.13
Ca 0.43
Mg 0.78
Za 123
Cu 24

1.38 5.06 6.54 53.4 61.9
0.52 1.71 2.15 46.3 62.5
2.61 5.12 6.65 50.1 65.2
0.18 0.53 0.74 44.3 46.3

0.12 0.12 0.50 10.9 54.3
44 0.19 0.18 35.3 28.7
5 0.0 7 0.02 38.7 17.6

1.10 0.87 0.98 9.2 9.3
0.24 0.18 0.21 4.9 6.1
0.87 0.71 0.77 7.0 7.3
0.09 0.08 0.08 6.7 5.0

0.09 0.08 0.08 7.3 8.7
46 0.44 0.41 8.3 6.3
5 0.10 0.04 6.0 3.4

1.10 2.41 2.42 25.4 22.9
0.41 1.18 0.90 32.0 26.2
1.09 3.39 2.40 33.2 23.5

0.24 0.47 0.53 39.3 33.3
0.1.2 0.76 0.26 69.1 28.3

123 2.12 2.82 19.8 44.4
27 0.66 0.39 39.3 49.6

Z.04 1.12 0.61 11.8 3.8
0.55 0.82. 0.18 16.8 4.9
0.78 0.99 0.38 33.2 23.3
0.49 0.11 0.24 9.2 15.1
0.16 0.14 0.08 12.7 3.7

255 0.88 1.30 16.5 20.4
71 0.27 0.35 16.1 29.4

1.36 14.43

0.35 9.3

1.32 17.9

0.25 21.0

0.45 40.9

0.71 19.5

0.14 12.7

lw
4 for N.PaC.Ca,and Mg; ppm for Zn and Cu

z
mg for Nal, K, Ca, av,="1

; mg z 10-2 for Zs and Cu
z
contant is sporocarp as a percentage of consent is plant
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levels in other plant tissues for both the mycorrhizal and the

nonmycorrhizal plants (Table 1-4). Examination of the slopes of

these regression curves shows that mycorrhizal colonization tended

to shift tissue nutrient levels basipetally and was associated with

a greater differential in different tissuue concentrations than

occurred in nonmycorrhizal seedlings.

Foliar content of nutrients as well as foliar concentrations

were reduced in mycorrhizal seedlings. Amounts of N, P, and K were

reduced 23, 20, and 23% respectively. Considering plant tissue

only, total amounts of nutrients contained in seedlings (Table 1-5)

were remarkably similar for mycorrhizal and nonmycorrhizal plants.

Mycorrhizal seedlings contained slightly lower amounts of N, Ca, and

Zn than nonmycorrhizal seedlings, but P and K were the same. If

sporocarp tissue is included as part of the plant-fungus system, P

and K were 17 and 18% higher respectively in the mycorrhizal

seedling-sporocarp system, and other nutrients were slightly higher.

The amounts of mineral nutrients contained in fungal hyphae

extending through the medium would have added to the nutrient

content of the plant-fungus system, but these could not be measured.

The extent to which nutrients contained in sporocarps are

translocated to plant hosts upon sporocarp senescence remains

undetermined. Sporocarp decay and nutrient release in the vicinity

of plant short roots and mycorrhizal fungal hyphae would be an

alternate mechanism of nutrient transfer from sporocarp to plant

host.



Table Regression coefficients and regression models of

nutrient concentrations in foliage versus nutrient
concentrations in other plant and for mycorrhizal and

nonmycorrhizal seedlings.

19

Needle conc. vs Intercept Slope

MYCORIIHrZAL

4*
Stem conc. .983 -0.0003 0.823

Root conc. .972" -0.0653 1.298

Short root conc. .sale'* 0.1130 2.686

Sporocarp conc. .958 0.2640 2.908

MONMYCCRRHIZAL

Stem cone. .985
....

0.0121 0.6177

,...

Root cone. .996 0.0448 0.6630

Short root canc. .836.- 0.1080 0.8211

'p <.02

**17
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Table 1-5. Total amounts of mineral nutrients contained in

seedlings.

Element Content
1

MycorrhimaI-
Plant only

Mycorrftizal-
Plant 4- sporocarp

Control

9.02 10.82 10.56

3.44 4.04 3.44

K 10.21 12.03 10.20

Ca 1.19 1.44 1.39

Mg 1.10 1.55 0.92

Zn 5.32 6.03 6.33

Cu 1.68 1.82 1.19

1 -Z
mg for N, P, K, Ca, and Mg; mg x 10 for Zn and Cu.
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Mycorrhizal colonization strongly affected mineral nutrient

distribution as well as nutrient concentration within seedlings.

This is seen in the percent distribution patterns of nutrients in

various plant tissues (Table I-1) and in the shoot:root ratios of

mineral nutrients (Table 1-6). For most mineral nutrients

mycorrhizal colonization resulted in a shift of distribution

basipetally, both when the sporocarp was considered as part of the

system and when it was not. Exceptions were the nutrients Mg, Zn,

and Cu, whose distributions were shifted towards shoots relative to

nonmycorrhizal plants.

The pronounced shift in nutrient distribution towards root and

root- sporocarp systems in mycorrhizal plants resulted in foliar

nutrient concentrations which would seem to indicate deficiencies,

especially for N, Ca, and Mg. (Krueger 1967).

The greater growth rate of mycorrhizal seedlings until the final

weeks of the experiment suggests that this nutrient distribution

shift and consequent foliar deficiencies may have coincided with the

advent of fungal fruiting. Nutrient concentrations in the foliage of

host plants must have clearly been adequate through most of the

experiment to account for increased rates of photosynthesis

necessary for supporting increased plant growth, fungus tissue

growth, and higher rates of mycorrhizal root respiration (Barnard

and Jorgenson 1977). Unfortunately tissue from earlier harvests was

not saved for analysis to test this hypothesis.

The trigger for fungal fruiting in the constant conditions of
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Table 1-6. Shoot:root ratios for-dry weight and mineral nutrient'
content for mycorrhizal and nonmycorrhizal Douglas-fir
seedlings.

Shoot:Rooc Ratio Mycorrnizal seedling
(plant only)

Mycorrhizal seedling
(plant plus sporocarp)

Nonsycorrhizal
seedling

Dry weight 2.47 2.08 2.09

N content 1.68 L.ZI 2.48

P content 1.0S 0.88 2.19

X content 1.33 0.94 2.67

Ca content 1.05 0.73 1.06

Mg content 0.22 0.15 1.71

Zn content 0.21 0.17 0.14

Cu content 0.18 0.16 0.06
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the growth chamber must have been related to seedling physiology.

Possibly reduction in N concentrations in seedlings due to

increasingly large plant demand for N while seedlings were receiving

the same inital fertilizer amounts stimulated sporocarp initiation

and subsequent diversion of mineral nutrients to sporocarp tissue.

Reduced levels of N and of a carbohydrate food source have been

shown to stimulate fruiting in other nonmycorrhizal basidiomycetes

(Niederpruem and others 1964, Schwalb 1978), but there is little

information on factors responsible for fruiting of mycorrhizal

fungi. The physiology of mycorrhizal fungus sporocarp initiation

remains an area of needed research.

The support of a mycorrhizal fungus symbiont clearly resulted

in an energy and nutrient cost for the seedlings in this experiment.

Their greater growth rate through most of the experiment is not

explicable in terms of increased P uptake or improved water

relations, because all plants received a high level of P fertilizer

and were watered to prevent water stress. McComb and Griffith (1946)

also observed that mycorrhizal Douglas-fir grew better than

non-mycorrhizal seedlings even when both had apparently adequate

tissue P levels. Production of hormones or regulation of a more

balanced nutrient supply to plant hosts are possible mechanisms of

increased mycorrhizal seedling growth rates. The time course

recovery of adequate foliar nutrient levels after sporocarp

production would have been valuable information for determining

potential costs of mycorrhizae. If translocation of mineral
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nutrients from sporocarps did not occur the advantage in growth

rates of mycorrhizal seedlings might be subsequently lost. The large

variation in growth enhancement effects of different species and

different strains of the same fungus species suggest that more

normative studies of this type with various mycorrhizal fungi would

be useful to determine more precisely how mycorrhizae affect plant

nutrient uptake and growth.
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CHAPTER II

SLASH-BURNING AND MYCORRHIZAL COLONIZATION EFFECTS ON DOUGLAS-FIR SEEDLING

GROWTH AND MORPHOLOGY

Charles H. Black

ABSTRACT

Douglas-fir, Pseudotsuga menzeisii (Mirb.) Franco, seedlings

were grown in a greenhouse in mineral soils from unburned areas and

from areas which had experienced moderate and hard burns in an

Oregon Coast Range clearcut. Seedlings were harvested after 28

weeks, examined for mycorrhizal colonization, dried, and weighed.

Plant organs were analyzed for nitrogen and phosphorus

concentrations.

Available soil nutrients, seedling dry weight, and percent

short root fungal colonization increased with burn intensity.

Within burn categories, mycorrhizal colonization showed a positive

correlation with seedling weight only for the hard-burn soil. In

this catagory total weight was significantly correlated with needle

N and needle P content and needle weight. For seedlings in the

moderate-burn and unburned soils, total weight was significantly

correlated only with needle N content and needle weight.

In the unburned and moderate-burn soils increasing mycorrhizal

colonization was associated with decreasing shoot:root ratios. In
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the hardburn soil increasing mycorrhizal colonization was

significantly correlated with increases in shoot:root ratios, as

well as total weights. Changes in colonization percentages were

closely associated with overall patterns of carbon allocation to

different plant organs for seedlings grown in the hardburn soil.

Relative carbon allocation patterns were more sensetive to

colonization than was growth response. Greatest mycorrhizal

colonization and growth enhancing effects of colonization occurred

where P was most limiting, suggesting possible plant control of

mycorrhizal colonization. Relative carbon allocation patterns were

more sensitive to colonization than was growth response, and may be

a useful measure of the costs and benefits of mycorrhizal

colonization under different circumstances.



29

INTRODUCTION

Fire effects on plant growth

Fire has been important in the natural development of Pacific

Northwest forests (Franklin and Hemstrom 1980, Munger 1940) and is

currently widely used in forest residue management (Cramer 1974).

The effects of fire on soil chemical, physical, and microbiological

properties have been extensively reviewed in the past decade

(Cramer 1974, Kozlowski and Ahlgren 1974, Wells and others 1978).

Investigators have generally found that burning increases

available phosphorus (P) and exchangeable cation nutrients in the

surface of mineral soils as a result of ash deposition (Austin and

Baisinger 1955; Moering and others 1966). These nutrients may be

more readily available to plants, but may also be subject to

leaching and erosion losses from the ecosystem (Grier 1975, Grier

and Cole 1971, Smith 1970, Stark 1977). Nitrogen (N), P, and sulfur

(S) in organic matter are volatilized by burning (DeBell and

Ralston 1970; Klemmedson and others 1962), and losses may be

proportional to the temperatures of burning (Jablanczy 1964, Knight

1976). Although a substantial percentage of the total N on a site

may be lost through volatilization on combustion, available N in

the top layers of mineral soil may actually increase. This can

result from 1) deposition of some firemineralized N in the soil

(Baker 1968); 2) stimulation of biological N mineralization in the

remaining organic matter (Cole and Gessel 1965); 3) stimulation of
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nonsymbiotic N fixation by flushes of other available nutrients

(Cromak 1980; Jorgenson and Wells 1971; Stone 1971); and 4)

elimination of higher plant sinks for soil N. Increased levels of N

and other nutrients after burning may stimulate early tree seedling

growth and the growth of other vegetation on the site (Wells 1971;

West and Chilcote 1968).

Detrimental effects of burning on tree seedling establishment

and growth are likely to occur through alteration of soil physical

properties affecting plant water relations and soil temperatures.

Decreases in infiltration rates (Vogel and Ryder 1969), in moisture

holding capacity (Dyrness and others 1957), and the formation of

water repellent layers (DeBano 1968, DeBano and Rice 1971) may

result in increased hazards of erosion and lowered soil

productivity. Changes in surface coloration may lead to increased

heat absorption and higher seedling mortality (Isaac 1930).

Mycorrhizal colonization may enhance tree seedling

establishment and growth on a range of harsh afforestation to

routine regeneration sites ( Kropp 1981, Marx 1975, Marx and Artman

1979, Marx and others 1977). Several studies have shown that the

ectomycorrhizal inoculum potential of logged and burned Pacific

Northwest sites remains moderate to high (Black and others 1985,

Kropp 1982, Parke and others 1984) but the interactions of burning,

mycorrhizal colonization, and seedling growth has rarely been

studied. Hard burns decreased mycorrhizal development in the

surface 10 cm but did not greatly affect the growth of one- and
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two-year-old Douglas-fir seedlings in one study (Wright and Tarrant

1958). Alvarez and others (1979) found mycorrhizal colonization and

white fir seedling growth in greater in mineral soils than in areas

with organic layers over mineral soil. They do not indicate whether

the absence of organic layers was related to burning.

Nutrients, mycorrhizae, and plant morphology

Morphological plasticity is one important higher plant

strategy for adaptation to environmental and atmospheric variables

(Brewster and others 1975, Catarino and others 1981, Davidson

1969a, b, Phares 1971, Stocker 1960). Agronomists have long

realized that shoot:root ratios are sensitive to soil nutrient

conditions (Bosemark 1954, Haris 1914, Turner 1922), and R.

Davidson (1969b) tentatively hypothesized that "photosynthate is

partitioned in inverse proportion to the rate of functioning of

roots and shoots." The relative partitioning of photosynthate has

an important consequence for plant growth rates, which are highly

correlated with carbon invested in leaf area expansion (Potter and

Jones 1977). Mycorrhizal colonization has been shown to affect

conifer shoot:root ratios and growth (Cline and Reid 1982, Trappe

1977).

The role of mycorrhizae in enhancing root efficiency,

especially in the uptake of P and other less mobile minerals, is

well established (e.g. Harley 1969, Mosse 1973). Costs of

mycorrhizal colonization in terms of fungus photosynthate and

mineral nutrient requirements are less well documented. It is clear
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that the mycorrhizal habit involves substantial demand of

photosynthate due to increased root respiration on colonization

(Barnard and Jorgenson 1977, Pang and Paul(1980), as well as

utilization of carbon for fungal tissue (Fogel and Hunt 1979,

Harley 1971, Vogt and others 1982). Substantial amounts of

nutrients may be contained in fungal tissue also (Fogel and Hunt

1983).

The present study was undertaken to examine the interactions

between slash burning, mycorrhizal development, and growth and

morphology of Douglas-fir seedlings.
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MATERIALS AND METHODS

Soil samples were collected from a site near Harlan, in the

Oregon Coast Range. The soil was a Bohannon series, a fine loamy

mixed mesic Typic Haplumbrept. Mature Douglas-fir on the site had

been clearcut in 1979, and the slash was burned several days before

the collection date, 3 November 1980. Composite soil samples of the

surface 8-10 cm were collected from moderate- and hard- burn areas

on the northwest and southeast aspects of the watershed, and from

under an adjacent unlogged Douglas-fir-western hemlock stand. Green

moss and live small vascular plants were excluded from the unburned

soil collection. Moderate-burn areas were recognized by the

presence of some charred surface organic material and a dark

coloration. Ceramic plates coated with heat sensitive paints buried

in these areas indicated that temperatures during burning had

reached 150° C on the surface and 120° C approximately 3 cm below

the surface (K. Bennet, personal communication). Hard-burn areas

were recognized by a complete absence of surface organic material

and a reddish oxidized coloration. Plates in these areas indicated

that the surface temperatures had reached 260° C during burning

and 150° C 3-5 cm into the soil (K. Bennet, personal

communication).

The soils were mixed by hand and immediately placed in 600 cc

plastic pots on a greenhouse bench. Stratified Douglas-fir seed

from a coastal seed source was planted in the pots and seedlings
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were thinned to 8 to 5 per pot after germination. The pots were

placed in a completely randomized design with five replicates for

each of the five soil samples (2 hard-burn, 2 moderate-burn, and 1

unburned). Temperatures in the greenhouse were maintained at 20/17°

C day/night. The natural photoperiod was extended to 18 hr by

fluorescent lights suspended 30 cm above the seedlings. Pots were

watered daily to maintain soil at near field capacity. No

supplemental nutrients were added during the experiment. Chemical

properties of each composite sample were tested by the Oregon State

University Department of Soil Science Soil Testing Laboratory at

the beginning and the termination of the experiment.

Seedlings were harvested 28 weeks after planting. The root

systems of three to five seedlings per pot were examined under a

dissection microscope after gentle washing with water. For these

seedlings all mycorrhizal and nonmycorrhizal short roots were

counted and removed. Short roots were considered mycorrhizal if

they lacked root hairs, were somewhat to greatly swollen, and

showed some evidence of an exterior fungal hyphal mantle. The

number of easily recognizable mycorrhizal types on each root system

was noted. All seedlings were then separated into needle, stem, and

root components, dried to a constant weight at 70° C, and weighed

to the nearest 0.1 mg. Needles from individual pots were combined

and analyzed for N and P concentrations in the Plant Analysis

Laboratory, Department of Soil Science, Oregon State University.

Stems and roots from one pot per each soil sample were combined and
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each of the two classes analyzed for N and P concentrations. All

mycorrhizal and all nonmycorrhizal short roots which had been

removed were combined, and the two different classes were analyzed

for N and P concentrations.

Data were analyzed with least squared regression and analysis

of variance models at the Oregon State University Computer Center,

and are presented graphically as a function of burn intensity.
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Soil characteristics
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Soil pH, P, potassium (K) and calcium (Ca) levels increased in

the soils with increased intensity of burning, and these increases

persisted throughout the experiment (Table II-1). Percent organic

matter was highest in the unburned soil, but appeared similar in

the moderate- and hard-burn soils. Ammonium and nitrate levels were

not tested. No major changes were apparent between the beginning

and the end of the experiment.

Seedling growth and nutrient content

At harvest trees numbered three to eight per pot. Statistical

analysis showed no detectable differences in growth parameters due

to number of trees per pot. Seedling growth increased with burn

intensity, and mean seedling weight from the hard-burn soils was

200% greater than that in unburned soils (Figure II-1). The linear

correlation between mean seedling weight per pot and burn

intensity, considering burn effects equidistant, was highly

significant (r = .746, n =25, p < .001). Growth showed no

consistent effect due to aspect differences. Foliar concentrations

of N and P showed a range in all soils (Figure 11-2), and were low

to moderate compared to other published values for Douglas- fir

seedlings (Knight 1968, Krueger 1967). Seedling dry weight did not

show any significant correlation with either foliar N or P
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Table II-1. Chemical characteristics and percent organic matter (%
an) of soils at the beginning (b) and end (e) of the
experiment.

Soil pa ?' Ka Gab I ma

b * b a b s h * b *

=burned 5.2 5.6 16 12 ma
c

230 10.1 10.1 16.1 14.4

=dim buss 6.1 6.5 67 52 as 335 11.7 10.3 4.0 3.3

11W aspect

maims hurm 5.9 6.3 27 16 as 343 as 10.3 ta 5.2
SS aspect.

hard Marc 6.9 6.5 88 70 as 484 13.6 14.2 4.3 4.4

MW aspect

hard burn 6.6 6.3 44 35 as 296 as 8.9 ma 5.0

Si aspect

a
!a ppt

bin sect (100 8)

snot available:
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Figure II-1. Mean seedling dry weights in soils from unburned,
moderate burn, and hard burn soils, from northwest (NW) and
southeast (SE) aspects of the clearcut.
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Figure 11-2. Leaf nitrogen (N) and phosphorus (P) levels (I dry
weight). Symbols as in Figure II-1.
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concentration.

Seedling N and P content increased with burn intensity (Figure

11-3). Seedling dry weight was highly correlated with both total N

content (r = .966, n = 77, p < .001) and total P content (r = .852,

n = 77, p < .001).

Nutrient content is of limited value in explaining growth

differences since it is a product of tissue nutrient concentrations

(which must fall within certain critical limits) and weight.

Partial correlations of foliar N and P content (for which there was

the largest sample size and range of values) with total weight,

holding the effect of foliar weight constant, showed similar

relationships for the unburned and moderate-burn soils, and the

data were pooled (Table 11-2). Growth in the pooled catagory

showed significant positive relationships to both foliar N and P

content. In the-hard burn soil seedling weight was significantly

related only to foliar P (Table 11-3). These results suggest that

both N and P were limiting nutrients in the unburned and

moderate-burn soils, while only P was limiting in the hard burn

soil. Limited N in the unburned and moderated burn soil may have

resulted from lower N levels due to incomplete mineralization of

organic matter by fire, or from microbial competition for N to

decompose the remaining organic matter. Both the unburned and the

moderate-burned soils contained larger fragments of organic matter

that would have not appeared in the soil analysis for organic

matter content. These fragments were largely absent in the
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Figure T1 -3. Seedling total N and P content (mg). Symbols as in
Figure II-1.
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Table 11-2. Correlation and partial correlation coefficients
between total weight and needle weight and total weight and

foliar N and P content for the unburned plus moderate burn

soils.

Total weighs vs needle weight

Partial correlations

.964 .001

Total weight vs.

Last 3.content .zsa .01

Leal P =cent .371 .01

Predictive equation

Total weighty 6.50 4 18.66(leet weight) + 12.30(Last P) 4.48(Lest 3)

22 0 .951
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Table 113. Correlation and partial correlation coefficients
between total weight and needle weight and total weight and

foliar N and P content for the hard burn soil seedlings.

Total weight vs needle weigns

Partial correlations

p

.940 .001

Total weight vs

Leaf 3 content .081 .68

Lea P content .467 .01.

Predictive equation

'focal weight mi 1.33.31. + 14.468(1.4a weight) # 21.16(Laat 9)

a2 .909
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hard-burn soil.

Mycorrhizal colonization

Percent mycorrhizal colonization of short roots ranged from 0

to near 100%, and increased with burn intensity (Figure 11-4). The

linear correlation between mean percent colonization per pot and

burn intensity was moderately large (r = .717, n = 25, p < .001).

Percent colonization calculated from the number of root tips was

moderately correlated with colonization as measured by the weight

of mycorrhizal short roots/weight of all short roots (r = .800, n =

77, p < .001). Percent colonization on a number basis generally

showed a higher correlation with other variables than colonization

on a weight basis, and was used in subsequent calculations.

Five different mycorrhizal types could be easily

differentiated, although only the distinctive black type formed by

Cenococcum geophyllum Fr. could be positively identified as to

fungus species. This fungus occurred with low frequency on plants

in all soils. The number of different types of mycorrhizae showed

low but significant correlations with percent mycorrhizae (r

.452, n = 77, p < .001), burn intensity (r = .331, n = 77, p <

.001), and with total seedling weight (r = .457, n = 77, p < .001).

These variables reflect, directly or indirectly, the volume of soil

explored by the seedling root and thus the probability that a short

root would encounter a fungal propagule. No attempt was made to

measure mycorrhizal eveness or diversity, but it was clear that
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Figure 11-4. Percent mycorrhizal short root colonization of
seedlings. Symbols as in Figure 1-1-1.
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types were often clumped, perhaps reflecting a localized spread

after initial colonization.

Mean mycorrhizal short root weight (total weight of

mycorrhizal short roots/number of mycorrhizal short roots) was

greater than mean nonmycorrhizal short root weight. Mean

mycorrhizal short root weight declined with increasing colonization

percentage (r = -.898, n = 77, p < .001), suggesting a possible

competition for photosynthate between mycorrhizasl short roots.

There was not a similar trend for nonmycorrhizal short roots.

Mycorrhizal colonization and growth

There was a moderately large correlation (r = .762, n = 25, p

< .001) between seedling dry weights and percent colonization,

considering average pot values across all burn classes. Within burn

catagories, dry weight showed a significant positive relationship

(r = .365, n = 32, p < .05) with percent colonization only in the

hard burn soil, in which P rather than N was probably most limiting

(see above). The major role of mycorrhizae in P uptake under low

soil P conditions has been well documented (e.g. Mosse and Phillips

1971). The regression model indicated an approximate doubling in

weight from the lowest to the highest colonization rate observed.

A small significant correlation-(r = .522, n = 77,p < .001)

existed between the number of types of mycorrhizae on a root system

and seedling weight. Alvarez and others (1979) found a negative

relationship between mycorrhizal type diversity and growth in white
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fir seedlings. Different fungus species and different isolates of

the same species affect tree seedling growth differently (Molina

1979; Trappe 1977). Sinclair (1974) observed that Douglas-fir

seedlings colonized by more than one fungus species grew better in

nursery beds than seedlings with single species colonization, but

possible synergistic effects of multiple species infection remains

to be systematically investigated. Multiple species colonization of

a single root system is generally the case in nature (Menge and

others 1977, Zak 1973).

The multiple regression of total dry weight versus burn

intensity plus number of types of mycorrhizae per root system gave

a coefficient of determination (R 2
) of .685. Additional variation

was undoubtedly due to slight variation in age due to differences

in times of germination, and to other factors not considered.

Mycorrhizal colonization and seedling morphology

Organ proportional weights (organ weight/total seedling

weight) in the hard burn soil were more sensitive to variation in

percent mycorrhizal colonization than were organ weights per se

(Table 11-4). This was especially evident comparing needle and root

weights to needle and root proportional weights.

Proportional weights of plant organs are sensitive to

variation in age, or total plant weight, since different organs

grow at different rates (Brower 1966). Percent mycorrhizal

colonization in the hard-burn soil was associated with much greater

variation (R2 = .846, p < .001) in the suite of proportional
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Table II-4. Correlation coefficients, significance levels, and
regression lines (Y = I + SX) for % mycorrhizal colonization
versus total weights, organ weights, and organ proportional
weights.

% Mycorrrtizal short roots

V3. r P<

Total Weight .385 .05 2113 46.21

Log (Leaf weight) .508 .01 2.342 .008027

Stem weight .386 .05 272.8 11.82

Root weight .084 N.S. 1597 3.062

Short root weight -.791 .001 330.3 -3.4.66

Log (Mye.. short root) .328 .01 1.9688 .007825

Log (Leaf weight/Total, weight) .328 .001 -.8515 .002947

Stem weight/Total weight .120 N.S. .1879 .0234

Root weight/Total weight -.473 .001 .4987 -.2212

Short root weight/Total weight -.373 .301 .0730 -.0847

short root weight}Lag .389- .05 -1.524 .304593(Myc.
Total weight
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weights (needle weight/total weight + stem weight/total weight +

root weight/total weight + nonmycorrhizal short root weight/total

weight + mycorrhizal short root weight/total weight) than was total

weight (R2 = .315). Adding total weight to the left side of the

predictor equation with cannonical analysis resulted in a minimal

change (R2 increased from .846 to .854) in the variation associated

with the suite of proportional weights.

Organ proportional weights did not show the same relationship

to mycorrhizal colonization in the moderate- and unburned soils

that they did in the hard-burn soil. For example, needle

weight/total weight decreased (r = -.452, p < .001) with increasing

mycorrhizal colonization in the moderate burn soil, compared with

an increased in the severe-burn soil (Table 11-4). The observed

relationships for the three burn catagories are summarized in

Figure 11-4, which shows shoot:root relationships over the ranges

of mycorrhizal colonization found in each soil. The curvilinear

relationship between shoot:root ratios with percent mycorrhizal

colonization in the hard-burn soil is remarkably similar to the

relationship between these variables found by Cline and Read (1982)

for seedlings of two Pinus species associated with two different

fungus species, also grown for seven months. Their seedlings

received biweekly fertilization with a complete fertilizer

solution, and the similarities in the results of their study and

the present study further indicate the relatively high availability

of nutrients in the hard-burn soil.
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Increasing growth and increasing shoot:root ratios in the

severeburn soil with increasing mycorrhizal colonization indicate

that mycorrhizae were advantageous to seedlings in terms of mineral

uptake under these circumstances. In contrast, a high degree of

colonization in the unburned and moderate burn soils was

disadvantageous, judging by the decrease in shoot:root ratios. This

disadvantage could be the result of fungal appropriation of mineral

nutrients such as N (Black 1985), or from fungal demand for

photosynthate for growth and respiration (Barnard and Jorgensen

1977, Harley 1971). The low shoot:root ratios in the unburned and

moderate burn soils at higher colonization rates probably limited

the soluble carbohydrate export to short roots and may be a

possible mechanism for limiting even higher levels of colonization

(Bjorkman 1942, Marx and others 1977).

The mycorrhizal status is generally considered to be most

advantageous to plants growing under low nutrient conditions, with

levels of colonization and advantages of colonization diminishing

with increasing available nutrients, especially P (Marx and others

1977, Menge and others 1982). However, if nutrient levels and

plant growth are excessively low, mycorrhizal colonization will

cause a significant drain on photosynthate and an alteration in

carbon allocation patterns which may lead to decreased growth

compared to noncolonized plants. Decreased plant growth due to

mycorrhizal colonization has been reported under low nutrient

conditions in other studies (Bledsoe and others 1982, Hatch 1937).
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Although the advantages of mycorrhizal associations have been

considered mainly in terms of enhanced mineral uptake, increasing

evidence is accumulating that, at least under some conditions,

mycorrhizae may play an important role in plant recovery from

drought stress (Dixon and others 1980, Parke and others 1983). This

would be particularly true for species such as Douglas-fir, which

is subject to high mortality due to mositure stress during its

establishment phase (Cleary 1971, Hobbs and other 1980, Williamson

and Minore 1978). Low shoot:root ratios induced by high

colonization rates might lead to enhanced water uptake and

decreased water use. Survival during drought periods would be more

important than growth reductions due to fungus utilization of

photosynthate and fungal sequestering of mineral nutrients. The

role of mycorrhizal colonization should be evaluated in regard to

its effect on water relations as well as on nutrient uptake.

One of the more interesting results of this study is the

indication that seedlings may be able to restrict colonization

under low nutrient condtions. High tissue P concentrations inhibit

mycorrhizal colonization (Menge and others 1977), but restrictions

in colonization levels at low tissue nutrient levels is relatively

unstudied. Heilman and Ekuan (1980) demonstrated concomitant

increases in mycorrhizal and seedling growth with P fertilization

for conifer seedlings growing in extremely P-deficient soils of the

Pacific Northwest.

The results of this study emphasize the potential importance
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of mycorrhizae in affecting Douglas-fir seedling growth and

morphology in the Pacific Northwest, where fire has been and

continues to be an important factor in ecological processes. The

effects of different site treatments such as time and intensity of

burn as they affect soil nutrient status and mycorrhizal fungal

inoculum may confound studies which purport to show a simple

relationship between nursery inoculation of seedlings and

subsequent field performance. Under different conditions

colonization has been shown to result in growth enhancing effects

(Kropp 1981) or growth decreasing effects (Bledsoe and others

1982). Furthermore, P fertilization of some P deficient soils has

led to increases in mycorrhizal colonization and growth (Heilman

and Ekuan 1980). Positive correlations between colonization and

growth may be strongly influenced by soil nutrient status, and low

rates of colonization may show spurious correlations with low

growth in some cases due to possible host inhibition of

colonization under low nutrient conditions. The relationship of

seedling proportional wieghts as a function of colonization

percentage may be a more sensitive measure of mycorrhizal effects

on seedling growth and processes. The interactions between plant

nutritional status (especially with regard to N and

relationships), carbon balance, and mycorrhizal colonization

remains a potentially fruitful area of research with important

practical applications.
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CHAPTER III

INTERACTION OF PHOSPHORUS FERTILIZER FORM AND SOIL MEDIUM ON DOUGLAS-FIR

SEEDLING PHOSPHORUS UPTAKE, GROWTH, AND PHOTOSYNTHESIS

Charles H. Black

ABSTRACT

Douglas-fir seedlings were grown in containers in an organic

medium (peat-vermiculite) or in a mineral soil (Jory A horizon),

each amended with different levels of concentrated superphosphate

(CSP) or a granulated North Carolina phosphate rock (RP). Levels

of P in water extracts were measured for each fertilizer x media

combination. Dilute acid-fluoride extractable phosphorus (P),

photosynthesis rates, weight, and tissue P concentrations were

meaured at 65 and 105 days.

Levels of P in the water extract for the CSP source were high

in peat-vermiculite and intermediate in the mineral soil. For the

RP source P levels were intermediate in peat-vermiculite and too

low to be measured in the mineral medium. Dilute acid-fluoride

extractable P was highly correlated with soluble fertilizer P (but

not total P) added at the beginning of the experiment. A

substantial amount of soluble P was lost from peat-vermiculite but

not from the mineral soil.

Seedling uptake of P was proportional to the amount of



62

soluble P per container. At the first harvest P uptake was

approximately 500% greater in peat-vermiculite than in the mineral

soil. At the second harvest P uptake was from 170 to 1400% greater

in peat-vermiculite than in the mineral soil. Seedling P content

versus added soluble P relationships within soil media were

similar for both fertilizers at the first harvest; at the second

harvest P uptake from RP was significantly greater than from CSP

in the organic, but not the mineral soil. Seedling P content was

positively correlated to seedling total root length at both

harvests, but showed a significant effect of media, with uptake

per unit root length much greater in peat-vermiculite. Rates of

uptake were higher in the initial growth period, and were

positively related to soluble P in the soils.

Seedling dry weight increased with increased levels of added

soluble P, increased concentrations of foliar P, and with

increased P uptake. In both soils maximum yields at a given level

of added soluble P were less for RP than for CSP.

Total carbon uptake was highly correlated with added levels

of soluble P, foliar P concentrations, and with total P uptake.

Photosynthesis rates were positively correlated with foliar P

concentrations at both harvests, and were lower at the second

harvest. Photosynthetic efficiency with respect to P (net CO2

uptake per mg P in foliar tissue) declined sharply with increased

levels of foliar P% The internal efficiency of P from the RP
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source was less than P from CSP with respect to P content versus

growth, net CO2 uptake, and net photosynthesis rates.

At the end of the experiment seedling uptake plus P remaining

in the media for the higher fertilizer rates accounted for

approximately 75% of the originally added soluble P in the mineral

soil, but only 15% of the originally added soluble P in the

organic media. Phosphate rock may be a satisfactory P source for

incorporation into organic media for the containerized production

of conifer seedlings.
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INTRODUCTION

Nutrients and plant growth

Although nitrogen is generally considered the nutrient most

limiting to growth in the coniferous forests of the Pacific

Northwest (Gessel and others 1969), low P levels in some of these

soils have recently been shown to limit growth of Douglas-fir and

western hemlock seedlings (Heilman and Ekuan 1980) and to strongly

affect and growth responses of some established Pacific Northwest

conifer stands to N fertilization (Radwan and Shumway 1983).

The relationships between soil N levels, plant tissue N

levels, and plant growth have been extensively studied for

important agricultural herbaceous crops (e.g. see review by Mengel

and Kirby 1978). The parameters of the growth response curve to

varying levels of N fertilization is well known for many species.

Generally net photosynthetic rates (PN ) and leaf chlorophyll

concentrations are sensitive to leaf N levels and follow curves

similar to growth response curves (Natr 1972).

Responses of Pti rates and growth of plants to soil and leaf P

levels are more variable, with a number of studies reporting

little sensitivity of PN to leaf P concentrations (Natr 1970, Natr

and Purs 1970), even at the point when growth rates of P deficient

plants decreased (Reid and Bieleski 1970). In contrast to these

are the detailed studies of Longstreth and Nobel (1980), who found

a similar relationship in N, P, or K deficiencies and PN in cotton
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growing in carefully controlled solution culture, and of Terry and

Ulrich (1973) who found a close correspondence between leaf P

levels and P
N rates in sugar beat as levels declined after

removing P from plant nutrient solutions.

The interrelationships between nutrient supply, plant foliar

nutrient levels, and growth have been investigated for a number of

woody tree species, usually in connection with optimizing seedling

growth for forestation purposes (see review by Tinus and McDonald

1979). Studies on growth and P as
s

a function of soil (or

solution) and leaf tissue N levels have shown that conifers

generally respond to N fertilization with increased growth and P
N

in a manner similar to agronomic crops (Fowells and Krause 1959,

Lister and others 1968, Reed and others 1983).

The relationship between soil or solution P levels, leaf

tissue P, and growth and P . has received less attention. Fowells

and Krauss (1959) found a P level of .15 % was adequate for

maximal growth of loblolly and Virginia pines. Woodwell (1958)

found that pond pine seedlings grew well in organic soils at P

levels of between 75 and 600 ppm. In an early study McComb and

Griffith (1946) found good growth of mycorrhizal Douglas-fir

seedlings at tissue P levels of .16 %. Needle P concentrations

averaged .22 %, with a range of from .14 to .45% for wild growing

seedlings in the Oregon Coast Range (Krueger 1967a). P

concentrations in shoots of Douglas-fir seedlings are highly
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dynamic over the growing season, and decrease from a high of over

.55 % to less than .25 % in a 40 day growing period, according to

one study (Krueger 1967b).

The study of the relationship between P status and growth of

conifer seedlings has received increased attention in recent years

with the recognition of the importance of mycorrhizae in P uptake

and growth of forest tree seedlings (Marks and Kozlowski 1973).

Some studies have shown that response to mycorrhizal colonization

closely resembles a P fertilizer response (Reid and others

1983,Rousseau and Reid 1985) with seedlings growing in low P

availability media responding to colonization with increased

foliar P levels and growth. Mycorrhizae affect other parameters of

growth also, including root sinks for carbohydrate (Paul and Kucey

1981), production of phytohormones (Slankis 1973) and plant water

relations (Parke and others 1983). For a complete understanding of

the mechanism of action of mycorrhizae, the effects of P status on

conifer seedling growth independent of mycorrhizal infection is

required.

P source and plant P uptake and growth

The use of rock phosphate (RP) as a P fertilizer material has

received extensive study both in empirical field trials (Ensminger

and others 1967) and on a more theoretical scientific basis

(Khasawneh and Doll 1978, Wilson and Ellis 1984). The factors

which control the dissolution of RP and its efficacy as a
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fertilizer material are soil pH, calcium activity, the precise

mineral form of the phosphate rock, and the sink strength for

phosphate (Kasawneh and Doll 1978). RP is not as effective as

other fertilizers because under most conditions it cannot maintain

a concentration of P in the soil solution sufficient for optimal

plant growth (Russell 1973).

Some investigations (Murdoch and others 1967, Powell and

Daniel 1978) have suggested that mycorrhizae make rock phosphate P

more available to colonized plants, but a careful study by

Pairunan and others (1980) showed that the effectiveness of

applied P for mycorrhizal relative to nonmycorrhizal plants was

similar for three P sources of varying availability. Their study

supports those of other investigators (Barrow and others 1977,

Hayman and Mosse 1972, Sanders and Tinker 1971) that show

mycorrhizal and nonmycorrhizal plants obtain their P from the

same soil pools. Rock phosphate may be a suitable P source for

plants in some situations, since it does not contain large amounts

of soluble P which is subject to leaching from organic media

(Graham and Timmer 1985), and since plant uptake rates may be

limited to levels which are not inhibitory to mycorrhizal

colonization (Graham and Timmer 1985).

This study was conducted to test the growth, P uptake, and

physiology of Douglasfir, Pseudotsuga menzeisii, seedlings as a

function of different levels of P fertilization utilizing P from
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different fertilizer materials, both in a natural soil and in an

artificial medium commonly used for the production of

containergrown seedlings.



MATERIALS AND METHODS

Media
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The two media used in the experiment were a 1:1 (by volume)

mixture of peat and horticultural grade vermiculite, and soil from

a Jory (clayey, mixed, mesic Xeric Haplohumult) A horizon

collected in McDonald Experimental Forest near Corvallis, Oregon.

The Jory series is a highly weathered soil formed in colluvium

from tuffs and basalt, with moderately low base saturation and

high amounts of extractable iron (Williams 1972). Chemical and

physical characteristics of the two media are presented in Table

IV-1.

Fertilizer material

The two fertilizer sources used in this experiment were a

commercial concentrated superphosphate (0-52-0), consisting of 23

% P in a fully water soluble form, and a minigranulated North

Carolina phosphate rock (-50+150 mesh), consisting of 12.6 % P,

with 8.9 % citrate insoluble and 3.6 % available P. North Carolina

phosphate rock consists mainly of sedimentary apatites with a high

P absolute citrate solubility index compared to most other types

of phosphate rock (Khasawneh and Doll 1978).

Solubility and P fixation

To give an index of the potential availability of P from the

two fertilizer sources in each media, various amounts of

fertilizer material (Table III-2) were added to either 21 g of



Table III-1. Chemical and physical characteristics of planting media.

Medium pH P K Ca Mg Na CEC Bulk Density
ppm meg 100 g-1 g cc-1

peat-vermiculite 4.5 34 431 22.1 13.6 0.52 91.2 0.22

Jory A horizon 5.8 6 200 11.3 2.1 0.10 23.1 1.10



71

Table 111-2. Added concentrated superphosphate (CSP) or North Carolina
phosphate rock (RP), with corresponding amounts of added soluble P,
and P concentrations in the 1:1 (Jory) or 6:1 (peat-vermiculite)
medium:water extract for the solubility experiment.

Fertilizer Soil Amount added Soluble P added extract

(F)

(rng g-1) (mg g-1 ) (ppm)

CSP peat-vermiculite 2.4 0.54 45

14.3 3.24 328

23.8 5.40 719

71.4 16.19 1840

CSP Jory 0.3 0.06 < 0.1

0.8 0.17 < 0.1

6.2 1.40 0.4

12.3 2.79 1.4

23.1 5.24 4.6

RP peat-vermiculite 4.3 0.16 27.2

25.7 0.93 37.4

47.6 1.72 32.5

71.4 2.58 30.4

RP Jory 1.4 0.05 < 0.1

13.8 0.50 < 0.1

23.1 0.84 < C.1

46.2 1.67 < 0.1
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peat-vermiculite or 65 g of the Jory soil (oven-dry basis). Water

was added to give a 1:5 (peat-vermiculite) or a 1:1 (Jory)

soil:water ratio. The mixtures were shaken for .5 hr and allowed

to air dry. Water was added to bring the mixtures to the original

soil:water ratio and P concentrations of the clear solutions after

centrifugation were determined on a Technicon Autoanalyzer.

Plant growth, photosynthesis, and P uptake

Douglas-fir seedlings from a coastal seed source were grown

in 65 cc Leach tubes filled with either steam-sterilized

peat-vermiculite (1:1 by volume) or steam-sterilized Jory soil.

Growing media were amended with different levels of CSP or RP

(Table 111-3) applied to give a range of available P to seedlings.

Fertilizer material was mixed by hand with a liter of medium which

was then placed in tubes. Plants were grown in a greenhouse from

June to October 1981 in which natural light was suplemented with

18 hrs of light supplied by cool white fluorescent bulbs suspended

30 cm over seedlings. Photosyntheticly active radiation (400-700

nm) at plant level measured with a Lambda photon (quantum) sensor

LI190S at 1500 hr Pacific Daylight Time in the middle of the

growing period averaged 268 +6.8 (mean + 1 standard error),./E m-2

s-1 at plant level. Temperatures were maintained at 20/17 +20 C

day/night. Trees were watered daily to maintain moisture at near

field capacity. Beginning 4 weeks after planting seedlings were



Table 111-3. Levels of concentrated superphosphate (CSP) and North Carolina phosphate rock (PR) used

to fertilize seedlings.

Fertilizer Medium P added Soluble P added

(mg pot-I) (mg pot-1)

CSP peat-vermiculite 7.1 7.1

42.6 42.6

70.9 70.9

Jory 7.1 7.1

56.8 56.8

113.6 113.6

RP peat-vermiculite 7.1 0.3

42.4 1.5

56.5 2.0

70.7 2.5

Jory 7.1 0.3

42.4 1.5

56.5 2.0

110.0 4.0
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fertilized weekly with 4 ml per week of a nutrient solution

containing 296 ppm N (229 ppm from NO3 and 67 ppm from NH4), 155

ppm K, 0.5 ppm B, 0.05 ppm Zn, 0.01 ppm Mo. Eight weeks after

planting this was increased to 8 ml per container.

At 65 +3 and 105 + 3 days net CO2 exchange of seedling tops

was measured for a subset of seedlings from each medium x

fertilizer x level treatment using a Beckman model 215 IR infrared

gas analyzer (IRGA) in an open system at a controled temperture of

200 C. Quantum flux density at plant level in the cuvette was 270

1E m-2 s
-1

. An air stream from a compressor mixing tank was split

and half was directed through a copper coil immersed in a 200 C

water bath to a 1500 cm3 plexiglass cuvette in which the shoot of

one seedling was sealed. The flow rate was maintained at 3.8 1

min 1 which maintained CO2 concentrations within 3 % of ambient.

Air in the cuvette was mixed with a small fan to eliminate any

boundary layer effect. Relative humidity of the air was generally

high due to near saturated levels of the air at the intake point,

but levels were not measured or altered by treatment before

entering the cuvette. Before entering the IRGA both air streams

were dehumidified by passing through drying columns of magnesium

perchlorate. The IRGA was set to read in a differential mode, and

was calibrated several times daily with dry gases of CO
2

at known

concentrations in nitrogen gas. Readings were taken eight to ten

minutes after seedlings were sealed in the chamber. Preliminary
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tests showed that when seedlings were handled carefully to reduce

mechanical shock, readings were stable by this time.

After net CO2 exchange was measured seedlings were separated

into leaves, stems, and root components. Needle area was measured

with a portable Lamda leaf area meter. Root lengths were measured

by spreading seedling root systems between clear plastic sheets

and tracing their lengths with a map planimeter. Tissues were

dried to a constant weight, weighed to the nearest .1 mg, and

needle N and P concentrations were determined by microKjeldahl

digestion and analysis on a Tenicon autoanalyzer (Anonymous 1977).

N and P levels were also determined on stem and root tissue for a

subset of these seedlings. Potassium, calcium, and magnesium

concentrations of foliar tissue were determined by atomic

absorption spectrophotometry after perchloric acid digestion. P

levels on duplicate soil samples from each fertilizer x medium x

level treatment were measured on soils collected at the two

harvests by extraction with dilute acidfluoride (Bray no 1,

Berg and Gardner 1978, Bray and Kurtz 1945, Olsen and Sommers

1982).

There were 60 seedlings in each fertilizer x medium x level

treatment except for the intermediate levels of RP, each of which

contained 30 seedlings. The seedlings were divided into 6 groups,

which were placed in a randomized block design on the greenhouse

bench. Midway through the growing period seedlings were
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rerandomized. Net carbon uptake was measured on a total of 325

seedlings, approximately 12 per fertilizer x medium x level x

harvest treatment. N and P levels of leaf tissue was determined on

412 separate seedlings. Potassium, calcium, and magnesium levels

were measured on duplicate samples of leaf tissue combined from 2

to 4 seedlings from each treatment.

Soil and plant P measures were transformed by the appropriate

factors to express them as mg per tube or mg per seedling. Data

were analyzed with a BMDP statistical package (Dixon 1983) on the

San Diego State University Department of Biology VAX computer, and

are represented graphically as a function of P levels.

Mitscherlich models were not appropriate since seedlings were not

grown at nonzero fertilizer rates.
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RESULTS AND DISCUSSION

Soil P

Results from the soil fixation experiment (Table 111-2) show

that added available P from both sources was relatively available

in the organic media. The P fixation capacity of the Jory soil

was apparently very large: even at the highest rate of more than 5

mg (g soil)-1 added available P from CSP over 99 % of this P was

not released in a water extract. Although the techniques differ

somewhat, P fixation of this soil at low added P rates was similar

in magnitude to that of a highly weathered North Carolina soil

studied by Fox and Kamprath (1970). Dissolution/absorption of

available P from the rock phosphate source was very low also: even

at the highest rate of 1.67 mg (g soil)-1 of added available P,

solution P concentrations were less than .1 ppm.

Bray no 1 P levels of soils collected at each harvest showed

positive correlations with amount of soluble P added by fertilizer

(Table 111-4). These correlations were significantly improved by

eliminating the two higher CSP-peat:vermiculite level treatments

(Table 111-4). A large percentage of the added soluble P appeared

to be leached from these tubes. Although P is generally considered

to be relatively immobile in soil, significant amounts of P my be

lost from organic horizons of soils (Fox and Kamprath 1971). and

from containers of organic media in greenhouse conditions (Graham

and Timmer 1985).



Table 111-4. Bray no I P levels in soils at the first and second harvests.

Soluble P,at

Fertilizer Soil Beginning of Experiment Bray no 1 P

CS?

RP

First Harvest

mg tube
-1

Second Harvest

peat-vermiculite 7.59

43.06

71.44

Jory 1.49

51.15

113.90

peat-vermiculite 2.53

12.65

16.70

20.75

Jory 2.43

12.55

16.60

32.80

3.77 * 0.79

6.84 t 1.19

10.34 + 1.28

5.69 + 0.81

44.76 + 0.81

84.78 + 3.04

3.04 + 0.51

4.16 + 0.48

6.48 + 1.04

8.21 + 1.41

1.35 + 0.47

7.97 + 1.52

10.74 0.67

19.34 + 0.78

1.28 + 0.47

1.54 + 0.26

0.80 + 0.00

5.68 + 0.86

36.79 + 4.00

81.84 + 4.82

2.94 + 0.76

4.56 + 1.36

3.20 + 0.00

5.68 + 1.88

6.07 t 1.06

5.59 + 1.01

11.51 + 0.95

18.21 + 0.00

*A

All points included: Bray no 1 P " 1.344 + 0.628 (Soluble P) 1.065 (Harvest no) R
2

- .755

CSP peat-vermiculite excluded; Bray no I P " 0.605 + 0.738 (Soluble P)" 1.497 (Harvest no) R2 " .969
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Soil P and seedling P uptake

The different P levels produced a range of leaf P

concentrations in seedlings (Table 111-5). Other macronutrient

concentrations (Table 111-5) were moderate to high compared to

published values for wild-grown and nursery seedlings (Krueger

1967a), and did not vary with P treatment. P concentrations of

root and stem tissue were highly correlated with P concentration

of leaf tissue over the range of tissue leaf concentrations

observed (Table 111-6). These relationships were used to

determined total P uptake of seedlings for which stem and root

tissue P levels were not measured.

Total P uptake of seedlings versus added soluble P (Figure

III-1) showed soil media had the most important influence on P

uptake. At the first sampling period the slope of the uptake

versus added soluble P line was similar, but seedlings in

peat-vermiculite contained approximately 500% more P at a given

added level than seedlings growing in the mineral soil. Amounts of

available soil P indicated by dilute acid-fluoride extraction at

the time of the harvests do not explain this difference: Bray no 1

P levels predicted higher levels in the Jory tubes than in the

peat-vermiculite tubes at a given added soluble P level. P levels

in the water extract were much higher in the peat-vermiculite



Table 1115. Leaf N and P concentrations at the first and second
harvests, and K, Ca, and Mg concentrations at the second
harvest.

Leaf Nutrient Concentrations (X Dry Weight)

Fertilizer Medium P Added

Cs Mg

1
Harvest 1 Harvest 2 Harvest 1 Harvest 2 Harvest 2

mg seedling

CSP peat-vermiculite 7.1 0.51 t 0.02 0.28 + 0.04 1.77 * 0.03 1.32 * 0.10 0.86 + 0.12 0.35 + 0.06 0.18 + 0.0242.6 0.51 + 0.01 0.28 + 0.04 1.92 + 0.06 1.41 + 0.05 0.94 + 0.09 0.28 + 0.08 0.16 + 0.0270.9 0.62 + 0.01 0.35 + 0.02 1.89 + 0.03 1.36 + 0.04 1.01 + 0.03 0.27 + 0.01 0.12 + 0.01

Jory 7.1 0.14 t 0.01 0.08 *- 0.01 1.62 * 0.09 1.64 + 0.09 0.87 + 0.08 0.48 + 0.20 0.15 + 0.0656.8 0.11 + 0.01 6.15 + 0.02 1.74 + 0.05 1.29 + 0.04 0.69 + 0.09 0.32 + 0.06 0.10 + 0.02113.6 0.26 + 0.01 0.30 + 0.02 1.66 1 0.05 1.43 + 0.06 0.87 + 0.13 0.50 + 0.04 0.15 + 0.02

RP peat-vermiculite 7.1 0.56 + 0.02 0.35 * 0.04 1.91 * 0.01 1.58 * 0.09 1.10 + 0.09 0.36 + 0.02 0.20 + 0.0142.4 0.55 + 0.01 0.39 + 0.05 1.89 + 0.01 1.60 + 0.08 1.28 + 0.07* 0.37 + 0.02 0.18 + 0.0156.5 0.59 + 0.02 0.46 * 0.02 1.78 + 0.01 1.69 + 0.08
70.7 0.43 * 0.01 0.48 + 0.01 1.78 + 0.01 1.59 + 0.06 1.27 * 0.05 0.34 + 0.02 0.18 + 0.01

Jory 7.1 0.07 * 0.01 0.07 t 0.01 1.91 * 0.05 1.62 + 0.12 0.90 * 0.06 0.39 + 0.01 0.15 * 0.0142.4 0.09 + 0.01 0.10 + 0.02 1.73 + 0.04 1.52 + 0.16 0.91 + 0.04° 0.39 + 0.05 0.16 + 0.0156.5 0.06 + 0.01 0.07 + 0.01 1.48 + 0.05 1.62 + 0.12
110.0 0.08 + 0.01 0.09 + 0.01 1.57 + 0.01 1.36 + 0.08 0.92 + 0.01 0.44 + 0.02 0.17 + 0.01

intermediate level tteedlinge were combined in the analysis.



Table 111-6. Regression equations for the needle proportional weight versus soluble P;growth between harvests versus needle proportional weight at the first harvest;and net photosynthesis rates versus leaf P concentrations for leaf P less than
.13%.

ln(needle weight/total weight)'= -0.299 + 0.0179(soluble P in tubes)** -

0.143 (soil)** - 0.207(sample period)** R
2
= .562

= 1.347
**

+ 1.636(needle weight/total weight
weight

2nd harvest - 1st harvest

at 1st harvest)**
R2 = .791

net photosynthesis rate = -2.837** + 271.02(leaf P concentration)**

R
2 = .565

* *
p < .01
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Figure III-1. Seedling total P content versus soluble P levels in soil for the first and second harvest.
C)concentrated superphosphate (CSP) in peat-vermiculite; [] CSP in Jory soil; Q North Carolina

phosphate rock (RP) in peat-vermiculite; p RP in Jory soil. Open symbols- 1st harvest; solid
symbols- 2nd harvest.---- peat vermiculite; Jory.* P .05; **p .01. Lines around points
indicate ± one standard error.
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medium, and were perhaps a better measure of the P actually

available to seedlings than was Bray no 1 P. The influence of the

structural and aeration characteristics of the two media

undoubtedly played a large role in the growth of seedlings:

natural soils are generally poor media for containergrown plants

(Flegmann and George 1975). Growth and P uptake of seedlings in

the Jory soil as a function of fertilizer and level was probably

an adequate relative measure of how seedlings would have responded

in more natural circumstances.

P content at the second harvest again showed the major effect

of soil media, with seedlings grown in peat-vermiculite containing

from 125 to over 800% more P than seedlings in the Jory media. In

the Jory soil there was no difference due to fertilizer source,

but in the peat:vermiculite uptake was strongly affected by

fertilizer source. Seedlings fertilized with RP showed much

greater uptake at higher available P levels than did seedlings

fertilized with CSP. This difference was probably due to the

pronounced loss of soluble P at high levels of CSP fertilization,

which did not occur with RP.

The percentage of added soluble P accounted for by the

combination of plant uptake and P remaining in the soil at the end

of the second harvest (Figure 111-2) shows the major effect of

soil media: in the Jory soil at higher fertilizer levels 80 % of

added P is accounted for in these two pools, while in the
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peat-vermiculite medium only about 15 % of added P is in the soil

or in seedlings at higher fertilization rates.

Seedling P content was positively correlated with seedling

root length (Figure 111-3), with a strong soil media effect, and a

less pronounced time effect. Most root systems had reached the

bottom of the containers by the second harvest, and air pruning

might have considerably affected results that would otherwise have

held. Khawasneh and Copeland (1978) found a monotonic relationship

between root length and total P uptake over different harvest

times and fertility levels for cotton fertilized with different

rates of CSP.

Average rates of uptake (ug cm-1 day-1) calculated from the

equation

r = (u2 - tio(r2 - to-1(12 - 11)-1 ln(12/11)

where r is the rate of uptake per unit root length (mg P per cm

root per day), and u, 1, and t are uptake of P in mg, root length

in cm, and time in days, respectively (Williams 1948) are

presented in Table 111-7. The initial values for u and 1 for the

first growing periods were assumed to be .1 mg and 1 cm

respectively. Rates were highest in the initial period for

highest rates added soluble P. The loss of soluble P in

peat:vermiculite is reflected in the large percent reduction in

uptake rates from the first to the second harvest, in contrast to
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Figure 111-3. Total seedling P uptake versus root length at 65 and 105 days. PV1 peat
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Table 111-7. Average uptake rates during the two growth periods versus added soluble P.

Fertilizer Medium Soluble P
(mg pot-I)

Uptake rate ( g cm

0-65 days

day )

65-105 days

CSP peat-vermiculite 7.1 1.4E2 0,225

42.6 1.543 0.260

70.9 1.940 0.219

Jory 7.1 0.244 0,000

56.8 0.192 0.174

113.6 0.711 0.373

RP peat-vermiculite 0.3 1.610 0.283

1.5 1.633 0.262

2.0 1.380 0.456

2.5 1.072 0.716

Jory 0.3 0.028 0.030

1.5 0.110 0.071

2.0 0.045 0.045

4.0 0.075 0.073
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the relatively steady rates in the Jory soil. The rates of uptake

in this experiment range from an order of magnitude higher to

slightly lower than rates calculated by Khasawneh and Copeland

(1973) for cotton fertilized with CSP. The contribution of numbers

and areas of short roots is not figured into this analysis, and

would presumably play a very large role in uptake.

Uptake and Growth

Seedling total weight was positively correlated with total P

uptake (Figure 111-4), with seedlings fertilized with CSP reaching

greater weights at given fertilizer levels than seedlings

fertilized with RP. Other investigators (Engelstad and others

1974, Ensminger and others 1967) have observed that growth maxima

are invariably lower with rock phosphate sources of P, even at

very high P rates or when plants are colonized by mycorrhizal

fungi (Pairunan and others 1980). This is related to the P

concentrations which various fertilizer sources can maintain in

the soil solution, which due to the kinetics of dissolution are

too low for optimal growth of plants with a high P uptake

requirement (Khasawneh and Doll 1978).

The internal efficiency of P from the two sources in this

study differed: at a given P content level seedlings were larger

when fertilized by CSP than when fertilized by RP (Figure 111-4).



1.00

0.75

0.60

0.25

GSP.2 WI = 0.73 t 0.1921n(P conlenl)44 r2 = .916

-41

-V-

WI = 0.64 t 0.1071n(P content)" r2 =.878

GSP.1 WI = 0.33 t 0.04031n(P content)" r2=-.890

RP,1 WI= 0.29 t 0.1281n(P conIenI) r2 = .202

0.0 1.0
1 1

2.0 4.0

Seedling Phosphorus Content (mu)

1

4.0 6.0

Figure 111-4. Total seedling weight versus P content. CSP 1 - concentrated superphosphate, 1st
harvest; CSP 2 - concentrated superphosphate, 2nd harvest; PR 1 - rock phosphate, 1st
harvest; RP 2 - rock phosphate, 2nd harvest. Symbols as in Figure III-1.
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This is in contrast to the study of Khasawneh (unpublished, cited

by Khasawneh and Doll 1978) that showed the internal efficiency of

P was the same regardless of rate or source for cotton fertilized

with a number of different P fertilizers. Goss and Stewart (1979)

found for alfalfa that the internal efficiency of P from

superphosphate and from a feedlot manure differed, with yield

increase per unit of P greater for manure P than for CSP P. They

attributed this to luxury consumption of P from the CSP source,

with plant yield more closely tracking the slowly available P from

the manure source. The opposite results hold in the present

experiment, with the use efficiency greater with P from the CSP

source. A possible explanation for this result might be increased

seedling P uptake after seedling growth to size x, rather than a

close tracking of growth with uptake. Seedlings in the

RP-peat-vermiculite treatments had taken up much more P than

seedlings in the CSP-peat-vermiculite treatments by the time of

the second harvest, but still remained smaller than these

seedlings, which supports this hypothesis.

Needle proportional weight (needle weight/total weight)

increased significantly with respect to added soluble P (Table

111-6). Black (1985) has shown that needle proportional weight of

Douglas-fir seedlings increased with increasing mycorrhizal

infection in a P deficient soil. The gain in weight of seedlings

in each treatment between the first and the second harvest period
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was highly correlated with the photosynthate allocated to leaf

area expansion (Table 111-6), a pattern which has been shown to

occur for a number of plant species (Potter and Jones 1977).

P levels and photosynthesis

Net carbon uptake of shoots was closely related to total P

content of leaves (Figure 111-5), with fertilizer source as the

major factor affecting the different relationships. Within

fertilizer sources, the relationships remained constant over

harvests and over growth media. The magnitude of the R 2 value

increased appreciably (from .696 to .913) when the CSP

peat-vermiculite treatment from the first harvest was eliminated.

The uniform and extremely high level of P in the tissues of these

seedlings indicated extreme luxury consumption, and obscures the

relationship of net CO2 uptake

otherwise holds.

with foliar P content that

Net photosynthesis rates (P N) for the seedlings ranged from

approximately 11 to 30 mg CO2 fixed g leaf tissue
-1 h-1 (Figure

111-6). These rates are high compared to those generally found in

conifers (Larcher 1975), and observed in other studies of

Douglas-fir seedlings, although they fall within the range found

by some investigators for conifers (Benecke 1980, Troeng and

Lender 1982). The apparent discrepancy between the high rates
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observed here and lower rates found for other seedlings can be

explained to some extent by the difference in fertility levels and

other growing conditions in the different studies. Sorensen and

Ferrell (1973) found maximum rates of approximately 10 mg CO2

fixed g-1 h-1 for 100-day-old Douglas-fir seedlings. Their

seedling weight at this age was approximately .18 g. The

105-day-old seedlings in this study which weighed approximately

.2C g had Ps rates of 12 mg CO2 fixed g-1 h-1. Krueger and Ruth

(1969) found maximum rates of 15 mg CO2 fixed g 1 h-1 but their

'year-old' seedlings weighed only .46 g. Parke and others (1983)

found maximum rates of 11 mg CO2 fixed dm-1 h-1 for 7-month-old

seedlings which weighed .7 g, but these rates were measured under

less than saturating light conditions (as low as 220/4E m-2 s-1)

and with a technique that integrated measurements over depleted

CO
2

concentrations. Reid and others (1983) found maximum PN rates

for 3-month-old non-mycorrhizal loblolly pine seedlings of 3 mg

CO
2 fixed g shoot-1 h-1, but the phosphorus concentration in these

seedlings was only 0.07 %. In most of the above studies the

nutrient statuses of the experimental plants are not described,

and low rates of some mineral nutrients may have reduced maximum

potential rates. The largest seedlings in the present study

weighed over 1 g at 105 days of age, considerably more than

seedlings at similar ages in the above studies, had high levels of

major nutrients compared to wild-grown and most nursery-grown
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seedlings, and were measured at near saturating light intensity

levels (Brix 1968) which were similar to or slighlty greater than

the average levels they had experienced during growth.

PN increased with leaf P concentrations at both harvests

(Figure 111-6). Rates declined from the first to the second

measurement period, which can be attributed to the physiological

aging of leaf tissue (Sorensen and Ferrell 1973), and the

increasing effect of self-shading by the seedlings. As with uptake

and growth, the internal efficiency of P as affecting P
N was

significantly different between the two fertilizer sources. This

effect held over the two growth media. For P concentration range

of from 0.06 to 0.13 %, which represents the area from which P

could be considered extremely deficient to adequate, PN was

linerly related to leaf P concentration over both harvests (Table

111-7). There is no significant affect of fertilizer source, with

a limited number of points for the CSP source, since most

seedlings fertilized with CSP had leaf P levels higher than 0.13

%. The differences in internal efficiency of the two P sources for

PN (Figure 111-6), for weight versus P content (Figure 111-4), and

total CO
2

uptake versus leaf P content (Figure 111-5) generally

occur at P fertilizer levels which would generally be considered

very high. Differences in internal efficiency of P due to

fertilizer source might be due to interactions of the fertilizer

materials with micronutrients in the soil or P-micronutrient
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interactions in the plants. For example, zinc is found as a

contaminant in some rock phosphate sources, and when used at rates

sufficient to produce maximum growth can approach toxic levels

(Pairunan and others 1980). Soil and plant zinc levels were not

measured in this study.

The nutrient use efficiency, defined as the amount of CO
2

fixed per unit nutrient (Chabot and Hicks 1982, Hom and Oechel

1983), decreased sharply as leaf P concentrations increased

(Figure 111-7). This is in contrast to the pattern observed over a

range of age classes of black spruce needles, where P

concentrations and use efficiency with respect to P declined

concomitantly with age (Hom and Oechel 1983). The rate of change

of nutrient use efficiency between .06 and .2% leaf P suggests

that tissue P in this range is closely linked to photosynthesis:

relatively little change after .2% P concentration suggests a

weaker link between processes of photosynthesis and P. The level

of P considered adequate for Douglas-fir seedling growth is

generally near .2% (Krueger 1967a, McComb and Griffith 1946). The

significant effect of P source again is evident, with a lower

nutrient use effeciency for P from RP.

The results of this study provide a baseline for examining

effects of mycorrhizae on growth and physiology of Douglas-fir

seedlings. Increased P fertilization in this study led to

increased allocation of structural carbon to leaf tissue,
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increased P
N' increased net carbon uptake, and increased seedling

size. A number of investigations have shown that mycorrhizae can

affect seedlings in the same manner (e.g. Black 1985, Reid and

others 1983). Of particular interest is the potential effect of

mycorrhiza on nutrient use efficiency: generally mycorrhizae

increase nutrient use efficiency (Black 1985, Pairunan and others

1980). The results here showed little correlation of nutrient use

efficiency with respect to CO2 fixation rates and growth: highest

nutrient use efficiency occurred in seedlings with the lowest leaf

P levels and the lowest rate of growth. Although RP provides a

source of P which is less subject to leaching, provides a P source

which can maintain a relatively constant rate of uptake over an

extended period, and which can produce seedlings which are 75% the

size of those fertilized with high rates of CSP, the reasons for

the lower internal use efficiency of P from this source compared

to a completely soluble P source should be elucidated before RP

can be recommended for production of containergrown seedlings.



99

LITERATURE CITED

Anonymous. 1977. Digestion and sample preparation for the analysis
of total Kjeldahl nitrogen and/or phosphorus in food and
agricultural products using the Technicon BD-20 block
digestor. Industrial Method No. 369-72 A/B. Technicon
Instruments Corp., Tarrytown, New York

Barrow, N. J, N. Malajczuk, and T. C. Shaw. 1977. A direct test of
the ability of vesicular-arbuscular mycorrhiza to help plants
take up fixed soil phosphate. New Phytol. 78:269-276.

Benecke, U. 1980. Photosynthesis and transpiration of Pinus
radiata D. Don. under natural conditions in a forest stand.
Oecologia 44:192-198.

Berg, M. G., and E. H. Gardner. 1978. Methods of soil analysis
used in the soil testing laboratory at Oregon State
University. Special Report 321, Ag. Expt. Stn., Oregon State
University, Corvallis, Oregon 44 p.

Black, C. H. 1985. Effects and interaction of slash burning and
mycorrhizal infection on Douglas-fir seedling growth and
morphology. IN Proceedings of the 6th North American
conference on mycorrhizae. R. Molina (ed.). Forest Research
Laboratory, Corvallis, Oregon. p. 276

Bray, R. H., and L. T. Kurtz. 1945. Determination of total,
organic, and available forms of phosphorus in soils. Soil
Sci. 59:39-45.

Brix, H. 1968. Influence of light intensity at different
temperatures on rate of respiration of Douglas-fir seedlings.
Plant Physiol. 43:389-393.

Chabot, B. F., and D. J. Hicks. 1982. The ecology of leaf
life-spans. Annu. Rev. Ecol. Syst. 13:229-259.

Dixon, W. (ed), 1983. BMDP statistical software. University of
California Press, Berkeley, California. 734 p.

Engelstad, O. P., A. Jugsujinda, and S. K. DeDatta. 1974. Response
by flooded rice to phosphate rocks varying in citrate
solubility. Soil Sci. Am. Proc. 38:524-529.

Ensminger, L. E., R. W. Pearson, and W. H. Armiger. 1967.
Effectiveness of rock phosphate as a source of phosphorus for
plants. USDA ARS Bull. 41-125.



100

Flegmann, A. W., and R. A. T. George. 1975. Soils and other growth
media. AVI Pub. Co., Inc. Westport, Conn. 170 p.

Fowells, H. A., and R. W. Krauss. 1959. The inorganic nutrition of
loblolly and Virginia pine with special reference to nitrogen
and phosphorus. Forest Sci. 5:95-112.

Fox, R. L., and E. J. Kamprath. 1970. Phosphate sorption isotherms
for evaluating the phosphate requirements of soils. Soil Sci.
Soc. Amer. Proc. 34:902-907.

Fox, R.L., and E. J. Kamprath. 1971. Adsorption and leaching of P
in acid organic soils and high organic matter sand. Soil Sci.
Soc. Amer. Proc. 35:154-156.

Gessel, S. P., T. N. Stoate, and K. J. Turnbull. 1969. The growth
and behavior of Douglas-fir with nitrogenous fertilizer in
western Washington. Institute of Forest Products Contrib.
No. 7, University of Washington, Seattle 119 p.

Goss, D. W., and B. A. Stewart. 1979. Efficiency of phosphorus
utilization by alfalfa from manure and superphosphate. Soil

Sci. Soc. Amer. J. 43:523- 528.

Graham, J. H., and L. W. Timmer. 1984. Vesicular-arbuscular
mycorrhizal development and growth response of rough lemon in
soil and soiless media: effect of phosphorus source. J. Amer.
Soc. Hort. Sci. 109:118-121.

Graham, J. H., and L. W. Timmer. 1985. Rock phosphate as a source
of P for optimum VA mycorrhizal development and growth
response in soilless media. IN Proceedings of the 6th North
American conference on mycorrhizae. R. Molina (ed). Forest
Research Laboratory, Corvallis, Oregon p. 242.

Hayman, D. S., and B. Mosse. 1972. Plant growth responses to
vesicular- arbuscular mycorrhiza. III. Increased uptake of
labile P from soil. New Phytol. 71:41-47.

Heilman, P. E., and G. Ekuan. 1980. Effects of phosphorus on
growth and mycorrhizal development of Douglas-fir in

greenhouse pots. Soil. Sci. Soc. Amer. J. 44:115-119.

Hom, J. L., and W. C. Oechel. 1983. The photosynthetic capacity,
nutrient content, and nutrient use efficiency of different
needle age-classes of black spruce (Picea mariana) found in
interior Alaska. Can. J. For. Res. 13:834-839.



101

Khasawneh, F. E., and J. P. Copeland. 1973. Cotton Growth and
uptake of nutrients: relation of phosphorus uptake to
quantity, intensity, and buffering capacity. Soil Sci. Soc.
Amer. Proc. 37:250-254.

Khasawneh, F.E., and E. C. Doll. 1978. The use of phosphate rock
for direct application to soils. Adv. Agron. 30:159-206.

Krueger, K.W. 1967a. Foliar mineral content of forest and
nursery-grown Douglas-fir seedlings. USDA For. Serv. Res.
Pap. PNW-45, 12 p. Pac. Northwest For. and Range Exp. Stn.,
Portland, Oreg.

Krueger, K. W. 1967b. Nitrogen, phosphorus, and carbohydrate in
expanding and year-old Douglas-fir shoots. Forest Sci.
352-357.

Krueger, K. W., and R. H. Ruth. 1969. Comparative photosynthesis
of red alder, Douglas-fir, Sitka spruce, and western hemlock
seedlings. Can. J. Bot. 47:519-527.

Larcher, W. 1975. Physiological plant ecology. Springer-Verlag,
Berlin. 252 p.

Leverenz, J. W., and P. G. Jarvis. 1979. Photosynthesis in Sitka
spruce. VIII. The effects of light flux density and
direction on the rate of net photosynthesis and the stomatal
conductance of needles. J. Appl. Ecol. 16:919-932.

Lister, G. R., V. Slankis, G. Krotkov, and C. D. Nelson. 1968. The
growth and physiology of Pinus strobus seedlings as affected
by various nutritional levels of nitrogen and phosphorus.
Ann. Bot. 32:33-34.

Longstreth, D. J., and P.S. Nobel. 1980. Nutrient influences on
leaf photosynthesis. Plant Physiol. 65:541-543.

McComb, A. L. and J. E. Griffith. 1946. Growth stimulation and
phosphorus absorption of mycorrhizal and non-mycorrhizal
northern white pine and Douglas fir seedlings in relation to
fertilizer treatment. Plant Physiology 21:11-17.

Marks, C. G., and T. T. Kozlowski, eds. 1973. Ectomycorrhizae-
their ecology and physiology. New York, Academic Press. 444
pp.

Mengel, K., and E. A. Kirby. 1978. Principles of plant nutrition.



102

International Potash Institute, Worblaufen-Bern, Switzerland.
593 p.

Murdoch, C. L., J. A. Jacobs, and J. W. Gerdemann. 1967.
Utilization of phosphorus sources of different availability
by mycorrhizal and non-mycorrhizal maize. Plant and Soil
27:329-335.

Natr, L. 1970. The influence of removal of mineral deficiency on
dry weight, rate of photosynthesis, and N, P, K concentration
in barley. Flora 159:589- 599.

Natr, L. 1972. Influence of mineral nutrients on photosynthesis of
higher plants. Photosynthetica 6:80-99.

Natr, L., and J. Purs. 1970. The relation between rate of
photosynthesis and N, P, K concentration in barley leaves:
II. Phosphorus absent from the nutrient solution.
Photosynthetica 4::31-37.

Olsen, S. R., and L. E. Sommers. 1982. Phosphorus. in Methods of

soil analysis. A. L. Page (ed.) American Society of Agronomy,
Inc. Pub. p. 403-440.

Pairunan, A. K., A. D. Robson, and L. K. Abbott. 1980. The
effectiveness of vesicular-arbuscular mycorrhizas in
increasing growth and phosphorus uptake of subterranean
clover from phosphorus sources of different solubilities.
New Phytol. 84:327-338.

Parke, J. L., R. G. Linderman, and C. H. Black. 1983. The role of
ectomycorrhizas in drought tolerance of Douglas-fir
seedlings. New Phytol. 95:83-95.

Paul, E. A., and R. M. N. Kucey. 1981. Carbon flow in plant
microbial associations. Science 213:473-474.

Potter, J. R., and J. W. Jones. 1977. Leaf area partitioning as an
important factor in growth. Plant Physiol. 59:10-14.

Powell, C. L., and J. Daniel. 1978. Mycorrhizal fungi stimulate
uptake of soluble and insoluble phosphate fertilizer from a
phosphate-deficient soil. New Phytologist 80:351-357.

Radwan, M. A., and J. S. Shumway. 1983. Soil nitrogen, sulfur, and
phosphorus in relation to growth response of western hemlock
to nitrogen fertilization. Forest Sci. 29:469-477.



103

Reed, K. L., J. S. Shumway, R. B. Walker, and C. S. Bledsoe. 1983.
Evaluation of the interaction of 'two environmental factors
affecting Douglas-fir seedling growth: light and nitrogen.
Forest Sci. 29:192-203.

Reid, C. P. P., F. A. Kidd, and S. A. Ekwebelam. 1983. Nitrogen
nutrition and carbon allocation in ectomycorrhizal pine.
Plant and Soil 71:415-432.

Reid, M. S., and R. L. Bieleski. 1970. Response of Spirodela
oligoffhiza to phosphorus deficiency. Plant Physiol.
46:609-613.

Russell, E. W. Soil conditions and plant growth, 10th ed. Longman,
London..

Sanders, R. E., and P. B. Tinker. 1971. Mechanism of absorption of
phosphate from soil by Endogone mycorrhizas. Nature
233:278-80.

Slankis, V. 1973. Hormonal relationships in mycorrhizal
development. INC. G. Marks and T. T. Kozlowski, eds.,
Ectomycorrhizae- their ecology and physiology. New York:
Academic Press. pp 231-298.

Sorenson, F. C., and W. K. Ferrell. 1973. Photosynthesis and
growth of Douglas- fir seedlings when grown in different
environments. Can. J. Bot. 51:1689- 1698.

Terry, N., and A. Ulrich. 1973. Effects of phosphorus deficiency
on the photosynthesis and respiration of leaves of sugar
beat. Plant Physiol. 51:43-47.

Tinus, R. W., and S. E. McDonald. 1979. How to grow tree seedlings
in containers in greenhouses. Gen. Tech. Rep. RM-60. Rocky
Mtn. For. and Range Exp. Stn. Ft. Collins, Colorado. 256 p.

Troeng, E., and S. Linder. 1982. Gas exchange in a 20-year-old
stand of Scots pine. Physiol. Plant. 54:7-14.

Williams, L. H. 1972. Soil survey of the Marion County area,
Oregon. USDA, SCS, U.S. Govt. Printing Office, Washington,
D. C. 132 p.

Williams, R. F. 1948. The effects of phosphorus supply on the

rates of intake of phosphorus and nitrogen and upon certain
aspects of phosphorus metabolism in gramineous plants. Aust.
J. Sci. Res. 1:333-361.



104

Wilson, M. A., and B.G. Ellis. 1984. Influence of calcium solution
activity and surface area on the solubility of selected rock
phosphates. Soil Sci. 138:354-359.

Woodwell, G. M. 1958. Factors controlling the growth of pond pine

seedlings in organic soils of the Carolinas. Ecol. Monographs
28:219-236.



105

CONTRIBUTION OF AUTHORS

Randy Molina supplied the trees and assisted with examination of
seedling root systems.

K. R. Munson initiated the project and helped plant the seedlings.

Charles H. Black assisted with planting the seedlings, measured
growth and survival after one and two field seasons, performed the
statistical analysis, and wrote the article.



106

CHAPTER IV

GROWTH AND SURVIVAL OF PISOLITHUS TINCTORIUS INOCULATED DOUGLAS-FIR

AND WESTERN HEMLOCK SEEDLING ON ROUTINE REGENERATION SITES IN OREGON

Charles H. Black, K. R. Munson, and Randy Molina

ABSTRACT

Nonmycorrhizal Douglas-fir, Pseudotsuga menziesii (Mirb.)

Franco, and western hemlock, Tsuga heterophylla (Raf.) Sarg.,

seedlings and seedlings of the same species inoculated with a

Georgia isolate of the mycorrhizal fungus Pisolithus tinctorius

(Pers.) Coker and Couch were outplanted on two routine regeneration

sites in the Oregon Coast Range. Mycorrhizal seedlings were larger

after one growing season than nonmycorrhizal seedlings, but this

difference did not persist after two years. Inoculation did not

significantly affect survival after two years. Root systems

examined at this time showed several types of mycorrhizae on all

trees, but no sign of P. tinctorius was evident. Inoculation of

seedlings with a Georgia isolate of P. tinctorius is not

recommended for routine Oregon regeneration sites.
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INTRODUCTION

Improved outplanting performance of nursery tree seedlings

inoculated with mycorrhizal fungi has been demonstrated on a range

of harsh afforestation sites (Berry and Marx 1976, Clement et al.

1977, Marx 1976, Marx and Artman 1979). Benefits often include

dramatic improvements in growth and survival compared to

nonmycorrhizal controls. While some studies also indicate that

mycorrhizal inoculation can enhance seedling growth and survival

on routine regeneration sites (Kropp 1981, Marx and others 1977),

others have shown no effect or even a detrimental effect of nursery

mycorrhizal inoculation (Bledsoe and others 1982, Levisohn 1957,

Marx and others 1977). Different fungus species and different

isolates of the same species can have different effects on nutrient

uptake and plant growth (Molina 1979, Trappe 1977) and on plant

responses to water stress (Parke and others 1983). Furthermore,

outplanted nonmycorrhizal seedlings can quickly become mycorrhizal

with fungi native to the site (Kropp 1982, Tainter and Walsted

1977). These differences contribute to the range of seedling

responses reported from different outplanting studies.

We designed an experiment to test the effects of nursery

inoculation with a Georgia isolate of the commonly used

mycorrhizal fungus Pisolithus tinctorius (Pers.) Coker and Couch on

growth and survival of Douglasfir, Pseudotsuga menziesii (Mirb)

Franco, and Western Hemlock, Tsuga heterophyla (Raf.) Sarg.,



108

seedlings planted on routine regeneration sites in the Oregon Coast

Range. P. tinctorius has effectively enhanced growth and survival

of several conifer species in the southeastern United States (Kais

and others 1980, Marx and others 1977, Ruehle 1980), but effects on

conifers in the Pacific Northwest have not been reported.
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MATERIALS AND METHODS

Douglas-fir and western hemlock seedlings were obtained from a

cooperative experiment on the effectiveness of commercial P.

tinctorius inoculum (produced by large volume, commercial fermentor

procedures by Abbott Laboratories) versus inoculum produced by

routine research procedures at the Institute for Mycorrhizal

Research and Development in Athens, Georgia (see Marx and others

1981 for details of inoculation). Briefly, varying amounts of these

inocula were mixed with steam sterilized 1:1 peat:vermiculite and

placed in 65 cc LeachR tubes. Stratified Douglas-fir and western

hemlock seeds from coastal seed sources were planted in the tubes

and thinned to one per tube after germination. Seedlings were

maintained in a greenhouse under supplemental light of

approximately 11,000 lx for 15 hours daily, in addition to full

sunlight. Greenhouse temperatures ranged from 16 to 28° C.

Seedlings were watered with 15 ml of a 600 ppm solution of a water

soluble fertilizer (20-19-18/NPK) and 15 ml of a two percent

Sequestrene 330-FeR solution twice weekly. Additional water was

added as needed. After 15 weeks a random subset of seedlings from

each inoculum treatment was harvested and heights, diameters,

percent P. tinctorius feeder roots, and fresh weights were

measured. At this time mycorrhizal Douglas-fir seedlings averaged

3% greater heights and 0% greater diameters than controls.

Mycorrhizal colonization of feeder roots averaged 8% for controls
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and 25% for inoculated seedlings. Western hemlock seedlings

averaged 15% greater heights and 5% greater diameters, with

inoculated seedlings showing 15% colonized feeder roots and control

seedlings showing 5% colonized feeder roots (see Marx et al. 1981

for more details of growth and significances of treatment

differences).

We examined the root systems of the remaining seedlings and

selected those from control groups which showed no evidence of

mycorrhizal colonization and those from inoculated groups which

showed evidence of well developed P. tinctorius mycorrhizae.

Measurements on growth parameters of these selected seedlings were

not made.

Seedlings were planted in March 1979 on two routine

regeneration sites in the Oregon Coast Range near Coquille, Oregon.

Site characteristics are presented in Table IV-1. Thick herbaceous

vegetation on the Fish Ladder site and an absence of any vegetation

on the Old Man site was the greatest difference between the two.

Four paired rows of ten trees from each treatment for each tree

species were hand planted on relatively uniform areas within each

clearcut area. Trees were covered with vexar tubing to reduce

animal damage. Height, diameter, and survival of each tree were

measured in November 1979 and 1980. One seedling from each

treatment x species x site combination was excavated in 1980 and

the root systems were microscopically examined for mycorrhizal
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Table IV-1.Characteristics of cutplant sites.

Site

Fish Ladder: Old Man

Aspect SW

Elevation (s) 160-335

Soil. Series Preacher-Hohannon

pga 4.7 -5.Z

Extractable ? (Olson)a 14-46 ppm

Undarstor7 vegetation Polystichne-Oxalis

History =sera= 1974, Mild
burn 1974

WNW

430-470

Preacher- Bohannon

3.0-3.4

8-6 ppm

Polystichum-0xells

Slowdown 1975, Cleared
1978, Hard burn 1978

avaluas of 2 separate samples from each site, A horizons
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colonization.

Results were analyzed by ANOVA at the Oregon State University

Computer Center based on a factorial design with repeated measures

model.
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RESULTS AND DISCUSSION

Survival of all trees on both sites was generally high (Table

IV-2), with no significant differences (CC2 = 0.75, p>.05) due to

inoculation.

Mean heights and diameters of trees in 1979 and 1980 are

presented in Figures IV-la and b and IV-2a and b. Examination by

analysis of variance showed that site had the greatest effect on

growth, with seedlings of both species in both years having

significantly larger (p <.01) diameters and in most cases greater

heights on the brushless Old Man site than on the brushy Fish

Ladder site. Differences due to tree species were not significant

during the first two growing seasons.

A modified form of the plot volume index (PVI) formulated by

Marx and others (1978) was computed as (mean seedling radius at

ground level)2 x (mean seedling height) x (number of seedlings

surviving per plot). The natural logarithm of these values were

taken in order to reduce variation: values for 1979 and 1980 are

shown in Figures IV-lc and IV-2c respectively. Analysis of

variance showed that PVI's were significantly different in 1979 (f

= 37.08, p < .001) and 1980 (f = 87.30, p < .001) due to site, with

higher values on the brushless Old Man site. In addition, PVI's

showed a significant difference due to tree species in 198C (f =

5.03, p = .045), with Douglas-fir plots on the Old Man site having

significantly higher PVI's than western hemlock plots by the Least



Table IV-2. Percent survival of seedlings after one and two growing seasons.

Site Survival (%)

1979 1980

Douglas-fir western hemlock Douglas-fir western hemlock

myc con myc con myc con myc con

Fish Ladder 98 100 95 85 98 98 93 85

Old Man 88 93 70 58 88 93 70 58
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Figure IV-1. Mean heights (a), diameters (b), and ln(plot volume
indices) (c) of mycorrhizal (M) and control (C) Douglas-fir (D
fir) and western hemlock (W hem) seedlings after one field

season.
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Figure 1V-2. Mean heights (a), diameters (b), and ln(plot volume

indices) (c) for seedlings after two field seasons.
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Significant Difference test (Neter and Wasserman 1974).

Differences in growth due to inoculation were significant for

diameter (f = 16.13, p < .002) and PVT (f = 6.00, p = .03) in 1979.

At this time the only significant difference was between inoculated

and control western hemlock seedlings on the Old Man site, where

inoculated trees were larger than controls (Least Significant

Difference Test). In 1980 there were no significant treatment

effects on diameter and height: PVT's were different due to

treatment effects at the .051 level.

In general the growth of noninoculated seedlings was greater

between the two sampling periods than the growth of P. tinctorius

colonized seedlings, but analysis of variance on the arcsin[square

root(percent increase)] did not show significant inoculation

effects.

Upon examination, both control and P. tinctorius inoculated

seedlings from the Old Man site were heavily mycorrhizal with

several species of native fungi while seedlings from the Fish

Ladder site showed a lower level of infection (Table IV-3). The

recently logged Old Man site likely contained abundant mycorrhizal

fungus propagules: the Fish Ladder site was largely occupied by

vegetation which forms vescicular-arbuscular mycorrhizal

associations, and ectomycorrhizal fungus propagules may not have

declined at this site. None of the originally mycorrhizal

seedlings showed the distinctive yellow colored P. tinctorius
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Table IV -3. Results of root examination of one seedling frcm each

treatment of each species at the two sites.

Original t*vatment
mad species

Fish Ladder

Control aemlock

Mycorrh.izallamIock

Control Douglas -fir

Mycorrhizal Douglas-fir

Old Man

Control Hemlock

Mycorrhizal Remlock

Control Douglas -fir

Mycorrhizal Coughs -fir

Mycorrhizal condition

approximately 2.51: root tips

mycarrniza; some Canococcum

present

2.5Z nycorrhizal development, ao
Pisolichus present

Lass than 25Z mycorrhizal. ana
Eh:mown species ?v.:Carol:laces

Little mycormnizal development,
one Rhizopogon species present,
no nsollchus present

Greater than i5Z mycormhidal devaLoo;
mostly Thelonhora type, some
possible nsollchus

Mostly mycorrhizal, Canoccd.zum and
TheIoohora mostly, no ?isoiltnus

Appromimacely 90Z mydorrhizal,
mostly Theloonora and Rhiz000tton type

Good mycormnizaI development, several
Rhit000ston types, no ?isolithus.
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mycorrhizae seen in the nursery.

The results of this study suggest that there are few benefits

of nursery inoculation with a Georgia isolate of P. tinctorius for

seedlings destined for routine regeneration sites in the Pacific

Northwest. This was true both on a recently cleared site and on a

site with abundant competing herbacious vegetation. The small size

advantage of inoculated seedlings after the first growing season

may have been a consequence of growth differences in the

greenhouse, and was eliminated by the end of the second season. At

this time control and originally inoculated seedlings showed

similar levels of mycorrhizal development. Given the disappearance

of P. tinctorius from inoculated seedling roots after just two

years, the Georgia isolate of P.. tinctorius appears to be ill

adapted to routine Pacific Northwest planting sites, and thus

cannot be the benefit to seedlings that a strain more adapted to

Pacific Northwest conditions may provide. Kropp (1981), for

example, found inoculation with a native fungus improved

outplanting performance of western hemlock, and that this

improvement increased with time. The positive correlation of growth

and top:root ratios with increasing infection by native fungi found

by Black (1985) in slash burned clearcut soils suggests that native

fungi may be better candidates for nursery inoculation than fungi

from dissimilar areas. Continued research effort on selecting

beneficial mycorrhizal fungi adapted to planting sites as well as
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on the interaction between introduced fungi and residual fungus

inoculum on reforestation sites is needed before inoculation of

nursery seedlings is justified.
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