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SUMMARY

Microbial and chemical characteristics of the soil under adjoin-
ing interplanted and pure stands of alder and conifers in the Cascade
Head Experimental, Forest, on the northern Oregon coast, were deter-
mined at seasonal intervals during one year.

Plate counts of molds, bacteria and Streptomyces showed trends
associated with the different forest stands.

With few exceptions, molds were more numerous in the layers
than in the All horizons, and generally the lowest numbers were under
conifers .

Bacteria were high under conifers and low under the mixed
alder-conifer stands. Peaks in numbers of bacteria occurred in Sep-
tember in the F layers of the alder and the conifer stands. Seasonal
changes under the mixed stand were minor, except for an':increase in
bacteria in the F layel in July.

Streptomyces in F layers were most prominent under the mixed
stand at all seasons. This finding may be important because many
Streptomyces produce antibiotics and their abundance in the alder-
conifer association may inhibit fungal pathogens that attack roots of
conifers .

Chemical analyses indicated differences between the three stands
in pH, total carbon, ammonia, nitrite, nitrate, Kjeldahl nitrogen,
moisture content, water-holding capacity, loss on ignition, lime re-
quirement, total cation-exchange capacity, sulfate, phosphate, and
boron.

Soil under alder typically pave the lowest lj values, and the F
layer under conifers always gave the highestpH. The pH of All horizons
was generally higher than that of 'F layers and fluctuated more with
seasons. All samples taken in July showed higher pH than samples
taken at other times.

Nitrate nitrogen and acidity were always higher under the mixed
stand than under the conifers. In the alder-conifer association, these
two characteristics could contribute to inhibition of certain fungi that
cause root rot and other soil-borne diseases of conifers.

Although alder foliage contributed more calcium to soil than did
the conifer needles, exchangeable calcium was less abundant in soil
under alder and alder-conifers than under conifers alone. High acidity
and leaching, or the formation of insoluble calcium phosphate, could
account 'for these results. More litter was contributed by alder than by
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conifers, and the alder litter had a much narrower carbon-to-nitrogen
ratio. An abundant understory in the alder plot contributed appreciably
to the litter, in contrast to sparse ground cover in the coniferous and
the mixed stands.

Potential fertility of the soil from each stand was evaluated from
studies on ammonification, nitrification of washed and unwashed soils,
sulfur oxidation and mineralization of rock phosphate, and changes in
water-soluble compounds after storage of moist soils. Nitrogen trans-
formations were vigorous in all the soils. Nitrogen does not seem to be
a limiting nutrient for tree growth in the area studied.

There always was more total nitrogen under alder and under the
mixed stand than there was under conifers alone.

Clearly, in forestry, red alder contributes to soil fertility in
much the same way as do leguminous plants to agricultural and wild
lands. Root-nodulating, and possibly phyllosphere symbionts, through
their nitrogen-fixing activities, are responsible for these additions to
soil nitrogen. The beneficial effects of red alder on the forest eco-
system coupled with the rapidly increasing value of its wood for com-
mercial purposes seem to assure this tree permanent status in Pacific
Northwest forests .
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Influence of Red Alder on Fertility of a Forest Soil

Microbial and Chemical Effects

INTRODUCTION

The study reported here was made to determine some of the
ways in which red alder (Alnus rubra Bong.) contributes to fertility of
forest soil.

Red alder is generally the first tree to become established in
the Pacific Northwest after clear-cutting a forest where conditions are
suitable for its growth. Because of rapid early growth, it often domi-
nates associated conifer seedings during early years of stand develop-
ment (104,p.238).* This occurrence has led to a commonly held
opinion that alder is a weed, and various methods have been applied to
control its spread and to destroy it in mixed stands (90, p. 2). Red al-
der is,however, used for furniture, industrial lumber, paper pulp, and
charcoal briquettes. A pure stand of alder can serve as an excellent
fire break for protecting softwood timber (25, p. 30-31). Most impor-
tant to the soil, red alder can increase fertility and so speed growth of
associated conifers through symbiotic fixation of nitrogen in root nod-
ules (104, p. 242-243; 19, p. 50-51) and perhaps through rhizosphere
associations.

Tarrant (104, 105) showed that red alder in a Douglas-fir plan-
tation enhanced growth of the conifers by adding nitrogen to the soil.
Day (33) stressed the usefulness of A. rugosa in establishing coniferous
stands in Michigan. Earlier observations on the fertility value of alder
have been reported by Kellerman (66), Johnson (63), and Bond (18).

Red alder stands in Oregon and Washington contained about 18
billion board feet of sawtimber in 1963, which was somewhat more than
one-half of all hardwoods in the two states, according to estimates by
Metcalf in Resource Bulletin PNW-11 of the U.S. Forest Service. The
tree grows in moist situations, mainly along borders of streams and in
adjacent bottom land, or on wet mountain slopes where annual precipi-
tation exceeds 40 inches . It ranges over 2, 000 miles along the Pacific
coast from southern Alaska to southern California (12, p. 1), seldom
more than 100 miles inland or higher than 2, 500 feet, usually in pure
stands on upland slopes but also in coniferous stands. It usually spreads
where forest land has undergone major disturbance from fire, cuts and
fills, or abandonment of homesteads (34, p. 74).

*Numbers in parentheses refer to similarly numbered references.
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DESCRIPTION OF EXPERIMENTAL AREA

The area studied is in the Cascade Head Experimental Forest on
the coast just north of the Salmon River near Otis, Oregon (Figure 1).
The adjacent experimental plots included three different cover types
about 30 years old, naturally developed, on abandoned land previously
cleared for agriculture. They were red alder only (conifer removed),
conifer only (alder remove; and a mixture of alder and conifers
(Figure 2). Each plot was square; the alder plot covered 1 acre; the
other two plots, 1.5 acres each. The pure stands had been established
by removing unwanted species when the 'conifers were 8 years old and
the alder was 11. The conifers, mixed in roughly equal proportions,
included Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), western
hemlock (Tsuga heterophylla (Kaf.) Sarg.), and Sitka spruce (Picea
sitchensis (Bong.) Carr). The plots were established in the period
1935-1937 for study of the relative growth of these forest types. The
mixed stand was on a nearly flat area about 50 feet higher than the pure
stand of red alder; the conifers were on the intermediate slope. Ele-
vation was 600-650 feet.

Soil
The soil is like an Astoria silty clay loam, representative

of the reddish-brown latosol suborder of the Sol Brun Acide great soil
group. The soils are well drained and strongly acid. Representative
analyses are presented in Tables 1 and 2 for L (undecomposed litter)
and F (decomposed litter) layers and A horizons (upper mineral soil).
The surface mineral horizons are dark brown, finely granular silt
loams, brown to yellowish-brown. The shallow All horizon is difficult
to distinguish from the A12 horizon.*

Soil ranges in depth from 2 to 6 feet; the clay content increases
with depth. Small basaltic stones are scattered thinly throughout the

*(Editor's comment) Soil
scientists will have no diffi-
culty with terminology in this
report; the rest of us should
keep in mind that All is not
a word made of the first and
twelfth letters in the alpha-
bet, but is a letter and two
numerals.

Figure 1. Location of Cascade
Head Experimental Forest.
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profile. The forest floor, including litter and the F layer, is usually
less than 2 inches thick, and the All horizon extends from 4 to 6
inches.

Climate
The climate is typical of the "fog belt," greatly influenced by the

Pacific Ocean 6 miles westward, and is characterized by equable tem-
perature, much cloudiness, frequent rains, and summer fog. Precipi-
tation is heaviest during November and lightest in July. Normal annual
precipitation, all in the form of rain, is about 89 inches (89).

Temperatures are moderate most of the year. The lowest
monthly minimum is 40 F in January (Figure 3) and the highest monthly
maximum is 60 F in August. The mean annual temperature is about
50 F. Days when the temperature is below freezing or above 80 F are
infrequent. Seasonal and diurnal fluctuations of temperature are slight
(89, p. 2). The moderate climate is controlled by westerly winds and
the north Pacific drift.

N4

Figure 2. Red alder trees on the plot from which conifers
had been removed.
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EXPERIMENTAL METHODS

Four sampling periods scheduled from April, 1962, through
July and September to March, 1963, corresponded to the principal
growth events of the alder (119, p. 7):

April--leaves appear and flowering begins.
July--flowers fall.

September--seeds ripen and leaf-fall starts.

March--leaf buds burst and understory vegetation begins
rapid growth.

We sampled L and F layers and A horizons each period, with
precautions against contamination, except that the mixed stand was not
sampled in April. Each sample for each layer from each plot was a
composite of three subsamples. Each subsample contained all material
from an area 1 foot square inside a square, sharp-edged, iron sampling
frame. Areas sampled were representative between trees within each
plot.

By hand, we separated litter collected from the ground in March,
1963, into leaves and twigs. Roots of alder also collected at the same
time were divided into small and large roots and root nodules (Figure 4).
These components were analyzed for ash, Kjeldahl nitrogen, and total
carbon by methods described in the following section. Litter falling
during the year was collected on one-milacre traps'(Figure 5).

30, 1 1 I 1 I 1 I 1 1 I 1

0 2 4 6 8 10 12

MEAN MONTHLY PRECIPITATION, INCHES

14

Figure 3. Mean monthly temperature and precipitation at Cascade Head
Experimental Forest during the 17 years before 1962, according to

records of the U.S. Forest Service.
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Figure 4. Nodules on
roots of a red alder on a
sampled plot.

S l

f
,4r a 7 I

]i-GCF'Yil'J v

0

ri

Figure 5. Trap to catch litter falling on an area of 0.001 acre on the
,red alder plot.
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In the laboratory, we air-dried, weighed, and described the
samples. Samples of F layers and A horizons were immediately
screened through sterilized 1/4-inch and 10-mesh sieves in succession.
Pieces too large to pass through the 10-mesh sieve were washed, sepa-
rated, and characterized. Oven-dry weight of each separation was de-
termined after heating at 105 C for 24 hours.

Microbial and chemical analyses of the samples that passed
through the 10-mesh sieve were made within 3 days of sampling. After
air-drying, part of each sample of litter, organic detritus, and soil
that passed a 10-mesh sieve was ground to pass a 100-mesh sieve for
determination of Kjeldahl nitrogen and total carbon.

Chemical analyses
We made all analyses in duplicate, with close agreement.

Water was determined from loss in weight after 24 hours at
105 C. Water-holding capacity of samples taken in March and Sep-
tember was calculated from weight of water retained by samples after
saturation in large Gooch crucibles wetted from below and then drained
to constant weight in a saturated atmosphere. Cation-exchange capaci-
ty of 10-gram samples was determined by the ammonium-acetate meth-
od of Schollenberger and Simon (94, p. 15-23). Exchangeable magne-
sium, calcium, and potassium cations were determined by the flame
photometer, with wavelengths of 383, 554, and 768 millimicrons, and
comparison with a standard curve. Burning in a muffle furnace at 7000
provided data on ash and loss on ignition. Available boron was deter-
mined by the colorimetric method of Dibble, Truog, and Berger (35,
p. 419). The concentration was measured with a Bausch and Lomb
Spectronic 20 photometer at 549 millimicrons and referred to a stand-
ard curve for calculation. The Dunn (37, p. 347) titration curve proce-
dure, with 0.04 N Ca(OH)2 and 10-gram samples, showed lime
requirements.

For pH and analyses for nitrogen as nitrites and nitrates, 50-
gram portions (oven-dry basis) of 10-mesh samples were made up to
1:5 suspensions by adding distilled water and mechanically shaking for
10 minutes. After coarse particles had settled, readings were made
with a model N Beckman glass electrode pH meter. The soil suspension
when treated with cupric acetate and calcium hydroxide yielded a clear
filtrate. Addition of ammonium carbonate removed excess calcium
hydroxide, and the filtrate was analyzed for nitrite nitrogen by a stand-
ard procedure (4, p. 246-247) with 1-naphthylamine, sulfanilic acid,
and sodium acetate buffer, and for nitrate nitrogen by Harper's (48,
p. 182) phenoldisulfonic acid method. Readings made on a Klett-
Surnmerson photoelectric colorimeter with a 540-millimicron filter for
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the nitrite nitrogen and a 420-millimicron filter for nitrate nitrogen
were referred to standard curves for calculating concentrations.

Sulfate sulfur was estimated by the turbidity developed after pre-
cipitation with powdered barium chloride from cold, clarified soil ex-
tracts acidified with hydrochloric acid (95, p. 49-50). Readings were
made on a Klett-Summerson photoelectric colorimeter with a 420-mil-
limicron filter.

The Lohre and Ruhnke (72, p. 439) method was followed for
available phosphate. Ammonium molybdate and stannous chloride so-
lutions developed color, and intensity was read on the Klett-Summerson
colorimeter at 660 millimicrons .

Total carbon analyses were made on 100-mesh air-dry samples
of known water content by combustion at 1,400 C, following the proce-
dure of Allison, Bollen,and Moodie (3). For litter and F layer material,
sample weights equivalent to 0.1 gram were used; for All and A12 ho-
rizona, 0.2 gram; and for B horizons, 0.5 gram.

We determined ammonium nitrogen by distilling 10-gram sam-
ples (oven-dry basis) with phosphate buffer solution at pH 7.4. One
hundred milliliters of distillate collected in 30 milliliters of saturated
boric acid solution was titrated with N/ 14 sulfuric acid, using methyl-
red, bromcresol-green, mixed indicator (81, p. 313). Kjeldahl nitro-
gen was determined by a modified method of the Association of Official
Agricultural Chemists (5, p. 9-10); Hibbard's mixture and a selenized
granule were used in the digestion, and steam distillation drove the
ammonia into receivers containing saturated boric acid solution. Titra-
tion was with N/ 14 sulfuric acid with methyl-red, bromcresol-green,
as indicator.

An approximate analysis of the distribution of organic nitrogen
in the soil samples followed the conventional alkali-extraction and sub-
sequent acidification for separation of the insoluble humic fraction from
the soluble fulvic fraction. Residue from the alkali extraction repre-
sented the humin fraction (9, p. 162). N/ i potassium hydroxide and
N11 sulfuric acid were used as extracting and acidifying agents, re-
spectively. Nitrogen in each fraction was determined by the Kjeldahl
method described above.

All data, except pH, are expressed on the basis of oven-dry soil.

Microbial analyses
For microbial analyses, we poured into triplicate plates appro-

priate dilutions of the sieved fresh soil with peptone glucose agar acidi-
fied to pH 4.0 for molds and with sodium albuminate agar for bacteria
and Streptomyces. Incubation was at 28 C. Counts were made after 3
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days for molds and after 15 days for bacteria and Streptomyces (112,
p. 27-28).

Evaluation of microbial activities
To compare the ammonifying power of the different soil samples,

we treated duplicate 5-gram portions (dry basis) with peptone equiva-
lent to 1, 000 ppm N and incubated, along with untreated soil, for 5 days
and 35 days at 28 C with moisture adjusted to 50 percent of the water-
holding capacity. At the close of incubation, the soil was analyzed for
nitrogen in forms of ammonium, nitrite, and nitrate, and for pH by the
methods described under Chemical analyses.

To determine nitrification, duplicate 50-gram portions of soil
(oven-dry basis) were treated with ammonium sulfate alone or with
calcium carbonate, moistened to 50 percent of the water-holding capac-
ity and incubated 28 days at 28 C. Analyses were then made for pH,
nitrite, and nitrate according to procedures described.

For study of sulfur oxidation, we treated 50-gram portions
(oven-dry basis) of soil in duplicate with combinations of sulfur, calci-
um polysulfides, and rock phosphate and incubated them at 28 C with
moisture adjusted to 50 percent of the water-holding capacity. After
30 days, analyses were made for pH, sulfate, and available phosphate
by the methods already described.

12



RESULTS AND DISCUSSION

Soil Properties

Water
Water content. In general, the water content of samples related

directly to precipitation, which was highest in winter and early spring,
and lowest in midsummer (Table 1, Figures 6, 7). Because of the
greater water-holding capacity of organic matter, moisture in the F
layers was always considerably more than in the A horizons. The mois-
ture was not always in direct relation to thickness of the F layer be-
cause of differences in density of canopy cover over the sampled areas
and because of physical differences between coniferous needles and de-
ciduous leaves and between their residues .

On the basis of oven-dry soil, water in F layers ranged from
75 percent under conifers to 200 percent under alder (Figure 7). In
April, the value was the same under conifers and alder. Decreases to
near 100 percent occurred in all plots in July and September. Samples
from the All horizon gave a similar pattern; while the values were low-
er, all were near 100 percent.

Water-holding capacity. Water-holding capacity was always
higher in the F layers (Table 1), as expected because they consisted al-

30,
APR MAY JUN

1962

JUL AUG SEP OCT NOV DEC JAN FEB MAR

1963

Figure 6. Temperature and rainfall at the Cascade Head Experimental
Forest from April 1962 to March 1963. The dotted lines connect the

four sampling months.
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Table 1. Chemical Analysis of F Layer and All Horizon in 1963.
Layer, Water- Sulfu Phos
hori- Water holding Loss on as phorus
zon Month c ontent capacity ignition pH CECla SO4' H2P04

% Me/ Ppm Ppm
1008Alder stand

F March 193 418.8 62.4 3.6 --- 29 20

F Sept. 80 232.6 39.6 4.1 69.82 14 48

A March 98 196.3 30.4 3.9 68.10 25 10

A Sept. 78 182.6 27.5 4.4 63.57 22 25

Conife r stand
F March 135 292.5 44.0 5.1 --- 21 78

F Sept. 100 263.2 41.0 5.3 75.36 15 70

A March 105 205.8 34.1 5.3 69.00 16 50

A Sept. 85 188.0 28.3 5.5 71.96 15 44

Mixed stand
F March 135 303.3 45.0 3.9 --- 36 56

F Sept. 112 413.5 66.6 3.8 85.00 19 28

A March 90 184.5 28.6 4.3 65.40 23 48

A Se t. 65 192.4 35.0 3.9 78.21 15 40

Nitrogen
Ammo- Ni- Ni- Kjel- Total C:N
nium trite Irate dahl carbon ratio
Ppm Ppm Ppm %

Alder stand
F March 15 0.2 146 2.05 33.84 17

F Sept. 55 0.2 98 1.32 20.38 15

A March 5 0.1 67 0.87 13.75 16

A Sept. 25 0.3 33 0.82 12.16 15

Conifer stand
F March 25 0.0 28 1.02 22.05 22

F Sept. 38 0.3 10 0.89 20.44 23

A March 25 0.0 24 0.77 15.95 21

A Sept. 8 0.2 18 0.70 13.00 19

Mixed stand

F March 5 0.0 131 1.28 23.89 19

F Sept. 60 0.3 160 1.77 33.64 19

A March 5 0.4 61 0.64 12.32 19

A Se t. 40 0.1 61 1.00 17.60 22

'Cation-exchange capacity, in milli-equivalents per 100 grams soil.
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most entirely of organic matter. Under alder, the water-holding ca-
pacity was higher in March than in September in both F layers and All
horizon; the organic matter decreased by decomposing during spring
and summer when moisture and temperature were more favorable for
microbial activity. Only under the mixed stand was the water-holding
capacity greater in the fall; the needle drop during the summer prob-
ably contributed to producing a more absorbent layer than leaves or
needles alone. Needles decompose more slowly than alder leaves;
hence, more time is required for the residues under conifers to attain
increased absorbency.

Measuring loss of weight on ignition at 700 C permits a rough
estimate of amount of organic matter. Values found (Table 1) correlate
with the water-holding capacity but show a closer relationship to anal-
yses of total carbon.

Water-soluble sulfate
Analyses for sulfate in soils showed concentrations between 14

and 36 ppm, values typical for many soils of humid and semiarid re-
gions of Oregon. Considering the leachability of sulfates, the amounts
are high for a high-rainfall region (Table 1). According to Mattson
(75, p. 205), the adsorption capacity for sulfate decreases with increas-
ing pH and increasing phosphate. This finding is more true of the high-
er concentrations of sulfate in acid soils under the alder and mixed

200

9 100

0
3E

0r
U
W 100

Figure 7. Seasonal changes in

moisture of soil in the three
plots .
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stand than in the less acid soil under conifers. As with nitrogen, most
of the sulfur in humid soils is in organic matter, and microbial oxida-
tion of sulfide liberated during decomposition accounts for much of the
sulfate found. Although microbial activity is greatest during late spring
and summer, leaching also is pronounced; hence, lower concentrations
of sulfate in the F layer were found in September. Effects of moisture
and temperature on microbial activity in the F layers, as well as leach-
ing, contribute to sulfate in the A horizons and could account for more
sulfate here than might be expected from the smaller amount and great-
er degree of decomposition of,organic matter.

Available phosphate
As with nitrogen and sulfur but to a lesser extent, most phos-

phorus in the soil is in organic matter. For this reason, the F layer
showed more phosphorus than the'All horizon (Table 1). In most sam-
ples, the amounts were higher than in many agricultural soils. Maxi-
mum concentrations were under conifers, despite the higher pH and
more exchangeable calcium. Less phosphate was found in the more
acid soils under alder and the mixed stand. Except under alder, more
phosphate was present in each horizon in March than in September.
The reverse with alder may be attributed to greater assimilation during
spring production of new leaf tissue by the deciduous tree and by the
associated luxuriant understory of shrubs and herbaceous plants.

An inverse relation between pH and available phosphate was ob-
served under the conifer stands. It is possible that at low pH, phos-
phorus becomes increasingly soluble and available. This relation,
however, was not true for samples under alder and the mixed stand,
where phosphate decreased with pH. The proportional relation between
soil pH and the availability of phosphate has been noted by several work-
ers (117, p. 757-759; 49, p. 4; and 54, p. 68). These authors found
that acid soil lacked available phosphate; the phosphate present was in
difficultly soluble compounds with iron and aluminum.

Stephenson and Powers (96, p. 319) suggested that the unavail-
ability of phosphate in acid soils may be caused by soluble calcium.
Studies by Tarrant, Isaac, and Chandler (103, p. 915) on nutrient con-
tent of foliage of tree species in the Pacific Northwest showed that the
content of calcium in red alder was higher than that in western hem-
lock, Douglas-fir, and Sitka spruce. The cation-exchange capacity
(Table 1), however, indicated that exchangeable calcium in the conifer
soil was about four times more abundant than in the soil under red alder
or mixed stand; possibly more phosphate was tied up by calcium under
alder than under conifers. The reciprocal relation between soluble
calcium and soluble phosphate has been noted also by Burd and Martin
(20, p. 227-228).
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Lime requirement and exchangeable cations
Mineral soil under red alder showed the greatest requirement

for lime (Table 2). The conifer soil was least acid; under the mixed
stand, values were intermediate. While the acidity and lime require-
ments were much in excess of those favorable for most agricultural
crops, they are characteristic of coastal forest soils in the Pacific
Northwest and favor growth of the major forest types.

The total cation-exchange capacity was nearly the same under
all three stands and was typical of many silty clay-loam soils. Because
of the low values for pH, however, exchangeable hydrogen predominates
and increases as pH decreases. The other bases, especially calcium,
decreased accordingly (Table 2). Chandler (21, p. 31; 22, p. 502) re-
ported that calcium is important in influencing the pH and base-exchange
properties of forest soils.

Table 2. Lime Requirement, Exchangeable Cations, and Available Boron
in Al I Horizon; from Samples Taken March 1963.

Cation-exchange. capacity

H

Lime re-
quirement
to pH 6.5 + a ++ Mg ++

+

Sum of
cations otal

Avail-
able
boron

Tons/acre Milli-equivalents per 100 grams soil Ppm

Alder stand

3.9 25 45.1 3.8 8.6 8.1 65.6 68.1 1.19

Conifer stand

5.3 11 30.4 12.5 16.0 5.2 64.1 69.0 1.83

Mixed stand
4.3 17 40.6 2.3 8.2 9.3 60.5 65.4 1.79

Available boron
The available boron showed an increase with pH (Table 2). Only

traces of this element are required for plant growth and the amounts
present were considered adequate.

Mechanical analyses
Mechanical fractionation of litter, F layer, and All horizons is

recorded in Tables 3, 4, and 5. Litter particles too large to pass a
1/4-inch-mesh screen were predominant under red alder (Table 3),
while the percentage of particles less than 1/4 inch was greater under
conifer. Most litter of the mixed stand, except for the September sam-
ple, failed to pass 1/4-inch mesh. The large particles of litter were
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Table 3. Mechanical Analysis of Litter; Average Values Per Square Foot, Based on Three Samples
1 Foot Square for Each Sampling.

Total litter Fraction on 1/4-inch mesh

Month
Dry

weight
Kjeldahl
nitrogen

Through
1/4 inch

On
1/4 inch

IT
ba

wigs
rk Grass Leaves Needles Moss Cones

G % Gm % G. % %2 %2 02 Gm 02 %2

Alder stand
April 50.4 1.64 18.5 37 31.9 63 81 3 11 0 4 1

July 66.5 2.01 20.5 31 46 69 41 30 3 0 26 0

Sept. 39.4 2.09 15.0 38 24.4 62 52 4 34 0 7 3

March 38.11.99 9.3 24 28.8 76 57 6 26 0 10 1

Conifer stand
April 93.1 1.13 72.3 78 20.8 22 70 0 0 72.3 4 26

July 153 1.22 101.5 66 51.5 34 78 0 0 101.5 14 8

Sept. 88 1.19 51.5 59 36.5 41 91 0 0 51.5 9 0

March 89.5 1.34 72.8 81 16.7 19 86 0 0 72.8 14 0

Mixed stand
July 105.1 1.95 37.5 36 67.6 64 92 1 4 37.5 3 0

Sept. 130.9 1.82 94 72 36.9 28 68 0 17 94 5 10

March 43.9 1.50 10 23 33.9 77 64 0 13 10 23 0

1All needles passed 1/4-inch mesh.
2Percentages are based on material on 1/4-inch mesh.



Table 4. Mechanical Analysis of F layer; Average Values Per Square Foot, Based on Three Samples
1 Foot Square for Each Sampling.

Month
Total

weight
Gm

Alder stand
April 570
July 983
Sept. 511
March 491

Conifer stand
April 720
July 998
Sept. 265
March 491

Through
10-mesh
screen

On
10-mesh
screen All

Washed fraction on 10-mesh screen'
Bark,
twigs

Fine
roots Gravel

Char-
coal

Grass,

Gm % Gm % Gm % %2 %2 %2 %2

moss
%2

469 82 101 18 43.1 8 53.0 39 6 1.5 0.5

874 89 109 11 57.4 6 67.0 13 8 10 2.0

481 94 30 6 15.3 3 64.0 13 17 5 1.0

412 84 79 16 34.6 7 69.6 10 17 3 0.4

583 81 137 19 55.8 8 66.7 9 6 18 0.3

839 84 159 16 119.0 12 12.3 0.3 81 6 0.4

235 89 30 11 18.1 7 57.0 1 23 16 3.0

425 87 66 13 18.0 4 29.5 3 57 10 0.5

Mixed stand
July 1,285 1,130 88 155 12 95.9 8 33.0

Sept. 680 627 92 53 8 20.9 3 74.0

March 861 780 91 81 9 36.4 4 72.0

1Material on 10 mesh after washing to remove adhering mineral soil.

2 51 14 0.0
5 12 9 0.0
2 17 5 4.0

2Percentage of each component is based on weight of washed materials on 10-mesh screen.



Table 5. Mechanical Analysis of All horizon; Average Values Per Square Foot, Based on Three Samples
1 Foot Square for Each Sampling.

Month

Through
Total 10-mesh
weight screen

Gm Gm To

On
10-mesh
screen All'

Bark,
twigs

Fine
roots

Gm % Gm % %2 %2

Washed fraction on 10-mesh screen

Alder stand

Gravel
%2

Charcoal
%2

April 1,305 1,026 78 279 22 177.0 14 32 7 31 30

July 1,203 976 81 227 19 39.7 3 19 9 45 27

Sept. 1,176 1,049 89 127 11 41.9 4 15 5 54 26

March 1,236 1,163 94 73 6 29.3 2 16 5 41 38

Conifer stand
April 1,978 1,475 75 503 25 420.0 21 39.4 0.6 30 30

July 1,572 1,214 77 358 23 176.8 11 0.6 0.4 92 7

Sept. 919 692 75 227 25 71.1 8 3.3 0.7 80 16

March 1,156 1,055 91 101 9 54.9 5 8.5 1.5 81 9

Mixed stand
July 1,255 1.060 84 195 16 94.7 8 0.2 0.5 92.3 7

Sept. 845 778 92 67 8 25.6 3 44.0 4.5 14.0 37.5

March 1,832 1,708 93 124 7 78.8 4 3.0 3 80.0 14

'Material on 10-mesh screen after washing to remove adhering soil.
2Percentage of each component is based on weight of washed material on 10-mesh screen.
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Seasonal changes in weight of litter components: Too large to pass through
a screenwith l/4-inchmesh--Figure 8, grass; Figure _9,-moss; Figure 10,

leaves and needles. All litter, large and small--Figure 11.

separated into their different components, oven-dried, and weighed.
Results for the four collections are shown in Figures 8, 9, 10, and 11.

Because nearly all of the F layer samples passed the 1/4-inch
screen, a 10-mesh screen was used for mechanical separation of these
as well as the A horizon soils. F layer and All horizon had a high
percentage of organic and mineral particles that passed through the 10-
mesh screen (Tables 3 and 5). All residue on the 10-mesh screen from
each sample was washed with water and the percentage of each compo-
nent was estimated on the basis of total dry weight of washed residue.
Based on total weight of sample, the washed residue ranged from 3 to
12 percent for F layer and from 2 to 21 percent for All horizon. The
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washed portion of F layer residue that did not pass the 10-mesh screen
consisted of wood fragments, twigs, bark, fine roots, charcoal, grass,
moss, and gravel. In the All horizon, it was largely gravel, charcoal,
and roots.

Chemical analysis of soil horizons
Single samples 1 foot square from each layer and horizon under

the alder and the conifers were collected by careful separation of litter,
F layer and All, A1Z, and B horizons in April, 1962 (Table 6). Ammo-
nium, nitrate, Kjeldahl nitrogen, total carbon, and carbon-to-nitrogen
ratio under both alder and conifer decreased in order from the F layer
to the B horizon. Moisture under red alder and nitrite under conifers
also decreased in this order.

Previous investigations (83, p. 2-8; and 84, p. 321-327) on for-
est F layer and A horizons have shown that they are high in nutrients
and microbial activities, which decrease from the surface to the lower
depths. The present studies agree with their findings.

Characterization of Kjeldahl nitrogen in soil
Kjeldahl nitrogen in samples collected in March of F layer and

All horizons of the three stands were characterized quantitatively into
humic nitrogen, fulvic nitrogen, and residual humin nitrogen. Relation

Table 6. Chemical Analysis of Soil under Alder and Conifers;
from Samples Taken in April 1962.

Layer,; Nitrogen
hori- Ammo- Ni- Ni- Kjel- Total C:N
zon Water pH nium trite trate dahl carbon ratio

Ppm Ppm Ppm %

Alder stand
L -- -- -- -- -- 1.83 51.13 28

F 239.1 3.7 190 0.07 283 2.22 40.23 18

All 162.1 3.5 45 1.20 164 1.48 25.18 17

A12 109.0 3.9 5 0.18 91 0.76 13.47 18

B 83.5 4.5 5 0.05 19 0.35 5.9Z 17

Conifer stand
L -- -- -- -- -- 1.30 42.34 33

F 158.1 5.0 120 1.43 89 1.06 26.31 25

All, 92.0 4.8 30 0.39 74 0.84 18.39 22

A12 101.5 '4.8 8 0.19 66 0.69 14.92 22

B 102.0 5.1 5 0.05 15 0.69 14.26 21
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of Kjeldahl nitrogen to fractionated nitrogen is shown in Figure 12. The
sum of Kjeldahl nitrogen in the three fractions was approximately equal
to the original total Kjeldahl nitrogen. Fulvic nitrogen was always
highest and the humic fraction always lowest, except in the F layer of
the mixed stand, where the fulvic and humic nitrogen were equal. All
three fractions in the F layer were highest under alder and lowest under
conifers. Humin nitrogen of All horizon was highest under conifers
and lowest under the mixed stand.

The narrowing of the carbon-to-nitrogen ratio in decreasing soil
horizons, according to Stevenson (97, p. 204) is caused by nonprotein-
aceous constituents of the fulvic acid fraction of organic matter in soil.
The present study showed that the fulvic fraction was always higher
than that of the humic portion, but whether or not there is a relation
between high fulvic fraction and high ammonium and nitrate content in
the soils we studied is not known.

2

Figure 12. Distribution of
Kjeldahl nitrogen among
humic, fulvic, and humin
fractions in organic matter
of F layers and All hori-
zons under alder, conifer,
and mixed stands.
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Table 7. Molds in F Layer and All Horizon; from Samples Taken in March 1963.

Layer, Water- Molds

hori-
zon Water

holding
capacity

Loss on
ignition pH Total

Mu-
cors2

Asper-
gilli

Peni-
cillia

Tricho-
derma Others

M/ gm I % % % % %

Alder stand
F 193 418.8 62.4 3.6 225 0 0 33 67 0

All 98 196.3 30.4 3.9 73 13 0 40 37 10

Conifer stand
F 135 292.5 44.0 5.1 709 27 0 41 0 32

All 105 205.8 34.1 5.3 195 19 8 39 0 34

Mixed stand
F 135 303.3 45.0 3.9 291 20 3 54 0 23

All 90 184,5 28.6 4.3 79 23 5 49 0 23

IThousands per gram of soil.
2Included Rhizopus, Mucor, Mortierella, and other genera of the Mucorales.



Seasonal Microbial and Chemical Changes

The study of forest soil microbiology deals with a more natural-
ly equilibrated and undisturbed substrate than the study of a cultivated
soil. Because the biological processes in the soil are so complex and
interdependent and are so responsive to cultural changes, elimination
of variable factors introduced by cultivation may lead to improved un-
derstanding of soil processes. Jenny (59, p. 11-20) has emphasized
the importance of climate, parent material, time, organisms, and top-
ography as independent variables involved in soil processes.

The present studies on the properties of forest soil were con-
fined to an area where the factors of climate and parent material were
constant; the variables were vegetation established on experimental
plots, which have been described. The objective of the seasonal studies
was to determine characteristic microbial and chemical properties as-
sociated with these stands during one year. Temperature and rainfall
during the year are shown in Figure 6.

Microbial analyses
Members of the genus Penicillium predominated in all samples

except from the F layer under alder, where Trichoderma was more
abundant. In the March samples, Trichoderma was found only under
alder (Table 7). Mucors were present in all samples except from the
alder F layer. Aspergilli appeared only in mixed stand soil and in the
All horizon under conifer.

Figure 13. Seasonal changes

in numbers of molds in soil of
the three plots.
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Molds. In the F layer under red alder, molds ranged from
380, 000 per gram of soil in July to 180, 000 in April (Figure 13A).
Numbers under conifer decreased from 700, 000 to 100, 000, with the
highest count in March and the Lowest in April. There was a roughly
parallel trend in the fluctuations under the alder and the conifers, with
numbers decreasing from March to April, increasing in July, and final-
ly decreasing in September. Numbers of molds in the F layer of the
mixed stand changed little, but increased slightly from March to Sep-
tember.

Fluctuations in the mineral soil of the All horizon exhibited the
same pattern under all three stands (Figure 13B). Highest numbers oc-
curred in July and the lowest in September. The counts varied from
55, 000 to 180, 000 under red alder, from 135, 000 to 300, 000 under con-
ifers, and from 82, 000 to 215, 000 in the mixed stand. Molds under the
three stands showed higher numbers in the F layer than in the All hori-
zon except under conifer, where molds were about 50 percent lower in
the F layer than in the All horizon in April and July. A microbial pop-
ulation higher in the upper fermenting layer than in the lower mineral
layer has been reported (84, p. 324; and 24, p. 47). These authors at-
tributed the different microbial vertical populations to difference in nu-
trient values and the physical conditions of the horizons.

According to Vandecaveye (107, p. 59-62), the seasonal peak of
microbial fluctuations varies from location to location and depends upon
climatic factors and soil properties. It is difficult to generalize
regarding the peaks of mold population observed in our investigation be-
cause of their variable distribution in the F layer and All horizon and
among all three stands, but two peaks did occur in March and July in
the F layer and All horizon under alder and conifer. Molds in the F
layer under the mixed stand responded little to seasonal changes, while
in the All horizon, molds were highest in July, probably because of
rise in temperature. Jensen (61, p. 108-115) studied effects of temper-
ature upon the soil microbial population and observed a stimulation of
microbial growth by increase of temperature.

Studies on the relation between mold numbers and moisture con-
tent in soil have shown that increases in soil moisture from the air-dry
condition to near the water-holding capacity will correspondingly in-
crease the numbers (61, p. 111; 27, p. 332; 80, p. 280). Because the
Cascade Head experimental area has high annual rainfall, the water
supply could not often be a critical factor. Stover, Thornton, and
Dunlap (100, p. 229) however, found that flooding a soil can eliminate
the mold population. Inhibition or reduction of mold by excess water
seemed to occur in the F layer and All horizon under conifers except
in September; generally, there was an inverse relationship between
numbers of molds and soil moisture (Figures 6, 7, and 13).
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Bacteria. Counts of bacteria, including Streptomyces, in alder
F-material showed a fluctuation from 34.3 to 5.0 million per gram, with
highs in March and September and lows in April and July (Figure '14A).
The variation was similar under conifers, changing from 37 million in
September to 9.9 million in April. Numbers in the mixed stand varied
from 16.7 million in July to 3.7 million in September. Although the
fluctuation here was much less than under alder and conifers, the trend
was opposite.

The trend of variation in numbers of bacteria in the All horizon
was similar in alder and conifer (Figure '14B), although the maximum
for alder was in March and for conifers, July. Numbers ranged from
3.2 to 5. 9 million under alder and from 3. 1 to 11.3 million under coni-
fers. In the mixed stand, numbers were lower and decreased to 1.7
million in September.

In our study, numbers of bacteria were low compared to bacteria
in field soil. Salisbury (93, p-. 222) mentioned that this difference is
generally true. In the data we present,the indications are that a larger
bacterial population always exists in the F .layer than in the All horizon,
as has been shown (65, p. 260-265; 84, p. 324; 24, p. 47; and 27, p.
328-329). Peaks of bacterial numbers were observed in March and in
September in the F layer and All horizon under alder and conifers,
which agrees with studies of Russet and Appleyard (88, p. 12) on field
soil, and the reports of Waksman (110, p. 376) and Cobb (27, p. 330)
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on forest soils. These authors found that the maximum population of
bacteria was in spring and in autumn. The bacterial numbers in the
A horizon under the mixed stand varied little with seasonal changes,
but numbers in the F layer were greatest in July.

No relation was evident between numbers of bacteria in the F
layer and All horizon. Nevertheless, when numbers of bacteria in the
All horizon are compared with the number of molds in the F layer, a
parallel course is apparent for these two groups under the alder and the
conifers (Figures 13Aand 14B). Under the mixed stand the relation is
reversed. On the other hand; when mold numbers in the All horizon
are compared with numbers of bacteria in the F layer (Figures 13B and
14A), an inverse relation appears for the alder and the conifer stands.

Streptomyces. The percentage of Streptomyces in the F layer
under alder ranged from a low of 10 percent in March to a high of 52
percent in July, and dropped to 35 percent in September (Figure 15A).
A similar trend occurred in the mixed stand, where the highest value,
63 percent, was recorded in July. Under conifers, the lowest propor-
tion of Streptomyces, 10 percent, was found in April; the percentage
increased slightly thereafter but remained lower than for either the
alder or the mixed stands until the following March.

Similar trends of change in Streptomyces percentage in the All
horizon (Figure 15B) occurred under alder and conifers. In the mixed
stand, there was an increase from 25 percent in March to 60 percent in
September. The highest value recorded under alder was 56 percent in
September when the maximum was 65 percent for the mixed stand. The
lowest value, 20 percent, occurred under alder and under conifers in
April.

Because many Streptomyces produce antibiotics, their prepon-
derance in alder-conifer stands may be important in reducing the fungal
pathogens that attack roots of conifers (14, p. 36). Further study is
desirable to test these Streptomyces for antagonistic activity against
coniferous root-rot fungi.

Studies by Jensen (62, p. 68-69) and Eggleton (38, p. 426) on
the relation between moisture and Streptomyces population indicated
that low moisture favors vegetative development and conidial formation.
An inverse relation between soil water and Streptomyces percentage in

the F layer and All horizon under all three stands is evident in Fig-
ures 7 and 15.

Chemical analyses
Values for pH. In July, the F layer in each of the three stands

had the highest pH values, 5.7 to 5.2. The alder and mixed stands
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showed lowest pH in March; the conifers, in April (Figure 16A). The
pH under alder varied from 3.6 in March to 5.2 in July; for the mixed
stand pH ranged from 3.9 in March to 5.4 in July; for conifers, it was
from 4.9 in April to 5.7 in July. In all samples the F layer under coni-
fers had the highest pH. The lowest pH in the F layer was under alder
except in September, when the mixed stand gave a value slightly less.

As with the F layer, all three stands showed the highest pH in
July for the All horizon (Figure 16B); under alder the lowest pH was in
March; under conifers, in April; and for the mixed stand, in September.
The range under alder was from 3.9 to 5.2; under conifers, from 4.7 to
5.9; and under the mixed stand, from 3.9 to 5.7.

Higher acidity under the alder and the mixed stands than under
conifers indicates the contribution of acidity from the alder trees . This
finding confirms the study of Kivinen (67, p. 5584) and Pearsall (82,
p. 203) on the succession of forest communities.

The possibility of increased acidity caused by leaching basic
minerals was proposed by several workers (8, p. 122; 28, p. 327; 30,
p. 355). This probably is true in the present study, because an inverse
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relation is shown between moisture and pH value in all three stands
(Table 1, Figures 7 and 16). In addition, at low rainfall with high tem-
perature as in July, evaporation takes place so that the basic minerals
in the lower layer of soil are brought to the surface (8, p. 124), where
they could neutralize some of the acidity.

Molds generally grow well in acid media, but most bacteria are
favored by high pH. Regardless of the importance of the pH effect upon
special groups of microbes, Jensen (60, p. 130-142) and Saksena (92,
p. 286-Z87) believe that there is no relation existing between pH and the
development of molds or bacteria in field soils. Our study indicates
that fluctuation of the microbial population in the F layer and All hori-
zon under all three stands was little influenced by pH. Differences in
pH were, however, characteristic of the soil under the different stands.

Kjeldahl nitrogen. Under alder, nitrogen in the F layer de-
creased from the highest content of 2.09 percent in March to the lowest
of l..28 in July; then it increased slightly to 1.3 percent in September
(Figure 17A). Under conifers, the maximum nitrogen content of about
1 percent was in March and April and the minimum, 0.65 percent, in
July. An increase to 0.87 percent was observed in September. The
fluctuation under the mixed stand behaved differently from either the
alder or the conifers by increasing from a low of 1 .27 percent in March
to a high of 1.76 in September. A similar trend was shown in the alder
and the conifer plots.

Figure 17 shows a parallel fluctuation of Kjeldahl nitrogen in the
All horizon under the alder and the conifers. The highest nitrogen
content in both stands occurred in April and the lowest in July. Kjeldahl
nitrogen in the alder All horizon was.always higher than in the corre-
sponding horizon under conifers. The range for alder was from 0.75
percent to 1 .25 percent; for the conifers, from 0.5 to 0.87 percent.
The lowest value, about 0.8 percent, was under the mixed stand in
March and July; but this value increased to 1 percent in September,
highest in any of the stands at this time.

Nitrogen was considerably higher under alder in March and Sep-
tember, except for a higher value in September for the All horizon of
the mixed stand (Table 1). Lowest values were from samples under the
conifers, except for the All horizon under the mixed stand in March.
Because most of the soil's nitrogen is in organic matter, Kjeldahl nitro-
gen correlates almost as well with water-holding capacity as does loss
on ignition, properties that depend largely on content of organic matter.

Our study on the accumulation of total nitrogen agrees with the
work of Gants (42, p. 285), which indicates that the greater part of ni-
trogen bound by the red alder is added to the soil through fallen leaves.
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The total nitrogen in the upper 5 cm was greater under the alder than
under the conifers (Table 6). Seasonal variation of total nitrogen in
forest soil under a pine plantation has been described by Terenteva (106,
p. 3058), who reported that the accumulation of total nitrogen occurred
in spring and late fall, followed by a decrease in summer. Reasons
given for the loss were the uptake of mineralized nitrogen by the tree
during maximum growth, and also the escape of ammonium produced
during hot summer months. Uptake of inorganic nitrogen by plants and
microorganisms has been discussed by Newton (79, p. 367), and Walker,
Orchiston,and Adam (116, p. 254). Our study agrees with their
observations.

Ammonium nitrogen. In all three stands the changes of ammo-
nium nitrogen in the F layer were closely parallel (Figure 18A). Maxi-
mum concentrations occurred in April and in September. Lows oc-
curred in March and in July. Values for alder averaged highest, rang-
ing from 15 to 160 ppm (parts per million). The range under conifers
was from 10 to 92 ppm; for the mixed stand, from 5 to 55 ppm.

In the All horizon, ammonium nitrogen attained a maximum of
40 ppm, shown under alder in April and under the mixed stand in Sep-
tember (Figure 18B).. The greatest accumulation under conifers was
25 ppm, in March. The increases during spring and fall may be at-
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tributed to combinations of moisture and temperature favorable to
ammonification.

Waksman (111, p. 142), in his early studies of cultivated and
forest soils, concluded that molds are able to decompose organic
matter rapidly and liberate ammonium nitrogen. Later, he (113,
p. 131) and Clark (26, p. 21) reported from studies of forest soil that
the greater the acidity of the soil the more ammonia is accumulated.
Our study supports this view, evident from comparison of Figures 16

and 18.
An inverse relation appears between the amount of accumulated

ammonium nitrogen and numbers of molds, indicating that the accumu-
lation of ammonium nitrogen was preceded by a denser population of
molds the previous season. Thus, high mold counts under the F layer of
alder and conifer in July and March led to a high accumulation of am-
monium nitrogen in September and April. A similar relation appears
when mold populations in the All horizon of each stand are compared
with 'the fluctuation in ammonium nitrogen. The only exception was in
the conifer All horizon from September to March, when both molds and
ammonium nitrogen increased.

Nitrite nitrogen. In the F layer, nitrite nitrogen was low at all
times; the maximum was less than 2 ppm (Figure 19A). This amount
accords with the usual more rapid conversion to nitrate and slower pro-
duction from ammonium. Only during April did concentrations exceed
1 ppm; at other sampling times values were from 0.2 to 0.4 ppm.

In the All horizon, the values and trends for nitrites were simi-
lar to those of the F layer (Figure 19B).

Nitrate nitrogen. In comparison with field soils, nitrate nitro-
gen was unusually high in the F layer, especially under the alder and
the mixed stands (Figure 20A). Maximum concentration under alder
was 270 ppm in April; at the same time the maximum for conifers was
75 ppm. At other periods, nitrates were still relatively high under the
alder and the mixed stands but low under conifers.

Nitrate values in the All horizon showed changes parallel with
those in the F layer (Figure 20B). Although concentrations under the
alder and mixed stands were lower than in the F layer, they were still
high in comparison with many field soils. Even under conifers, where
only 15 ppm were found in July and September, 70 ppm accumulated in
April.

Nitrate in water samples collected at different months from a
small creek flowing from the area was as follows: July, 1.2 ppm; No-
vember, 2.2; December, 1.8; February, 1.7; April, 1.7; and June, 0.9;
the average was 1.6 ppm.

32



Nitrification has been studied in field soil (47, p. 196-212) and
in woodland soils (55, p. 211; 26, p. 21-27; 29, p. 119; and 13, p. 791).
Hesselman (55, p. 211), and Bollen and Wright (13, p. 791) found that
nitrification takes place in acid soil under alder, a finding with which
the present investigation agrees.

Russel and Appleyard (88, p. 45) reported that the formation of
nitrate during one year in a field soil was highest in late spring and
fall and lowest in summer and winter. They found that during the for-
mation of nitrate in the soil, bacteria increased first, then the produc-
tion of carbon dioxide increased, and finally nitrate increased. Labo-
ratory experiments by Sabey, Frederick, and Bartholomew (91, p. 463-
465) showed the existence of a "delay period" for the oxidation of am-
monium nitrogen by nitrosofiers. This could explain the inverse rela-
tion between numbers of bacteria and the accumulation of nitrate nitro-
gen found in the present study (Figures 14 and 20), where accumulation
of nitrate nitrogen was always preceded by a denser bacterial population.

Consideration of the formation of nitrate nitrogen should not ne-
glect the amount of Kjeldahl nitrogen in the soil. Studies by Lyon and
Bizzel (73, p. 90) and Allison and Sterling (2, p. 241-246) have shown
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Figure 19. Seasonal change in nitrite
nitrogen in soil of the three plots.
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Figure 20. Seasonal change in
nitrate nitrogen in soil of the

three plots.
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that the main factor that determines the quantity of nitrate formed in a
soil is the soil's nitrogen content. In the present study, a fairly close
relation is evident between the Kjeldahl nitrogen and the amount of ni-
trate (Figures 17 and 20) in F layer and All horizon under each of the
three stands, except in the F layer under alder.

Newton reported a parallel change of nitrate content and water
in a field soil (79, p. 364); the present investigation shows a similar
correlation. Higher water content as well as higher precipitation was
accompanied by higher nitrate concentration (Figures 7, 12, and 20).
Russel and Appleyard (88, p..24) point out that rain brings in dissolved
oxygen and presses surface air into the soil, thus accelerating
nitrification.

Although acidity inhibits nitrification in field soils, nitrification
in acid forest soils has been reported (55, p. 211; 26, p. 27; and 69,
p. 157). In the present study, higher production of nitrate was found in
the strongly acid F layer and All horizon of the alder and mixed stands
than in the less acid soil under conifers (Figures 16 and 20).

Quastel established mechanisms of nitrogen transformation (85,
p. 807-812) with the use of perfusion technique. Transformation of ni-
trogen proceeds from liberation of ammonium nitrogen to formation of
nitrite and nitrate nitrogen through oxidation by Nitrosomonas and
Nitrobacter. Inverse changes between ammonium and nitrate nitrogen
in the laboratory have been demonstrated by Duisberg and Buehrer (36,
p. 40), who found that a decrease of ammonium nitrogen is accompanied
by decrease of pH and increase of nitrate nitrogen. This kind of rela-
tion, however, does not always hold in field soil, probably because of
assimilation by plant roots. Studies by Clark (26, p. 23) on a forest
soil showed that the variation between ammonium and nitrate nitrogen
was similar to the trend indicated in present studies (Figures 18 and 20).

Field-soil moisture that is most favorable for nitrite production
can also be most favorable for nitrate formation (40, p. 9). This close
relation between nitrite and nitrate nitrogen is indicated in Figures 19
and 20. Walker, Thorne, and Brown (115, p. 857-861) found that ni-
trite formation in All, A12, and B horizons reached their maximum in
spring, the period corresponding to the highest production of nitrite and
nitrate nitrogen in all horizons of the present study.

Azavedo (7, p. 282) reported recently that a root-rot fungus,
Armillaria mellea, is inhibited in the presence of nitrate nitrogen under
laboratory conditions . Because of the extensive production of nitrate
resulting from growth of alder trees and the much lesser nitrate forma-
tion in soil from the pure conifer stand, effect of nitrate nitrogen, as
well as the lower pH associated with alder, may be an important factor
inhibiting invasion of forest root-rot pathogens (14, p. 32 and 37).
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Total carbon. In the F layer, total carbon varied with season
and with forest type. The highest value, 34 percent, occurred in March
under the alder stand and in September under the mixed stand; the low-
est value, 15 percent, was shown in July under conifers (Figure 21A).
Carbon in both alder and conifer stands showed generally parallel
changes, except that the lowest value under conifers was in July and
under alder in September. Total carbon under the mixed stand showed
an entirely different pattern, possibly accounted for by the seasonal
leaf-fall. with alder in contrast to needle-fall throughout the year.

The total carbon in the All horizon showed changes parallel \.-1t`3
those in the F layer for all three stands (Figure 21B). The greatest
values under alder and conifers were 22.5 and 19.5 percent. The low
est percentages in these two stands coincided with the minima found in
the F layer. Not only were the fluctuations in total carbon under the
alder and the conifers parallel, but the percentages also were very
close to each other. Carbon in the All horizon of the mixed stand var-
ied in a pattern similar to that of the F layer.

Carbon-to-nitrogen ratio. The carbon-to-nitrogen ratio (C:N)
is a useful value for predicting the rate of microbial decomposition of
organic matter. Rapid decomposition is favored by ratios near 20:1.
The ratio generally narrows with increasing depth of soil profiles (70,
p. 259-263; and 97, p. 202). Narrowing of the ratio was evident in the
present study.

Under conifers, the F layer had the highest C:N ratio; under
alder it had the lowest value at all seasons; the mixed stand showed
intermediate values (Figure ZZA). The range under conifer was from
22 to 31; under the mixed stand, from 19 to 20; and under alder, 15 to
18. The lowest ratio under conifers occurred in March; unAQlder it
was in September. At all sampling periods the ratio for the mixed
stand varied little; the value was close to 19 each time.

In each of the three stands, the C:N ratio in the All horizon was
highest under conifers in April, July, and March (Figure 22B). Both
the alder and the conifer had the lowest ratio in September. Unlike the
All horizon of alder and conifer, the mixed stand gave the highest ratio
in September. Under the different stands the range was from 19 to 26,
19 to 22, and 15 to 17 for conifers, mixed stand, and alder.

Lower ratios of carbon-to-nitrogen under the alder and the
mixed stand were probably caused by higher nitrogen content of the alder
litter, which contributed to the F layer and eventually reached the All
horizon. Nonetheless, changes in the C:N ratio of soil on the different
plots reflected not only composition and period of litter fall but also the
influence of season on microbial activity. When forest litter of wide
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C:N ratio is deposited on the soil, microbial activities release carbon
dioxide and also immobilize some inorganic nitrogen in microbial cells,
which eventually become part of humus . Thus the C:N ratio is narrowed
(53, p. 45).

Relation of changes in microbial population to fluctuations in C:N
ratio differed in the three plots. In F layer and All horizon under al-
der, changes in C:N ratio and mold numbers were parallel (Figures 13
and 22). On the other hand, an inverse relation appeared for the F lay-
er under conifers and for the F layer and All horizon of the mixed
stand. Similarly, bacterial numbers in the All horizon under alder
changed parallel with C:N ratio, while in the F layer under alder and
conifers and in the All horizon of the mixed stand they were inversely
related to the C:N ratio (Figures 14 and 22). These differences pos-
sibly reflect differences in amount and composition of litter as well as
extent and activity of tree roots in the three plots.
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Microbial activities
The microorganisms effect biochemical transformations that are

of fundamental importance to soil fertility. These transformations in-
clude ammonification, nitrification, and sulfur oxidation. Their evalu-
ation is important for comparing rates of release of potential fertility in
different soils or under different environmental conditions .

When leaves, twigs, or other organic matter is added to the soil
it is first attacked by invertebrates and microorganisms that disinte-
grate and mineralize the complex components including amino acids. A
wide variety of microbes effect ammonification, a hydrolysis of
proteins to amino acids and subsequent oxidation-reduction of the ami-
no acids to ammonium, carbon dioxide, and water. The ammonium ion
may serve directly as a plant nutrient.

Ammonification. The first step in the mineralization of an or-
ganic nitrogen compound is ammonification, and the process is rapid
for protein nitrogen. In Table 8, data for the controls (soil only) indi-
cate that ammonification of the native organic matter was low, even at
35 days, and in no instance exceeded more than 2 percent. The low
ammonification is attributable to previous humification (29, p. 119).
Because the nitrite and nitrate are microbial oxidation products of am-
monium, any increase in nitrites and nitrates over the control were in-
cluded in calculating the total ammonification, especially because
nitrification was active in all the soil samples despite the low pH value.
Values at zero day represent previous ammonification, and are sub-
tracted for the results shown after incubation.

Ammonification of peptone at the end of 5 days of incubation
ranged from 30 to 50 percent, and was highest for soil from the less
acid conifer plot and lowest from the acid alder soil. Alexander (1,
p. 225) has emphasized the importance of pH in affecting ammonifica-
tion in soils. Greater production of inorganic nitrogen may be expected
in neutral soil than in acid soil. Nevertheless, low ammonification of
peptone during short-term incubation of the alder soil could be caused
by a combination of low pH and high nitrate; Greaves (46, p. 462-469)
found that nitrate, sulfate, and carbonate, in decreasing order, were
toxic to ammonification. Nitrate production was especially high in the
alder soil (Table 9)--much higher than in most tilled soils.

The suppressive effects of ammonium from added peptone dis-
appeared during 35 days of incubation, when ammonification, although
declining in the conifer soil, increased in the All horizon under the al-
der and the mixed plot, where more Kjeldahl nitrogen was present.
These results show that alder enhanced this essential transformation of
nitrogen. The influence of alder could be attributed, at least in part, to
the additional nitrogen contributed to the soil by the alder.
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Table 8. Ammonification of Peptone in Soil from Alder, Conifer,and
Mixed Stands after 5 Days and 35 Days Incubation.

Kjel- pH Nitrogen ammonified
Peptone dahl 5 35 5 35

added nitrogen days days days days
Per Per Per

PPml cent Ppm cent PPm cent

ALDER STAND

F layer
None 2.05 3.5 3.5 18 0.1 169 0.82

1,000 -- 3.8 3.8 300 30.0 403 40.3

Al l horizon
None 0.87 3.6 3.6 17 0.2 192 2.22

1,000 4.1 4.0 325 32.5 433 43.3

F layer
CONIFER STAND

None 1.02 4.5 4.3 221 2.1 93 0.92

1,000 -- 4.8 4.3 540 54.0 392 39.2

All' horizon
2None 0.77 4.7 4.6 76 1.0 108 1.4

1,000 -- 5.4 4.7 529 52.9 494 49.4

F layer
MIXED STAND

None 1.28 3.5 3.7 46 0.4 304 2.4

21,000 -- 4.0 4.1 400 40.0 380 38.0

All horizon
None 0.64 3.9 3.8 29 0.5 114 1.82

1,000 -- 4.8 4.3 409 40.9 486 48.5

IPeptone addition equivalent to 1,000 ppm nitrogen.

2Based on Kjeldahl nitrogen for soil only, with total nitrogen as ammoni-
um, nitrite, and nitrate at beginning of incubation subtracted. Based
on added peptone for soil plus peptone; nitrogen as ammonium, nitrite,
and nitrate in soil only was subtracted.

Nitrification. Nitrification is the microbial oxidation of ammo-
nium to nitrite and nitrate. The first step, conversion to nitrite, or
nitrosofication, is slower than oxidation of nitrite to nitrate. The rate
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Table 9. Nitrification in Soil from Alder, Conifer, and Mixed Stands

Treatments1

after 28 Days Incubation.

pH

ALDER STAND

I Nitrification
Percent

F layer
None 3.5 0.3
(NH4)2SO4 3.6 93.5
(NH4)2S04 + CaCO3 4.5 293.5
NaNO2 -- 197.0

At 1 horizon
None 3.6 1.4
(NH4 3.7 10.5
(NH4)2S04+ CaCO3 5.7 81.5
NaNO2 4.0 11.0

F layer
CONIFER STAND

None 4.4 0.8
(NH4)2SO4 4.2 27.5
(NH4)2SO4+ CaCO3 5.2 34.0
NaNO 4.4 35.0

All horizon
None 4.7 0.5
(NH4)2SO4 4.4 70.0
(NH4)2S04 + CaCO3 5.5 78.0
NaNO2 4.8 34.0

F layer
MIXED STAND

None 3.6 1.6
(NH4)2SO4 3.7 0.0
(NH4)2SO4+ CaCO3 4.8 166.0
NaNO2 3.7 37.0

All horizon
None 3.9 1.4
(NH4)2S04 4.0 11.5
(NH4)2SO4+ CaCO3 5.4 93.5

NaNO2 4.1 6.0

'CaCO3 added according to titration-curve method for time required;
25, 11, and 17 tons per acre for All horizon of alder, conifer, and
mixed stand. (NH4)SO4 added @ 200 ppm nitrogen; NaNO2 @ 100 ppm
nitrogen.
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of nitrate production from ammonium in the soil is a measure of nitri-
fying power. Conversion takes place in two steps, each by a few species
of specialized autotrophic bacteria; nitrite produced in the first step is
subsequently oxidized to nitrate, usually more rapidly than the oxidation
of ammonium. Where the pH is less than approximately 5.5, nitrifica-
tion commonly is inhibited. For this reason, CaC03 is included among
other treatments when nitrification is studied in the laboratory.

From Table 9, it is evident that even in the highly acid F layer
nitrification was rapid. With peptone (Table 8), however, there could
have been favoring micro-climates of higher pH resulting from the pre-
ceding ammonification.

Nitrification of native soil nitrogen was most rapid in soils from
the conifer stand, and slowest in the more acid F layer of the alder.

Nitrification proceeds very slowly, or is depressed, in acidic
environment, even in the presence of adequate substrate (119, p. 17;
and 76, p. 63). It is common practice, therefore, to increase nitrifi-
cation by adding lime in some form (44, p. 309; 114, p. 358; and 87,
p. 175-180). The favorable effect of limestone is evident in Table 9.
Where calcium carbonate was added, pH was raised one or two units
and, except in the conifer soil, the nitrification of ammonium sulfate
was accordingly increased. With calcium carbonate added to the F lay-
er of the alder and mixed stands, not only was all the added ammonium
nitrified but also the soil's own nitrogen contributed largely to the total
formation of nitrate in 28 days. The greater response of the alder and
the mixed soil samples was probably because of their pH being initially
lower than that of the conifer soil. When nitrite was the substrate, it
was oxidized more rapidly in the F layer than in All horizon, especial-
ly under the alder and mixed stands.

Nitrification in washed soil. Because soil fertility generally in-
fluences and correlates directly with nitrifying power or capacity, the
measure of this microbial function often becomes the basis of a practi-
cal test to indicate the amount of available nitrogen. The method in-
volves preliminary washing of the soil to remove any nitrate before
starting the incubation period, after which all nitrate found represents
net nitrification. Harpstead and Brage (47, p. 327-328) showed that'
nitrification in leached soil samples after storage for various periods
correlated with response of oats to nitrogen fertilizer.

Except for soil from the mixed stand, there was more nitrifica-
tion of the native nitrogen in the washed than in the unwashed-soils; the
evidence in Table 10 may be attributed to absence of a mass-action ef-
fect that could have been initially retarding. Based upon Kjeldahl anal-
ysis, native nitrogen of the washed soil nitrified most rapidly in soils
from the F layer of the conifer and the All horizon of the alder.
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Table 10. Nitrification in Washed Soil after 32 Days Incubation.'

Treatment

F layer
None
(NH4)2S043
(NH4)2SO4 + CaCO34

All horizon
None
(NH4)2S043
(NH4)2SO4 + CaCO34

F layer
None
(NH4)2S043
(NH4)2SO4 + CaCO

All horizon
None
(NH4)2SO43
(NH4)2SO4 +

F layer
None

4

CaCO34

(NH4 )2504 3
(NH4)2SO4 + CaCO34

LEH

Ammonium
nitrogen

At 0 At 32
days days
Ppm Ppm

ALDER STAND

4.2 625 535
4.2 825 705
4.6 825 711

3.8 117 5

Nitrification
Washed

soil
Unwashed

soil
Percent Percent

0.92 0.3
-- 93.5

19.0 293.5

1.52 1.4
10.5
81.5

3.9 317 150 --
4.5 317 25 93.5

CONIFER STAND

4.6 33 0 1.22 0.8
4.4 233 10 164.5 27.5
5.2 233 5 150.0 34.0

4.8 33 30 1.12 0.5
4.3 233 24 91.1 70.0
5.7 233 11 109.5 78.0

MIXED STAND

4.0 325 191 1.02 1.6
4.0 525 350 -- 0.0
4.4 525 249 42.5 166.0

All horizon
None 4.0 33 13 1.42 1.4
(NH4)2S043 3.9 233 30 98.0 11.5
(NH4)2SO4 + CaCO34 5.0 233 26 113.0 93.5
1

Before washing, soil with original water content (Table 1) had been
stored 7 months at room temperature in closed polyethylene bags.

2Based on Kjeldahl nitrogen.
3
Ammonium sulfate, (NH4)2SO4, added @ 200 ppm nitrogen.

4
Calcium carbonate, CaCO3, added at the rate of 8 tons per acre to
raise pH to 6.5.
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Washed soil from the alder and the conifer stands showed more nitrify-
ing power for native nitrogen than did washed soil from the mixed stand.

Washed soil from the F layer showed enhanced nitrification of
ammonium sulfate only with the conifer soil. F layers under the alder
and mixed stand showed less nitrate than the untreated soil when treated
with ammonium sulfate. Washed soil of all All horizons, except for
the alder soil without calcium carbonate, gave increased formation of
nitrate from ammonium sulfate.

Addition of calcium carbonate increased pH from 0.4 to 1 unit
after incubation for 32 days, and increased the nitrification of ammoni-
um sulfate, except for the F layer under conifers. The increases of
nitrification paralleled increases in pH.

Comparison of the pH values of washed and unwashed soil
(Table 9) reveals that washing raised the pH in most instances, but
these changes do not correlate consistently with enhancement of nitrifi-
cation. From a study on causes of low nitrification, Fraps and Sterges
(41, p. 353) showed that production of nitrate from organic matter in
soil can be decreased when ammonium sulfate is added. Stozanovic and
Alexander (101, p. 210) found that addition of 250 micrograms or more
of ammonium nitrogen per milliliter of perfusate led to a depression in
rate of nitrate formation. Because the ammonium ion was very high at
the beginning of incubation for soils from both the alder and the mixed
stand, it is possible that added ammonium sulfate caused a depressive
effect on nitrification of these additions.

Sulfur oxidation and mineralization of rock phosphate. Because
plants assimilate sulfur in the form of sulfate ion, microbial oxidation
of sulfide and organic sulfur compounds liberated in the decomposition
of soil organic matter, which contains most of the sulfur occurring in
humid soils, is essential to soil fertility. This process may be meas-
ured by the rate of sulfate production from added sulfides and elemental
sulfur. The sulfuric acid produced has a strong solvent action on soil
minerals; this can be important in liberating phosphate and potassium
in available forms. Typically, sulfides are oxidized in soil more ra-
pidly than is elemental sulfur. In our study, the polysulfide was always
converted to sulfate at faster rates than flour sulfur, especially in the
conifer soil (Table 11). Oxidation of flour sulfur was always slow,
slower than in many agricultural soils. Addition of a 2-ml inoculum of
garden soil, presumably high in sulfur-oxidizing bacteria, did not ef-
fect appreciable increases. In the alder soil, phosphate may-have been
limiting; where rock phosphate was added with sulfur, more sulfur was
oxidized than with sulfur alone. The only other such instance was in the
F layer of the mixed stand.
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Table 11. Sulfur Oxidation and Mineralization of Rock Phosphate in 30 Days.
Added Added
sulfur phosphorus

Treatments pH oxidized mineralized
Percent Percent

ALDER STAND
F;layer
None 3.9 --
1000 ppm S 4.0 8.2 --
1000 ppm S + 2 ml soil suspension' 3.9 6.1 --

2@ 1000 ppm SCa S 4.0 10.6 --
Rock phosphate @ 1000 ppm P 4.0 -- 9.2
1000 ppm S + rock phosphate @ 1000 ppm P 4.0 10.9 38.0

All horizon
None 3.9
1000 ppm S 4.1 4.6 --
1000 ppm S + 2 ml soil suspension' 4.1 5.3

2@ 1000 ppm SCa S 4.2 9.3 --
Rock phosphate @ 1000 ppm P 4.0 -- 31. 3

1000 ppm S + rock phosphate @ 1000 ppm P 4.2 8.4 32.3

F layer
CONIFER STAND

None 4.7 --
1000 ppm S 4.8 8.9 --
1000 ppm S + 2 ml soil suspension) 4.7 0.3 --
CaSx2@ 1000 ppm S 4.7 46.7 --
Rock phosphate @ 1000 ppm P 4.3 -- 5.2
1000 ppm S + rock phosphate @ 1000 ppm P 4.3 7.3 5.6



All horizon
None 4.8
1000 ppm S 4.9 5.6

1000 ppm S + 2 ml soil suspension' 4.7 8.3
Ca S 2 @ 1000 ppm S 4.9 23.5

Rock phosphate @ 1000 ppm P 4.9 32.4

1000 ppm S + rock phosphate @ 1000 ppm P 4.9 4.1 34.8

F layer
MIXED STAND

No ne 3.7
1000 ppm S 3.6 10.9
1000 ppm S + 2 ml soil suspension' 3.6 11.9

2 @ 1000 ppm SCa S 3.6 13.2

Rock phosphate @ 1000 ppm P 3.9 6.8
1000 ppm S + rock phosphate @ 1000 ppm P 3.8 12.4 7. 2,

All horizon
None 3.7
1000 ppm S 3.8 6.6

1000 ppm S + 2 ml soil suspension' 3.7 6.7

2 @ ppm SCa S 3.8 11.0
Rock phosphate @ 1000 ppm P 3.5 32. 8
1000 ppm S + rock phosphate @ 1000 ppm P 3.9 4.8 34.3

1A 1 percent aqueous suspension of rich garden soil.

2Calcium'polysulfides from lime sulfur solution.



Table 12. Chemical Changes in Soil Samples after 7 Months Storage' in Polyethylene
Bags at Room Temperature.

Lay -

er,
hori-

zon

pH

Be- Af- Net
fore ter change

Ammonium
Be- Af- Net

fore ter change

Nitrogen

Nitrite
Be- Af- Net

fore ter change

Nitrate
Be- Af- Net

fore ter change
- - - - - - - - - - - - - - - - - - - - - Ppm

ALDER STAND

Sulfur as
sulfate

Be- Af- Net
fore ter change

Phosphorus
as H2 PO4

Be- Af- Net
fore ter chang

F 3.6 3.8 0.2 15 625 610 0.18 0.23 0.05 146 663 517 29 75 46 20 50 30

All 3.9 4.0 0.1 5 117 112 .08 .30 0.22 67 345 278 25 11 -14 10 20 10

CONIFER STAND
F 5.1 4.5 -0.6 25 33 8 .02 .90 0.88 28 875 847 21 11 -10 78 60 -18
All 5.3 4.9 -0.4 25 33 8 .02 .31 0.29 24 303 279 16 9 -7 50 38 -12

MIXED STAND
F 3.9 4.0 0.1 5 325 320 .04 .12 0.08 131 438 307 36 19 -17 56 48 -8
All 4.3 4.1 -0.2 5 33 28 .04 .22 0.18 61 300 239 23 11 -12 48 34 -14

1With original water content (Table 1).



A significant increase in mineralization of rock phosphate by
sulfur oxidation occurred only in the F layer under alder, where phos-
phate apparently was deficient. In the All horizon of all stands the
phosphorus was rendered available at comparatively rapid rates, all es-
sentially the same, with or without added sulfur.

In all treatments, pH changed little. The influence of pH on
solubility of phosphorus was not always evident, probably because of
high buffering capacity of the soils. Although flour sulfur was only
slowly oxidized, the much higher rate of conversion of sulfide to sul-
fate in all soils adequately maintained available sulfur. Most of the
sulfur in these soils resides in the organic matter and is liberated as
sulfide during decomposition.

Chemical changes in soil samples during storage. The pH values
changed little during storage for 7 months, except for the samples taken
under conifers; in these the pH decreased 0.6 unit for the F layer and
0.4 unit for the All horizon (Table 12).

Although nitrite concentrations were always minor, they in-
creased in all tests. Nitrate, even when originally high, increased
manyfold, the increases ranging from 239 to 847 ppm of nitrate nitrogen.
Accumulation in the F layer was greater than in the All horizon, and
was especially marked under conifers and alder. High accumulation of
nitrate in forest soil has been noted before (13, p. 791). While the ac-
cumulation in the F layer under alder was less, it still was exceptional-
ly great, and, remarkably, the increase in ammonium nitrogen was
almost as much. The net production of available nitrogen under alder
was nearly twice that of corresponding soils from the conifer and mixed
stands (Table 12).

Sulfate and phosphate changed little; they showed some increases
and some decreases. These results emphasize the importance of
prompt analysis of moist soil samples and indicate the microbial poten-
tial for producing such changes.

Litter and round cover. Grass and moss included in litter from
the one-foot-square sampling areas was generally living. Grass was
most abundant in the alder plot, where it increased greatly in July (Fig-
ure 8). Only traces were present under conifers, which shaded the
ground heavily. Grass was not abundant in the mixed stand, although it
increased slightly in July. At other sampling periods, grass under al-
der only slightly exceeded that in the other plots.

Moss and grass under alder occurred to about the same extent
by weight in July (Figures 8 and 9). Under conifers, the weight of moss
was much more than that of grass,and a little less than moss under
alder, except in September. In the mixed plot, moss exceeded grass,
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especially in March, when about four times as much moss was found
here as under the other stands. Apparently the partial shade of the
mixed plot was more favorable than either the absence of shade under
the still bare alder or the dense shade under the conifers.

A view of one of the litter traps on the alder plot is shown in
Figure 5. The lush ground cover of false lily-of-the-valley (Maianthe-
mum bifolium), western sword fern (Polystichum munitum), and mosses
is evident. Under conifers, the ground cover consisted largely of
mosses (Figure 23).

A striking feature of the comparison between the three different
stands was the high and dense stand of understory vegetation occurring
with alder and the sparse ground cover in the conifer and mixed stands.
The luxurious growth of the vegetation under alder attests to the fertili-
ty built up in the alder stand. Tamm (102, p. 61-63) showed that the
growth of understory vegetation depends on two factors; first, the nu-
trients supplied by rain washing from tree leaves, and second, the in-
tensity of light, which may limit growth even if nutrients are sufficient.
An alder stand provides well for these two factors.

Vegetation is one factor that causes seasonal fluctuation in soil
acidity. Newton (79, p. 367) and Walker, Orchiston, and Adam (116,
p. 254) have suggested the possibility that, during vigorous growth of

Figure 23. Trap to
catch litter falling on
an area of 0.001 acre
on the conifer plot.
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plants in summer, assimilation of nitrate in large amounts by micro-
organisms and by plants causes increased values for pH in the soil.
Comparison of the pH values and vegetative growth of understories
(Figures 8, 9, and 16) on the different plots reveals this influence.

The dry weight of leaves in litter under alder attained peaks of
nearly 8 grams per square foot in March and September (Figure 11).
A rapid decline to a minimum of less than 2 grams per square foot in
July followed, which indicated rapid decomposition. Under conifers,
needles remained at little more than 70 grams per square foot in March
and April, then increased to 100 grams in July. Rapid decomposition
and loss of weight followed. In the mixed plot, weight of alder leaves
declined from March to July, then increased until fall, following the
same pattern as in the alder stand. The needles, however, unlike their
behavior under conifers, showed a steady increase from spring to fall
(Figure 11). In July, the weight of leaves plus needles under the mixed
stand equaled one-half that of needles under conifers, but in September
the combination was nearly ten times the value for alder and nearly
twice the value for conifers. Many factors, including more limb wood,
thicker stand, more stems, and possibly better growth of conifers as-
sociated with alder in the mixed stand, entered into causes of these
results.

The weight of all litter at each sampling is shown in Figure 10.
These weights include twigs, bark, and limb fragments in various stages
of decay, and cones. Data for these are presented in Tables 4, 5, and
6. The greatest accumulation of litter under each stand was in July,
except on the mixed plot, where the maximum was in September.

Total nitrogen in litter (Table 4 and Figure 24) was highest un-
der alder and lowest under conifers at each sampling time. Differences
in nitrogen for the alder and conifer litter ranged from 0.51 percentage
point in spring to 0.90 in fall. The high for alder litter was 2.09 per-
cent; the low, 1.64. At corresponding times for conifer litter the
values were 1.19 and 1.13. Nitrogen concentration in litter of the
mixed stand was intermediate, but approached that of the alder in sum-
mer and fall.

Total carbon in the litter was highest for the mixed stand except
in March, when it was near 45 percent for conifer as well as for mixed
litter (Figure 25). Seasonal fluctuations in total carbon content of alder
and mixed litter were similar. The highest values occurred in Septem-
ber, while for conifer litter the highest value was in July. Under the
mixed stand, carbon ranged from 45 to 53 percent; under alder, from
42.5 to 48 percent; and under conifer, from 48 to 49 percent. The con-
ifer litter was always higher in total carbon than that of the alder, ex-
cept in April when the alder Litter was higher by I percent.
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The alder litter consistently showed a narrower C:N ratio at all
sampling periods (Figure 26). The narrowest ratio was 21, in March,
and the highest, 28, in April. The highest value for the conifers was
41, shown in April and in September. As with the alder, the narrowest
ratio was in March. The conifer litter invariably gave the widest ratio,
which changed little except in March. Values for mixed-stand litter
were intermediate between those for alder and conifers, gradually wid-
ening from July to March.
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Figure 24. Seasonal change in
Kjeldahl nitrogen in litter on the
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Figure 27. Seasonal change infine
roots in soil of the three plots, in
grams per square foot.
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Fine roots. The F layer and the All horizon had more fine
roots under alder than under conifers (Figure 27, A, B). The range of
root weight, oven-dry basis, in the alder F layer was 1.9-16.9 grams
per square foot; the range under conifers, 0.25-4.85 grams. The
range of values in the alder All horizon decreased rapidly from 11 .91
grams in April to 1.38 grams in March, while the conifer All horizon
gave only 0.5-2.29 grams per square foot, the highest weight also in
April. The mixed stand in July produced more fine roots in the F layer
than in the All horizon, unlike the two other stands.

Bacteria may be inhibited by grass roots (98, p. 712). Compar-
ison of Figures 14 and 27 shows that the weight of roots and numbers of
bacteria under alder and conifers have a roughly inverse relationship.
Could there be a connection between them? Plate counts of bacteria
were lowest in April, when fine roots were at their maximum. Under
the mixed stand, however, fine roots and bacteria showed parallel changes.
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APPENDIX

LITERATURE SURVEY

Beneficial effect and soil improvement of alder
Increase in soil nitrogen and improvement of soil quality by as-

sociated growth of some non-leguminous nitrogen-fixing trees have been
mentioned extensively in the literature (39, p. 318-319; 109, p. 603-
606; 24, p. 53-58; 43, p. 122-123; 86, p. 830; 6, 443-444; 57, p. 347-
348; and 52, p. 276). Early observations on the fertility value of the
alder are given by Kellerman (66, p. Z16). Johnson (63, p. 983-987),
and Bond (18, p. 59). The value of nutrients supplied by alder foliage
litter is emphasized by Gants (42, p. 285), by Tarrant, Isaac, and
Chandler (103, p. 915), and by Mikola (77, p. 4).

Beneficial effects of growing trees in mixed types have been em-
phasized by Heiberg (51, p. 44) and Chapman (23, p. 37-60). Evidence
of the beneficial effect of alder on other plants has been presented most-
ly by European workers in studies on Alnus glutinosa. Jenik, Perina,
and Slavik (58, p. 1586) reported evidence that alder improved the ni-
trogen regime of soil when interplanted with pine. Stone (99, p. 8Z)
observed that the growth response of poplar with alder included in a
plantation was similar to that from applications of inorganic nitrogen
fertilizers. Virtanen (108, p. 165) studied the associated growth of
A. glutinosa and seedings of Picea abies and found that the spruce ob-
tained nitrogen fixed by the alder root nodules. Lawrence and Hulbert
(68, p. 58) reported that young cottonwood trees surrounded by Alnus
crispa subspecies sinuata grow about 3 times as fast as those living
away from the alder. Crocker and Major (31, p. 439) also presented
data that showed nitrogen fixation by A. crispa. By radioisotope tech-
nique, Bond (15, p. 305; 16, p. 150; and 17, p. 514-517) proved sym-
biotic fixation of nitrogen by A. glutinosa root nodules . Goldman (45,
p. 284-285) concluded that productivity in Castle Lake, California,
could be ascribed to nitrogen fertility carried into the lake by creeks
running through stands of A. tenuifolia.

Associated growth of alder and conifers
Recent studies by Tarrant (104, p. 242; 105, p. 232) on the Wind

River Experimental Forest, Carson, Washington, showed that the ad-
mixture of red alder has contributed to increased growth of the associ-
ated Douglas-fir.

In experiments with A. rugosa on forest lands in Michigan, Day
(33, p. 306) stressed the importance of the ecology of alder, particu-
larly as related to its use in establishing conifer stands in these lands.
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Johnson and others (64, p. 36), stated that "owing to its (red
alder) early maturity, the conifer species which are first suppressed
by red alder later outstrip it." Recent studies by Berntsen (10, p. 157;
11, p. 16) on growth and development of red alder compared with coni-
fer and admixtures at the Cascade Head Experimental Forest have shown
that the yield of a 30-year-old conifer stand will probably equal or ex-
ceed that of a 30-year-old alder stand on the same site and thereafter
outproduce it.

Microbial activities and soil fertility
Lipman (71, p. 1) has emphasized the importance of microbial

factors in relation to fertility of cultivated and forest soils.

From the study of forest soil, Waksman, Jenny, and Stevens
(113, p. 142-144) showed that many fungi, including common molds,
readily decompose proteins, amino acids,and nitrogenous compounds
with the release of ammonium. Alexander (1, p. 253), however, con-
sidered that molds liberate less ammonium than bacteria because the
molds assimilate more nitrogen for cell synthesis; however, the assim-
ilated nitrogen is eventually ammonified and molds play a dominant
role in proteolysis.

Nelson (78, p. 140-157), Cutler and Mukerji (32, p. 387), and
Hirsch, Overrein,and Alexander (56, p. 443-444) have demonstrated
that the biological conversion of nitrogen from a reduced state to amore
oxidized state is not restricted to chemoautotrophic bacteria. Evidence
has been presented by these workers that heterotrophic organisms, in-
cluding certain common molds as well as bacteria, also produce nitrite
and nitrate from ammonia. The extent of heterotrophic nitrification,
however, is limited; its occurrence in the soil is conjectural and its
ecological significance is unknown.

Alder and microbial activities in soil
Pearsall (82, p. 203) and Kivinen (67, p. 5584) reported the for-

mation of high acidity under alder trees, and Hesselman (55, p. 211)
found that nitrification occurred in acid woodland soil under alder
stands.
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PROGRAM AND PL JOSE

The Forest Research Laboratory of the School of Forestry combines
a well-equipped laboratory with a staff of forest and wood scientists in a
program designed to improve the forest resource and promote full utili-
zation of forest products. The extensive research done by the Labora-
tory is supported by the forest industry and by state and federal funds.

The current report results from studies in forest management, where
forest scientists are concerned with improving and expanding values
from the State's timberlands.

The PROGRAM of research includes

regeneration--through studies of production and germi-
nation of seed, growth of seedlings, and establishment
of new forests;

young-growth management--through studies of develop-
ment of trees, relationship of soils to quantity and quality
of growth, methods of thinning and harvesting to grow
better trees;
forest protection--through studies of weather and forest
fire behavior, of diseases and insects, and of animals
that damage young trees;

tree improvement--through studies of variation, selection,
inheritance, and breeding; and

other forest values--through studies in hydrology, eco-

nomics, and recreation.

The PURPOSE of research is to develop the forest resource by

> improving practices to increase production of wood and
quality of timber,

developing methods for reducing losses from fire,
insects, and disease, and

> integrating with timber production such other forest uses
as water production, recreation, and grazing.


